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Abstract

Wireless communication systems are rapidly evolving to meet the ever-increasing
demands for enhanced capacity and ubiquitous connectivity. As we progress towards
Sixth-Generation networks, novel technologies are essential to overcome the limitations
of traditional communication paradigms. Reconfigurable Intelligent Surfaces (RISs)
have emerged as a promising solution, offering a wide range of applications to improve
signal quality, extend coverage, and mitigate interference in wireless environments.
These metasurface-based structures can dynamically manipulate electromagnetic waves,
providing unprecedented control over the propagation environment. This thesis focuses
on three critical aspects of RIS technology: (i) unit cell design; (i1) phase distribution

optimization; and (iii) propagation modeling using ray tracing (RT) techniques.

The thesis begins with a comprehensive literature review of state-of-the-art RIS struc-
tures, followed by an examination of optimization approaches for RIS-based commu-
nications. Additionally, a thorough review of RT-based propagation modeling platforms
and methods for wireless communication systems, including those involving RIS struc-
tures, is presented. Following the literature review, the thesis delves into a detailed RIS
design procedure, proposing a novel, dual-polarized RIS unit cell with an operating cen-
ter frequency of 5.2 GHz. The study then presents an efficient optimization method for
space-time-coding RIS structures, followed by the optimization of the proposed RIS’s

phase distribution based on the transmission power of two antennas interacting with



the RIS, utilizing a genetic algorithm. Finally, the focus shifts to RT-based propagation
modeling of RIS-assisted wireless communications, proposing a novel approximation
method for simulation speed enhancement. This is complemented by the introduction

of a comprehensive simulation platform, WiPy-RT, developed entirely in Python.

This study makes a concerted effort to examine RIS technology from multiple per-
spectives, encompassing both hardware and system development. By addressing the
challenges in RIS design, optimization, and propagation modeling, this thesis con-
tributes to the advancement of RIS-assisted wireless communications. The proposed
methods and tools provide valuable insights for researchers and engineers working
towards the realization of efficient and reliable RIS-enhanced wireless networks, paving

the way for future innovations in this rapidly evolving field.
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Chapter 1

Introduction

Wireless technology has profoundly transformed the landscape of communication,
driving innovation and connectivity across the globe. From the early days of radio
communication to the advent of modern 5G networks, the evolution of wireless tele-
communications has been marked by significant milestones that have reshaped how we

interact, work, and live.

1.1 Background

The history of wireless technology begins in the late 19th century with the pioneering
work of Guglielmo Marconi, who successfully demonstrated the transmission of radio
signals over long distances [19]]. This breakthrough laid the foundation for the first
wireless communication systems, primarily used for maritime communication. The mid-
20th century saw the development of television broadcasting, further advancing wireless
technology and expanding its applications beyond voice communication [20-22]].

The launch of mobile telephony in the 1980s marked the beginning of a new era. The
first generation (1G) of mobile networks utilized analog signals and was limited to

voice-only services. The subsequent introduction of second-generation (2G) networks
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in the 1990s brought about a digital revolution, offering enhanced security through
digital encryption and the ability to send SMS text messages. This era also saw the
emergence of basic data services, setting the stage for more advanced mobile internet
capabilities [23H26].

The early 2000s witnessed the rollout of third-generation (3G) networks, which signi-
ficantly improved data transmission speeds and enabled mobile broadband [27]. This
development allowed for more sophisticated internet applications on mobile devices,
such as video calling and online gaming [28]]. The advent of fourth-generation (4G)
Long Term Evolution (LTE) networks in the late 2000s further revolutionized mobile
communication by providing high-speed internet access capable of supporting high-
definition video streaming and large data transfers [29-32]]. Today, the deployment
of fifth-generation (5G) networks promises even greater advancements, with ultra-
high-speed connectivity, low latency, and the capacity to support a massive number of
connected devices [[33H35]]. This technological leap is expected to drive innovations in
the Internet of Things (IoT) [36H38]], autonomous vehicles, and smart cities [39-41].
Wi-Fi technology, based on the IEEE 802.11 standards, has also become ubiquitous
in providing wireless local area networking solutions [21}, 42, 143]. Since its intro-
duction, Wi-Fi has evolved to support faster speeds and more reliable connections,
making it an essential component of modern communication infrastructure. Similarly,
Bluetooth technology, standardized as IEEE 802.15.1, has become widely used for
short-range communication between devices such as smartphones, computers, and
various peripherals [44, 45].

Satellite communication represents another critical aspect of wireless technology, en-
abling global broadcasting, navigation, and long-distance telecommunication. The
deployment of communication satellites has facilitated the transmission of data across
vast distances, connecting remote areas and supporting various applications, including

global positioning systems (GPS) and satellite television [46-48]].
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The current state of wireless technology is characterized by rapid advancements and
increasing demand for connectivity. The proliferation of smart devices and the growing
importance of 10T have driven the development of more sophisticated and efficient
wireless communication systems. The latest Wi-Fi standard, Wi-Fi 6 (802.11ax), offers
higher data rates, increased capacity, and improved performance in dense environments,
reflecting the continuous evolution of wireless networking [49-51].

Looking ahead, the future of wireless technology promises to bring transformative
changes across various sectors. Early research into sixth-generation (6G) networks
suggests they will offer even higher speeds, enhanced security, and support for ad-
vanced applications such as holographic communication. The integration of artificial
intelligence (AI) and machine learning (ML) into wireless networks is expected to
optimize performance, manage traffic more effectively, and enhance security measures.
Additionally, the exploration of quantum communication holds the potential to create
ultra-secure communication systems, leveraging the principles of quantum mechanics
to protect data transmission [52-56].

As the future of wireless communication evolves, one of the most promising innovations
on the horizon is the RIS (Figure[I.T). These structures have the potential to revolu-
tionize the way electromagnetic waves are manipulated, enhancing signal propagation
and network performance. RIS technology, underpinned by advancements in materials
science, nanotechnology, and artificial intelligence, is poised to play a crucial role in
the development of next-generation wireless systems, including the highly anticipated
6G networks [57, [58]].

Reconfigurable Intelligent Surfaces are engineered surfaces composed of a vast array of
sub-wavelength elements known as meta-atoms. Each meta-atom can independently
control various properties of the electromagnetic waves, such as phase, amplitude, and
polarization. By dynamically adjusting these properties, RIS can intelligently direct,

reflect, or focus signals to improve the quality and efficiency of wireless communication.



1.1 BACKGROUND

RIS-enhanced cellular networks beyond 5G
RISs in SWIPT networks/energy
havesting netwofks

—r

RIS-assisted indoor communications
RIS-enhanced mobile YY) Wind energy
edge computing _

RIS-enhanced
mmWave
communication
networks

S-enhanced physical
layer security

[ RIS-enhanced NOM
< Eavesdropper petworks
Leghiimate

RISs in AUV-enabled
networks

| RISsin intelligent
factory

Ss in UAV-enabled RISs in intelligent wireless

sensor networks

connected
networks
%)

‘ RISs in vehicular

networks / N
RISs in intelligent. &
agriculture '

RISs in unmanned systems for smart city | RISs in intelligent IoT networks

Figure 1.1: RISs in modern wireless communication systems [[1]].

Unlike traditional passive surfaces, RIS can actively adapt to changing environmental
conditions, providing a highly flexible and responsive approach to signal management
[59.601.

The core functionality of RIS is managed by an external controller that uses advanced
algorithms to configure the meta-atoms in real time. This controller can optimize the
settings of the RIS based on the current wireless channel conditions, ensuring optimal
signal strength and minimizing interference. This capability is particularly beneficial
in environments where signal quality is typically compromised, such as urban areas
with numerous obstacles or indoor settings with complex layouts. By enhancing signal
propagation, RIS can significantly improve coverage and capacity in these challenging
environments [1]].

One of the key advantages of RIS technology is its potential to reduce the energy

consumption of wireless networks. Traditional methods of boosting signal strength,
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such as increasing transmission power, can be energy-intensive [61]]. In contrast, RIS can
achieve similar improvements in signal quality with minimal energy use by intelligently
directing signals where they are needed most. This makes RIS a sustainable solution
for enhancing wireless communication, aligning with the growing emphasis on energy
efficiency and green technologies [62-H64].

Despite its promising benefits, the practical implementation of RIS presents several
technical challenges. Designing and fabricating meta-atoms that provide precise control
over electromagnetic waves requires significant advancements in materials science
and engineering [65]. Additionally, developing the algorithms needed for real-time
control of RIS is a complex task that involves significant computational resources and
sophisticated modeling techniques [66, 67]. Integrating RIS into existing wireless
infrastructure also necessitates careful planning to ensure compatibility and seamless
operation. Ongoing research in these areas is crucial for overcoming these challenges
and unlocking the full potential of RIS technology.

The future of Reconfigurable Intelligent Surfaces in wireless communication looks
exceedingly bright. As materials science, nanotechnology, and artificial intelligence
continue to advance, RIS will become more capable and versatile, driving significant
improvements in wireless network performance. In the context of 6G and beyond, RIS
is expected to facilitate ultra-high-speed connectivity, support advanced applications
like holographic communication, and enhance the security of wireless transmissions
[68]. With continued research and development, RIS is set to become a cornerstone of
next-generation wireless communication systems, offering smarter, more efficient, and

more secure wireless environments [[1]].
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1.2 Motivation

The unprecedented demands for high-quality and ubiquitous wireless services impose
enormous challenges on existing cellular networks. While current 5G systems aim to
support enhanced mobile broadband (eMBB), ultra-reliable low-latency communica-
tions (URLLC), and massive machine-type communications (mMTC), the goals for
6G are expected to be transformative and revolutionary. These include data-driven,
instantaneous, ultra-massive, and ubiquitous wireless connectivity, as well as connec-
ted intelligence. To support these new applications and services, novel transmission
technologies are essential. Reconfigurable intelligent surfaces (RISs), also known as
intelligent reflecting surfaces (IRSs) or large intelligent surfaces (LISs), have emerged
as a promising solution to address the challenges in diverse wireless networks. RISs
comprise an array of reflecting elements capable of reconfiguring incident signals,
offering the ability to proactively modify the wireless propagation environment. This
capability allows RISs to mitigate a wide range of challenges encountered in various
wireless scenarios, making them a focal point of research in wireless communications.
The advantages of RISs are manifold. Firstly, they are easy to deploy due to their nearly-
passive nature and low-cost implementation. RISs can be installed on various structures,
including building facades, indoor walls, aerial platforms, roadside billboards, highway
polls, vehicle windows, and even pedestrians’ clothes. Secondly, RISs enhance spectral
efficiency by reconfiguring the wireless propagation environment, compensating for
power loss over long distances, and forming virtual line-of-sight (LoS) links between
base stations and mobile users. This is particularly beneficial when the LoS link is
blocked by obstacles such as high-rise buildings. RISs are also environmentally friendly
compared to conventional relaying systems. Unlike amplify-and-forward (AF) and
decode-and-forward (DF) relays, RISs shape incoming signals by controlling the phase

shift of each reflecting element without employing power amplifiers. This passive nature
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makes RISs more energy-efficient and environmentally friendly. Additionally, RISs
support full-duplex and full-band transmission due to their purely reflective properties,
making them compatible with existing wireless network standards and hardware.
From system design perspective, realistic channel modeling is increasingly relevant for
5G and future 6G mobile radio networks utilizing mmWave and THz bands. In these
higher frequency ranges, the number of relevant multipath components may be smaller,
resulting in sparse channels that can be modeled deterministically, as opposed to the rich
multipath assumptions at lower frequencies. However, practical channel measurements
at mmWave or THz bands are expensive and challenging. Stochastic channel modeling
based on sounding channels in different environments may thereby be either infeasible or
unnecessary. Several envisioned 6G technologies, such as pencil beamforming or RISs,
could exploit this deterministic sparse multipath structure when the channel is known.
RT simulators are proving useful in supplementing real-time channel measurements,
particularly in conjunction with machine learning and localization algorithms. The
emerging 6G systems with new technologies such as joint combinations and radar
sensing require efficient channel modeling tools using ray tracing.

While many novel and exciting unit cell designs for RIS utilization have been proposed,
there is still room for improvement. Most existing designs are sensitive to incident po-
larization, limiting their effectiveness in real-world scenarios where signal polarization
can vary. Proposed dual-polarized structures, while addressing this issue, often appear
complex and rely on numerous active elements, potentially increasing cost and energy
consumption. This highlights the need for simpler, more efficient dual-polarized RIS
designs that maintain performance across varied incident polarizations.

Furthermore, aside from hardware considerations, there seems to be a lack of propaga-
tion modeling platforms that are both fast and efficient while capable of analyzing

RIS-assisted wireless communication systems. Current modeling approaches often
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struggle to balance computational efficiency with accuracy when simulating the com-
plex interactions between RISs and the wireless environment. This gap in modeling
capabilities hinders the comprehensive evaluation and optimization of RIS-enhanced
networks, emphasizing the need for advanced simulation tools that can accurately and

efficiently model RIS-assisted propagation scenarios.

1.3 Original Contribution and Objectives

The main contribution of this thesis includes:

* Development of a dual-polarized RIS with Enhanced Performance

The proposed RIS, which is reported in Chapter 3, follows several key objectives
to advance RIS technology. The design aims to create a unit-cell that maintains
consistent performance regardless of signal polarization, addressing a critical lim-
itation in current RIS designs. To ensure practicality and efficiency, the unit cell
design is kept simple by using only one active element, balancing performance
with cost-effectiveness and energy efficiency. The project involves designing
and implementing a control circuit board to efficiently manage the RIS elements,
enabling dynamic reconfiguration. To validate the design, comprehensive meas-

urements of the proposed RIS under various conditions is conducted.

* A Method for Fast Phase Distribution Calculation of Space-Time-Coding
RIS

This method, presented in Chapter 3, follows several key objectives. This ap-
proach provides an efficient and fast method to optimize phase shifts of each unit
cell in a space-time-coding RIS. The proposed method is designed to calculate
the reflection phase distribution for RISs, to reflect impinged electromagnetic

EM waves towards a desired angle at different harmonic frequencies shifted from
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the central frequency. Exploiting the strengths of two techniques, namely 2D
Inverse Fast Fourier Transform (IFFT) and an evolutionary optimization approach
based on Non-dominated Sorting Genetic Algorithm II (NSGA-II), the method
achieves efficiency in calculating phase distribution of RIS structures. Results
demonstrate that the proposed method can reduce the time of optimal phase distri-
bution calculation for a 10 x 10 metasurface by 98.02%, compared to traditional

approaches.

* Development of a Python-based Propagation Modeling Platform for RIS-

assisted Communication Systems

The proposed propagation modeling platform, which is reported in Chapter 5, fol-
lows several key objectives to enhance the simulation and analysis of RIS-assisted
wireless communication systems. Initially, a foundational propagation modeling
framework is designed and implemented in the MATLAB environment, serving
as a basis for further development. To address the computational challenges
in RIS-assisted systems, an RT approximation method is proposed to enhance
channel modeling speed while maintaining accuracy. The core of the platform,
named WiPy-RT, is developed as an RT-based propagation modeling tool in
Python, leveraging the language’s efficiency and extensive libraries for scientific
computing. To improve the performance of the RT engine within the platform, a
ray launching method is proposed and implemented, enhancing its capability to
model complex RIS-assisted scenarios. Finally, comprehensive benchmarking of
WiPy-RT’s performance against WITH-Ray, an existing, recently-proposed solu-
tion, is conducted to validate its efficiency and accuracy in modeling RIS-assisted
wireless communication systems. These objectives collectively aim to create a
powerful and efficient simulation tool for advancing RIS technology research and

development.
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1.4 Publications

Publications of the author are listed in chronological order as below [69-71]:

1.4.1 Journal Papers

1. M. Farashahi, B.-C. Seet, and X. Li., "Framework for propagation modeling of
IRS-assisted communication based on ray tracing." Physical Communication, vol. 63,
p. 102301, 2024.

2. M. Farashahi, B.-C. Seet, and X. Li., "WiPy-RT: A Fast Ray Tracing Modeling
Platform for RIS-assisted Wireless Channels." Submitted to IEEE Access, in review.
3. M. Farashahi, B.-C. Seet, and X. Li., "Dual-Polarized Reconfigurable Intelligent
Surface (RIS) with Quasi-Continuous Phase Shift Control." Unpublished manuscript,

In submission.

1.4.2 Conference Papers

1. M. Farashahi, B.-C. Seet, and X. Li., "Fast Phase Distribution Calculation for
Space-Time Coding Intelligent Reflecting Surfaces." IEEE Conference on Antenna
Measurements & Applications (CAMA), 2021.

2. M. Farashahi, B.-C. Seet, and X. Li., "Dual-Polarized Reconfigurable Intelligent
Surface Unit Cell with Single Varactor Diode." IEEE International Mediterranean

Conference on Communications and Networking (MeditCom), 2024.

1.5 Outline of the Thesis

The rest of this thesis is organised as follows:
Chapter 2 Begins with a comprehensive review of RIS structures proposed in the

literature. This is followed by an examination of optimization techniques developed
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for RIS-assisted wireless systems. The chapter concludes with an extensive review of
various approaches and techniques proposed for RT-based propagation modeling in
RIS-based communications.

Chapter 3 Presents a detailed procedure for developing a fully-functional RIS from
conception to implementation. This includes the design of the RIS’s unit cell, unit cell
parameter measurements, design of the RIS control board, and the establishment of a
measurement test bed for the proposed RIS.

Chapter 4 explores optimization methods applicable to RIS structures. This chapter in-
troduces a method for rapid optimization of space-time-coding RIS structures, followed
by the optimization of the proposed RIS based on signal transmission power between
the transmitter and receiver, with the RIS mediating their communication.

Chapter 5 Focuses on propagation modeling for RIS-assisted wireless systems. This
chapter introduces a framework, Initially developed in MATLAB, specifically tailored
for propagation modeling in RIS-assisted communication systems. The discussion
then extends to a more comprehensive simulator, WiPy-RT, completely implemented in
Python.

Chapter 6 Concludes the thesis and provides recommendations for future research

directions in the field of RIS-assisted wireless communications.
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Chapter 2

Literature Review

This chapter explores the current state of research on RIS and their applications in
wireless communication systems. The review is divided into two main sections. sec-
tion[2.]aims to provide an overview of the various RIS unit cell designs, configurations,
and performance parameters proposed in recent literature. Key aspects covered in-
clude reflection phase control, polarization sensitivity, biasing networks, and potential
applications such as space-time coding, backscatter communication, and cloaking.
Section[2.2] on the other hand, delves into the software side of RIS technology, focusing
on techniques for optimizing the RIS reflection coefficients and acquiring Channel
State Information (CSI) to enhance wireless communication performance. This part of
the review examines RIS-assisted wireless systems with varying complexities, ranging
from Single-Input Single-Output (SISO) to Multi-User Multiple-Input Multiple-Output
(MU-MIMO) configurations. Special attention is given to the problem formulations
and optimization methods employed to maximize key performance indicators such as
Signal-to-Noise Ratio (SNR), achievable rate, and energy efficiency.

Section focuses on channel modeling of RIS-assisted wireless networks using

ray-tracing techniques. Ray-tracing simulations provide valuable insights into the
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propagation characteristics and performance of RIS-assisted channels in complex envir-
onments. This section explores the recent advancements in ray-tracing-based channel
modeling, including path loss analysis, spatial and temporal correlation studies, and the
impact of RIS configurations on channel properties.

Through a comprehensive analysis of the literature, several overarching trends and
research gaps emerge. First, there is a clear evolution from passive metasurfaces to
increasingly intelligent, adaptive RIS structures that can respond to changing environ-
mental conditions. Second, a trade-off exists between design complexity and functional
versatility, with more complex designs offering greater control but presenting fabrication
and implementation challenges. Third, while significant progress has been made in hard-
ware design and optimization techniques, the integration of these two aspects remains
underdeveloped. These insights inform the research direction of this thesis, which aims
to bridge the gap between theoretical RIS capabilities and practical implementation
considerations for real-world wireless communication systems.

By providing a comprehensive survey of the latest advancements in RIS hardware
design and communication theory, this literature review aims to identify the current
state-of-the-art, highlight the potential of RIS technology in future wireless networks,

and outline open research challenges to be addressed.

2.1 RIS Unit Cell Designs and Configurations

Metasurfaces, the two-dimensional counterparts of metamaterials, have emerged as
a powerful tool for manipulating electromagnetic waves in a compact and efficient
manner. These artificially engineered structures consist of unit cells, or meta-atoms,
arranged in a periodic or quasi-periodic fashion on a flat surface. By carefully designing
the geometry, size, and arrangement of these meta-atoms, researchers can tailor the

electromagnetic properties of the metasurface to achieve various functionalities, such
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as anomalous reflection, perfect absorption, and polarization conversion [72-74]]. The
ability to control the phase, amplitude, and polarization of the reflected or transmitted
waves has opened up a wide range of applications, including beam steering, focusing,
and holography.

A critical analysis of the literature reveals that RIS designs can be categorized along
several dimensions: (1) control mechanism (passive vs. active), (2) tuning resolution
(discrete vs. continuous phase shifts), (3) operational functionality (phase-only vs.
phase-and-amplitude control), and (4) polarization sensitivity (polarization-dependent
vs. polarization-agnostic). These categorizations provide a framework for understanding

the evolution of RIS technology and identifying areas for future development.

Biasing line

Figure 2.1: 3D perspective of an 8x8 metasurface and one of its unit cells in magnified
mode [2].

In [2], the authors introduce a novel approach to control electromagnetic (EM) waves in
both space and frequency domains simultaneously using digital coding metasurfaces.
The key idea is to apply time-dependent coding sequences to each element of the
metasurface, resulting in a space-time-coding digital metasurface. This approach
enables the manipulation of the propagation direction and harmonic power distribution

of the scattered EM waves.
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The authors propose a general theory of space-time modulated digital coding metas-
urfaces based on the Fourier transform method. They demonstrate the potential of
their approach through several proof-of-principle examples, including harmonic beam
steering, beam shaping, and scattering-signature control. A binary particle swarm
optimization (BPSO) algorithm is used to design the space-time coding sequences for
harmonic beam steering.

The unit cell, shown in Figure [2.1], consists of a rectangular metal patch printed on a
grounded substrate (F4B with a thickness of 2 mm). A Positive- Intrinsic-Negative
(PIN) diode connects the patch to the ground through a metal stub and via. By applying
different voltages to the PIN diode, the reflection phase of the unit cell can be switched
between two states (0° and 180°) at the operating frequency of 10 GHz.

The simulated reflection phase and amplitude of the unit cell for the two diode states
(ON and OFF) is shown in Figs[2.2](a) and 2(b), respectively. When illuminated by EM
waves at around 10 GHz, the unit cell can create a 180° phase shift between the ON
and OFF states of the PIN diode. Additionally, at this frequency, approximately 90%
of the impinging wave is reflected by the unit cell. It is worth noting that the design
is sensitive to the polarization of the incident EM waves and operates within a narrow
frequency band. The metasurface is controlled by an FPGA and designed to shift the
frequency of the EM waves incident on its surface by switching between different diode
states with a local frequency. This simple yet effective unit cell design enables the
realization of the space-time-coding scheme proposed in the paper.

The space-time coding approach represents a significant advancement in RIS technology
by introducing the temporal dimension to control electromagnetic waves. This enables
new functionalities beyond conventional spatial-only control, such as frequency conver-
sion and dynamic scattering pattern manipulation. However, the 1-bit phase resolution
(limited to 0° and 180° states) restricts the precision of wavefront shaping, which may

be insufficient for applications requiring fine-grained control. This limitation motivates
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Reflection phase (deg)
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Figure 2.2: (a) Reflection phase, and (b) reflection amplitude of the designed unit cell

[2].
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seen in subsequent research.

In [3]], the authors propose a metasurface design that uses a supercell instead of a single
unit cell. As shown in the Figure[2.3] each unit cell consists of two patches connected

by a chip with tunable resistance and capacitance values. By grouping N unit cells with

different R and C values, a supercell is formed.

The main advantage of introducing the supercell concept is that it increases the number
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T : 2% Tunable chip

Figure 2.3: Schematic view of the supercell proposed in [3]].

of tunable parameters (i.e., the capacitor values) compared to a single unit cell. This
allows for a more continuously distributed phase shift across the unit cells, enabling the
metasurface to act as a tunable anomalous reflector. The supercell design provides a
wider tuning range for the operating frequency and incident angle. Figure [2.4] depicts
the values of capacitors ( C, (s, ... , Cg ) optimized to anomalously stir the reflecting
EM waves towards 6 = 45°.

However, it is worth noting that the proposed metasurface structure is still sensitive
to the polarization of the incident EM waves, which is a common limitation in many
metasurface designs. Despite this drawback, the supercell approach presented in
this paper offers a promising solution to achieve more versatile and reconfigurable
metasurfaces by leveraging the increased number of tunable elements within each
supercell.

The supercell concept represents an important architectural evolution in RIS design,
addressing the limitations of binary-state unit cells by effectively creating a system
with continuous phase control. This approach trades off individual unit cell simplicity

for increased system-level flexibility and performance. The continuous phase control
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Figure 2.4: (a) capacitor values for a supercell with N=8 unit cells optimized for (b) the
reflection of perpendicular incident waves towards 6 = 0° [3]].

enabled by supercells allows for more precise wavefront shaping and beam steering

capabilities, which are crucial for applications requiring high directivity or complex

wave manipulation. However, this increased functionality comes at the cost of greater

design complexity, more sophisticated control circuitry, and potentially higher power

consumption. These trade-offs highlight a fundamental tension in RIS design between

performance and practicality that persists throughout the literature.
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Figure 2.5: (a) Perspective view of the proposed unit cell [4]], (b), (c) reflection amplitude
and phase difference of the unit cell considering ON and OFF states for the integrated
PIN diode.

The authors of [4] investigate the application of a metasurface in a backscatter com-
munication system. The designed unit cell, as shown in the 3D view in Figure[2.3](a),
features a rectangular waveguide terminated with the unit cell at one end for measuring
the reflection coefficients (| Si; | and £Si; ). When the unit cell is illuminated with
normally incident EM waves at around 2.5 GHz, it can achieve a reflection phase shift
of nearly 180° by switching the integrated PIN diodes between different states. These
measured parameters provide insights into the reflection loss and phase delay introduced
by the unit cell when set to either the ON or OFF state.

This research represents a significant shift in RIS application, moving beyond conven-

tional reflective surfaces to enable backscatter communication. By repurposing ambient
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RF signals instead of generating new signals, this approach offers substantial energy
efficiency benefits—a critical consideration for future sustainable wireless systems and
IoT applications. The integration of RIS with backscatter principles demonstrates how
intelligent surfaces can serve not just as passive reflectors but as active communication
elements in the wireless ecosystem. This application exemplifies the versatility of RIS

technology and its potential to fundamentally transform wireless network architectures.
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Figure 2.6: Comparison between two communication systems where in (a), a block
diagram for an RIS-assisted backscatter communication, and in (b) a block diagram for
an active wireless communication is illustrated [4].

The authors compare their proposed RIS-assisted backscatter communication system
with a conventional active wireless communication system, as illustrated in Figure 2.6
In the RIS-based system, the metasurface is used to focus and re-modulate ambient
stray signals in the environment. To send information to the receiver, the RIS must solve
an optimization problem to find coding patterns that are both distinguishable at the
demodulator (considering binary information quantization) and maximize the energy

focused towards the receiver’s location.
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Figure 2.7: The picture of the fabricated metasurface [4]].

The fabricated RIS prototype, shown in Figure [2.7] consists of 32x24 meta-atoms, each
occupying an area of 54x54 mm?. Due to fabrication constraints, the entire metasurface
1s composed of 3x4 identical panels. An FPGA is used to control the metasurface by
distributing commands to the individual unit cells.

This work demonstrates the potential of using RIS-assisted backscatter communication
as an energy-efficient alternative to active wireless communication systems. By lever-
aging the ability of the RIS to modulate and focus ambient signals, the proposed system
can transmit information without the need for a dedicated power amplifier, as required
in conventional systems.

The work in [5]] presents an RIS-assisted wireless communication system designed for
the first time, using a novel unit cell for the utilized metasurface. The metasurface has
256 elements, each containing 5 PIN diodes, making it a 2-bit phase shifter. The unit
cell structure (Figure [2.8) consists of two 1-mm thick FR-4 substrate layers positioned
6 mm apart in the z-axis, with two conductor layers: an upper patch and a slot-loaded
plane. The ground plane is made of an aluminum sheet placed 12 mm below the

slot-loaded plane.
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Figure 2.8: The unit cell structure proposed in [3]: (a) exploded view, (b) view of the
middle layer slot-loaded plane.

The unit cell works by illuminating the upper patch with EM planar waves at a resonant
frequency of 2.4 GHz, inducing currents on the slot-loaded conductor that propagate
through the 4 slots based on different PIN diode configurations. These current propaga-
tion paths, as shown in Figure [2.9] produce a focused high-gain beam deviating within
a two-dimensional +60° angular range.

This implementation represents one of the first complete end-to-end demonstrations of
an RIS-assisted wireless communication system, bridging the gap between theoretical
RIS capabilities and practical deployment. The 2-bit phase resolution (four distinct
phase states) offers a significant improvement over 1-bit designs, enabling more precise
beam steering and focusing. The experimental validation of actual communication
performance gains provides crucial evidence of RIS viability in real-world systems.
However, the bulky multi-layer structure highlights persistent challenges in creating
compact, aesthetically acceptable RIS designs suitable for indoor deployment—an
important consideration for widespread adoption in consumer applications.

As depicted in Figure [2.10] the RIS-aided wireless communication model transmits data

from the transmitter to the receiver as follows:

1. The signal is generated using software installed on the transmitter host.
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Configuration | PINI/PIN2 | PIN3 | PIN4 | PIN5
1 ON/OFF
2 OFF/ON ON
3 ON/OFF
1 OFF/ON OFF
Configuration 1 Configuration 2 Configuration 3 Configuration 4

Fpfirg

Figure 2.9: Illustration of current paths associated with different configurations for PIN
diodes [5]]
2. The signal is handed to the USRP, where the signal is transferred into a suitable

form for propagation through a wireless channel.

3. The RIS, with its illuminated 256 elements, will generate a focused beam that

can be directed towards different angles.
4. The pass-band signal is received at the user side and decoded.

The authors state that substituting the RIS for conventional phased-array antennas has
led to a 58.6% reduction in power consumption. However, the RIS proposed lacks a
seamless structural form due to the comprising layers being placed at a certain distance
from each other, making the structure hefty and useless for indoor environments. The
RIS is only useful when the transmitter is positioned in a fixed area, like in front of the
surface. Designing RIS structures that can improve wireless communications quality
regardless of the transmitter and receivers’ positions is suggested.

Authors in [6] introduce a reconfigurable metasurface that can adapt its functionality,
such as the direction of the reflected beam, based on its position and orientation

(Figure [2.T1). The metasurface incorporates sensors to gather information about its
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Figure 2.10: The RIS-assisted wireless communication model [5]].
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Figure 2.11: (a) Depicts the smart metasurface with self-adaptive reprogrammable
functions that operate without manual intervention [6]]. (b) Shows the closed-loop
system of the smart metasurface, comprising a digital-coding metasurface, an FPGA, a
sensor, and an MCU equipped with a fast feedback algorithm [6].
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spatial attitude, movement status, and temperature. This data is sent to a microcontroller
unit (MCU) which processes it and instructs a field-programmable gate array (FPGA) to
adjust the phase distribution of the metasurface elements. This enables the metasurface
to maintain a consistent reflection pattern regardless of its position or orientation.

One potential application for this self-adaptive metasurface is in airplane positioning
systems. Traditionally, complex devices like phased arrays and beam steering units are
used to maintain constant communication between airplanes and satellites. However,
the proposed intelligent metasurface could achieve the same goal more efficiently and
with less complexity.

The self-adaptive metasurface concept represents a significant advancement toward truly
intelligent surfaces that can autonomously respond to changing conditions. By incor-
porating sensing and feedback capabilities, this design moves beyond pre-programmed
behavior to create a closed-loop system capable of maintaining performance under
dynamic conditions. This evolution toward environmental awareness and autonomous
adaptation addresses a key limitation of earlier RIS designs—their dependence on
external control systems with perfect environmental knowledge. Such autonomous
capability is essential for practical deployments in mobile scenarios like vehicular

communications, where orientation and position constantly change.
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Figure 2.12: (a) Illustration of the metasurface design, (b) the phase response, and (c)
the magnitude response of the unit cell for various states of the PIN diodes [6].

The unit cell of the metasurface consists of two substrate layers (a 1.6mm-thick F4B
upper layer and a 0.5mm-thick FR4 lower layer) and two PIN diodes embedded in the
upper patch. The unit cell designed has been depicted in Figure [2.12] At an operating
frequency of 9 GHz, switching between different PIN diode states produces four distinct
phase and amplitude values for the reflected waves. While this design enables some
degree of self-adaptability, it requires the illuminating EM waves to come from a fixed
source positioned in front of the metasurface, such as a horn antenna. Additionally, the
unit cell is sensitive to the polarization of the incident waves, and the bandwidth over
which the phase shifts remain linear appears to be limited.

Work in [7]] presents a programmable metasurface cloak that utilizes deep learning to

adapt to changing incident waves and surrounding environments in milliseconds. The
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Figure 2.13: Illustration of a self-adaptive metasurface cloak enabled by deep learning

[7].
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system takes three input parameters (frequency, polarization, and incident angle of the
impinging EM waves) and feeds them into an artificial neural network (Figure [2.13).
The network then determines the necessary phase distribution to render the metasurface
invisible under the incident EM waves. In other words, the deep-learning-enabled
metasurface interacts with the incident waves in such a way that an observer perceives a
reflection pattern identical to one without the metasurface present.

The integration of deep learning with RIS technology represents a paradigm shift in
how these surfaces are controlled. Rather than relying on traditional optimization
algorithms that may struggle with complex, non-linear electromagnetic interactions,
neural networks can learn these relationships directly from data. This approach enables
rapid adaptation to changing conditions—reducing response time from seconds to
milliseconds—and potentially overcomes the need for perfect channel state information
that plagues many RIS optimization methods. The cloaking application demonstrates
how RIS can not only enhance signals but also suppress them when needed, expanding
the functionality spectrum to include selective signal management. This convergence of
artificial intelligence and metamaterials points toward a future where surfaces can learn

optimal configurations for different scenarios without explicit programming.
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Figure 2.14: (a) The perspective view, (b), (c) measured reflection phase and amplitude
of the unit cell proposed in [7]].

The unit cell design in this work consists of three layers: a top copper pattern, a dielectric
substrate, and a bottom ground plane. By adjusting the geometry of the top copper
pattern, the phase and amplitude of the reflected waves can be controlled (Figure [2.14).
The deep learning model is trained using a dataset of simulated reflection coefficients
corresponding to different geometric parameters of the unit cell. Once trained, the model
can predict the appropriate unit cell geometry for any given set of input parameters,
enabling the metasurface to adapt its cloaking functionality in real-time.

Both research works [[6} [7] demonstrate significant advancements in the development
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Figure 2.15: The schematic model of a reflect polarization active converter [8]]

of self-adaptive metasurfaces. The ability of these surfaces to dynamically adjust their
electromagnetic properties in response to changing conditions opens up new possibilities
for applications in wireless communication, sensing, and cloaking. However, challenges
remain in terms of improving the bandwidth, reducing the sensitivity to polarization,
and extending the adaptability to scenarios where the illuminating source is not fixed
relative to the metasurface. Future research could explore novel unit cell designs,
advanced control algorithms, and the integration of more sophisticated sensing and
learning capabilities to further enhance the performance and practicality of self-adaptive
metasurfaces.

In the literature reviewed thus far, the primary focus of metasurface structures has been
on their ability to modify the reflection phase and amplitude. However, there is another
critical functionality that metasurfaces can provide: polarization conversion. This
functionality allows the metasurface to receive electromagnetic (EM) waves with one
polarization and reflect them with a different polarization, such as converting linearly

polarized waves to circularly polarized waves or enabling cross-polarization conversion.
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Figure 2.16: (a) The schematic view, (b) upper view, and (c) side view of the unit cell
of the designed metasurface [8]].

Recent studies have explored this polarization conversion capability extensively, recog-
nizing its potential benefits for future communication systems that leverage multiple
polarization methods for more efficient communication between various devices. Not-
ably, research conducted in has been pioneering in the development of passive
metasurface-based polarization converters. In this context, "passive" indicates that
the metasurface structures do not incorporate active components such as PIN diodes,
varactor diodes, or integrated circuits (ICs).

The evolution of RIS design to include polarization control represents a critical ad-
vancement that addresses a fundamental limitation of earlier designs. Most early RIS
structures were inherently polarization-sensitive, functioning optimally only for specific
polarization states. By enabling polarization conversion and control, these newer designs

unlock the polarization domain as an additional degree of freedom for communication
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system design. This capability is particularly valuable for modern MIMO systems that
utilize polarization diversity to increase channel capacity without additional spatial
dimensions. The transition from passive to active polarization control further enhances
this functionality by enabling dynamic adaptation to changing channel conditions or
communication requirements.

However, due to the increasing demand for configurability and self-adaptivity, re-
search has shifted towards active metasurface structures that operate in multi-mode.
An example of such a metasurface with active elements is presented in [8]], where
a metasurface-based polarization converter can achieve linear-to-linear or linear-to-
circular polarization conversion by adjusting the bias voltage of an embedded varactor
diode (0 V and -19 V) (Figure [2.15)). Figure [2.16] provides (a) a schematic view and (b)
an upper view, and (c) a side view of the unit cell of the designed metasurface, which

consists of a single layer of F4B with a thickness of 6mm.
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Figure 2.17: Perspective view of a meta-atom proposed in [9]; (a) top view, (b) bottom
view showing the IC and its equivalent circuit.

Although the active metasurface design in [8] demonstrates significant functionality,
it is limited to polarization transformation with two distinct modes. In contrast, the
authors of [[75] have developed a multifunctional active metasurface capable of both
beam deflection and polarization conversion. The most advanced metasurface structures,
incorporating programmable ICs to achieve reconfigurability in absorption, anomalous

reflection, and polarization conversion, are discussed in [9,75,76]. Figure presents
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a meta-atom from [9]], showing (a) a top view and (b) a bottom view with the IC and its
equivalent circuit, which features eight tunable parameters (R1, C1 to R2, C2).

The integration of custom ICs into RIS designs represents the cutting edge of current
research, enabling unprecedented levels of functionality and control precision. These
designs mark the transition from simple, discrete-state elements to fully programmable
unit cells with near-continuous tuning capabilities for both amplitude and phase. This
advancement enables more sophisticated electromagnetic wave manipulation, including
simultaneous control of multiple parameters (phase, amplitude, polarization) that was
impossible with earlier designs. The use of specialized ICs also offers a path to address
practical implementation challenges like power consumption, control complexity, and
fabrication reproducibility. However, these benefits come with increased manufacturing
complexity and cost, presenting a commercialization challenge that must be addressed
for widespread adoption.

While these innovative metasurface structures offer multiple functionalities, they also
come with challenges such as fabrication difficulties, narrow bandwidth, and complex
DC biasing requirements. Table [2.1] provides a comparative summary of various
designed metasurfaces, highlighting their functionalities and design complexities. This
comparison underscores the progress and ongoing challenges in developing versatile
and efficient metasurfaces for advanced applications.

The literature review reveals a clear evolutionary trajectory in RIS design, from simple
single-function surfaces to complex multi-functional intelligent systems. This progres-
sion has been driven by increasingly sophisticated hardware architectures and control
methods, culminating in designs that integrate sensing, feedback, and machine learning
capabilities. Throughout this evolution, researchers have navigated fundamental trade-
offs between performance parameters (resolution, tunability, functionality) and practical
considerations (complexity, power consumption, size). The insights gained from ana-

lyzing these trade-offs inform this thesis’s approach to RIS design and optimization,
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emphasizing solutions that balance theoretical performance gains with implementation

feasibility.

Table 2.1: Summary of the Metasurface Structures and their Applications

Reference | RIS Application | Design Complexity | Bit Control of Re-| Functionalities
flection

2] Space-time cod-| Low 1 Phase control
ing reflection

3] - Moderate (bulky) | Continuous Phase control

4] Backscatter com-| Low 1 Phase control
munication

5] Wireless commu-| High 2 Phase control
nication

o] Satellite commu-| Moderate 2 Phase control
nications

7] Cloaking Low 2 Phase control

[63] Polarization con-| Low 2 Phase and polariza-
verter tion control

[76] - High Semi-continuous | Phase and amp-

litude control

2.2 Optimization Techniques for RIS-Assisted Wireless

Networks

In the previous section, we explored the hardware aspects of RIS structures and dis-
cussed some potential applications for these intelligent surfaces. This section, however,
will focus exclusively on the system developments that have been made in the context
of emerging RIS technology integrated with conventional wireless networks. We will
begin by covering the fundamental concepts of RIS-assisted wireless networks in detail.
Following this, we will delve into the latest research efforts aimed at optimizing the
reflection properties of intelligent surfaces and developing robust channel models for
wireless networks that utilize RIS technology. Finally, we will examine the various

models of RIS-assisted wireless networks developed through ray-tracing techniques.
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Figure 2.18: Illustration of the channel model for an RIS-assisted wireless communica-
tion.

One of the fundamental aspects of RIS-assisted wireless communication is the channel
model. In a basic single-user scenario, the RIS introduces additional signal paths
between the transmitter (e.g., base station or access point) and the receiver (user). As
illustrated in Figure [2.18] the received signal at the user is a combination of the direct
path from the transmitter and the reflected paths from the RIS elements.

For simplicity, we consider consider a scenario with a single transmitter, such as a Base
Station (BS), and a receiver in a wireless communication system (Figure 2.18). As
illustrated in the figure, with NV elements in the RIS, there are N distinct paths from the
BS to the receiver. We assume the communication operates in a narrowband system
at a given carrier frequency f.. Let 2(¢) denote the complex-valued baseband signal
transmitted from the BS. Initially, we focus on the propagation of the signal reflected
from a single element (n-th element, where n € {1,2,..., N}) of the RIS. As shown
in Figure[2.18] considering only one reflecting element, the signal travels via two paths
from the BS to the receiver: the BS-to-RIS path and the RIS-to-receiver path. Given

these assumptions, the passband signal ¥, (¢) received is described as follows:

yn(t) =R { [al,ne_m’"Bneja"azvne_j&’”x(t)} eﬂ”fct} 2.1
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where a1, {10, 020, §2., TEpresent the attenuation coefficients and phase shifts that
the signal undergoes while passing through the BS-RIS and RIS-receiver channels,
respectively. Additionally, 3, and 6,, denote the amplitude coefficient and phase shift
induced by the n-th unit cell on the RIS’s surface, where 6,, € [0, 27] and ,, € [0, 1].
We can redefine Eq. 2.1 by introducing two parameters for the BS-RIS and RIS-receiver
channels: A}, = a1 ,e7/4 and g, = ag,e 7%, Now, the baseband signal model of

(1) is described by:

Yn(t) = Bne?® b} g2 (t) 2.2)

If we consider only the first reflection from the surface and ignore subsequent reflections
due to high path loss, as well as neglect the coupling effects between neighboring
elements, the total received signal at the receiver can be obtained by superimposing the
reflected signals from each unit cell of the metasurface. Thus, the total received signal

y(t) at the receiver is given by:

N
= (Z Bre’ B”hi,ngn) z(t) = h'©gu(t) 2.3)
n=1

In Eq. n 2.3\ b = [hry iy, ... hiy], © = diag(B1e”, Bre%, ... Byel®N), and
g=[91,92, -, gN] , with diag(z) denoting a diagonal matrix with the elements in
2 on its main diagonal. Note that from now on, vectors and matrices are denoted
by bold-face lower-case and upper-case letters. Based on the far-field propagation
condition, it can be assumed that the average received power from the signal reflected
by the n-th element of the RIS (7, ) is inversely proportional to di’, d5?,, where a; and
as denote the corresponding path loss exponents that typically range between 2 and 6,

given by the following formula [77]:
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- 2.4
e 24

P, x

It 1s worth noting that if the RIS is replaced by an infinitely large Perfect Electric
Conductor (PEC), the total received signal power, F,, is inversely proportional to
the square of the summation over the distances between the two-hop links based on
free-space propagation assumption and image theory [78]], which is given by:

1

So far, we have become familiar with the basic principles of the channel model of a
simple RIS-assisted point-to-point wireless communication. Now, it is time to study the
reflection optimization of the RIS in wireless communication under various system con-
figurations, such as single-user single-antenna, multi-user multi-antenna, narrowband,
and broadband system setups.

We first consider an RIS-assisted wireless communication system with one antenna and
one user (SISO configuration), where the Access Point (AP) serves the user through a
narrowband system over a flat-fading channel. In this context, g, hf}' , and h; represent
the channels between the AP and the RIS, the RIS and the user, and the AP and the user,
respectively. Referring to the reflection model given in Eq.[2.3]and considering a direct

path between the transmitter and receiver, the received signal can be formulated as:

y = (h7Og + hi)\/Pa + 2, (2.6)

where z is the additive white Gaussian noise (AWGN) with zero mean and variance 2.

It should be noted that from now on, the parameter ¢ (e.g., () — x) has been omitted
for simplicity. P, is the total signal power emitted by the antenna, and x represents the

transmitted information signal modeled as an independent and identically distributed
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(i.i.d.) random variable with zero mean and unit variance. As such, the Signal-to-Noise

Ratio (SNR) at the receiver is represented as [[79]:

2
N * 1 *
Pt|h{{®g + h:}|2 Pt anl hr,nﬁnejengn + hd
v= = .

2.7

o? o
Formulating the SNR, one can calculate the maximum achievable rate in bits per second
per Hertz (bps/Hz), which is represented by r = log,(1 + ). Our objective is to
maximize the achievable rate or SNR, and we have two sets of parameters, 6 and [3,
which we can optimize. Considering full knowledge of the channels g, h, and h?, the

optimization problem we need to solve is written as:

N 2
P1): max he B,e'% g, + h
(P1): ma 2 €% g+ I

(2.8)
st. 0<6,<2r, n=1,...,N;

0<pB,<1l, n=1,...,N.

In (P1),0 = [01,...,0y5]" and 3 = [B4, ..., Bn]T, which denote the reflection phase
shift and amplitude induced by the RIS, respectively. According to 79,80, the optimal

phase distribution for the RIS (solutions to (P1)) is given by:
0, =mod[C — (¢n + Vn),27], n=1,....N for >0 (2.9)

where ¢, ¢, and 1, are the phases of g,, b}, and h;,, respectively. It is worth noting
that Eq. is independent of the matrix /3. It is evident that only with a set of phase
distributions calculated using Eq. and an RIS comprising lossless unit cells (3 = 1)
can we achieve an SNR to its maximum value with (P1).

Now, let us increase the complexity of the wireless communication system by adding

more antennas at the AP side, i.e., a MISO wireless channel. Having more than one
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antenna at the transmitter means that beamforming can be performed by the AP (active
beamforming) and the RIS (passive beamforming) separately. Before proceeding further,
it is important to note that if there is a direct path between the transmitter and receiver,
it is best for the AP to direct its beam towards the user due to the superiority of active
beamforming over passive beamforming, considering the double path loss for the latter.

For the new system, the optimization problem is given as:

(P2): max |(h[OG + hf)w‘z
st |w|? < P, (2.10)

0<#,<2r, n=1,...,N.

where P, w, and G denote the total transmit power, transmit beamforming vector at
the AP (active beamforming), and channel matrix from the AP to the RIS, respectively.
Analyzing (P2), we observe that (P2) is a non-convex optimization problem because
its objective function is not concave with respect to w and  and the coupling between
them. However, (P2) can be considered a convex optimization problem if w is fixed
in the first step, transforming (P2) into a SISO wireless system optimization problem
(P1). Conversely, the parameters of the RIS (f) can be set to fixed values while w
is optimized for the best SNR. Sub-optimality can be achieved by utilizing the two
mentioned optimization problems in an iterative loop [80].

In general, several methods have been proposed in recent works to obtain suboptimal
solutions to (P2). In [81]], the phase shift value for each unit cell is optimized in a closed
form, while other phase shifts are fixed in each iteration. A branch-and-bound algorithm
is introduced in [82] that guarantees globally optimized solutions for the antennas at
the AP and phase shifters at the RIS. Additionally, authors in [83] have deployed deep
reinforcement learning to obtain phase shifts for the RIS, maximizing the downlink

SNR with relatively low computational complexity and running time.
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Previously, we investigated SISO and MISO RIS-assisted wireless communication
systems. Now, it is time to explore RIS-aided MIMO systems and review the pertinent
literature. It is worth noting that transitioning from SISO to MIMO systems significantly
increases the complexity of the contributing optimization problems. Notably, in MIMO
systems, spatial multiplexing techniques are widely used to transmit multiple data
streams simultaneously to different antennas, thereby enhancing system performance.
Consequently, for further enhancement, the reflection coefficients of the RIS must be
optimized in conjunction with the transmit covariance matrix at the transmitter [[10]. The
optimization problem for an RIS-assisted MIMO system is examined in the following
section.

According to [10]], the channel of an RIS-assisted MIMO system setup can be described
as:

H=H,+H,0G 2.11)

where H; € CN"*Ne. G € CV*Nt and H, € CY*V describe the channels from the
AP to the user, from the AP to the RIS, and from the RIS to the user, respectively. Now,
if we let Q € CNt*™t denote the transmit covariance matrix, with N, and N; specifying
the number of antennas at the AP and the user, the optimization problem for the channel

capacity is given as:

1~ -
(P3): rgfg( log, det <IN,« + EHQHH)

st. 0<6,<2m, n=1,...,N;

Bn=1 n=1,...,N; (2.12)
tr(Q) < B
Q= 0.

The optimization problem shown in Eq. is a non-convex problem, and it should
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Figure 2.19: Achievable rate versus Transmit power for an RIS-aided MIMO system
[LO].

be noted that (P3) is more difficult to solve compared to (P1) and (P2). Reference [[10]
has proposed an Alternating Optimization (AO) algorithm that can calculate at least
one local solution to (P3). This AO-based algorithm iteratively optimizes the phase
shift of one element of the RIS (6,,) and the transmit covariance matrix (Q) at each
step, with other parameters fixed. Figure [2.19shows the performance of the AO-based
algorithm in enhancing the achievable rate of an RIS-assisted MIMO system. In [84]],
a novel study has been conducted on a MIMO system with two RISs assisting the
network. Furthermore, a low-complexity algorithm has been introduced to maximize
the channel throughput by optimizing the phase shifts of the two RISs as well as the
transmit covariance matrix. It should be noted that in this work, the number of antennas
at the AP/user is fixed.

So far, the RIS-assisted wireless systems that have been mentioned earlier have all
served a single user. In this part of the review, we will explore research works that have
studied SISO and MISO wireless systems with multiple users (Figure 2.20). In this
regard, [85] can be mentioned as one of the first works that investigated which multiple

access schemes can benefit most from RISs present in the network. In this work, with
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Figure 2.20: An RIS-assisted multi-user MISO system [11].

the assistance of an RIS, two users are served by a multi-antenna AP using either time
division multiple access (TDMA), frequency division multiple access (FDMA), or
non-orthogonal multiple access (NOMA) network schemes. Under such a setup, it was
shown that TDMA may perform better than FDMA in RIS-assisted multiple access
wireless networks, while NOMA can perform even better when compared with the two
orthogonal multiple access techniques (i.e., TDMA and FDMA).

It should be noted that the system setup in this work has been catered for only two
users. In the case of a multi-user RIS-assisted wireless network with K > 2, calculating
an optimized phase distribution for the RIS under FDMA and NOMA configurations
becomes challenging. To overcome such difficulty, [86] has proposed a novel method
for an RIS-assisted OFDMA multi-user system, in which the phase distribution of the
RIS is dynamically changed in different time slots within each channel coherence block,
serving only a subset of users in each time slot.

Earlier in this review, all the proposed techniques regarding the optimization of the RIS
reflection (Table [2.2)) have been, as previously mentioned, based on the full knowledge
of the CSI from the AP to the user, from the AP to the RIS, and from the RIS to

the user. This part of the literature review is thus devoted to exploring the methods
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Table 2.2: Summary of Works on Reflection Optimization in RIS-assisted Wireless
Systems

Reference | System Type Objective Optimization
Method
[80] Single-user MISO | Transmit power minim-| AO
ization
[81] Multi- and single-| Transmit power minim-| AO
user MIMO ization
[82] Single-user MISO | Rate maximization Manifold optimiza-
tion
[83] Single-user MISO | Transmit power minim-| Deep learning
ization
[10] Single-user MIMO | Rate maximization AO
(1841 Double-RIS single-| Rate maximization AO
user MIMO

proposed so far to obtain the CSI of RIS-assisted wireless communication systems. To
gain a brief insight, consider a /-user MIMO wireless network with a BS comprising
Np antennas and each user equipped with a /N, -element antenna. Now, considering a
narrowband communication system with flat-fading channels, and reciprocal channels
between the uplink and downlink, the number of channel coefficients that an RIS with
N elements introduces to the system is equal to X' x NN, + NN, adding to the
coefficients of a conventional multi-user MIMO system (K x N, Npg coefficients). The
substantial channel coefficients induced by the RIS in the wireless network make the
channel estimation process challenging. However, some techniques have been proposed
in existing research works that can reduce the complexity of CSI acquisition to some
extent. In the current literature, there are two main approaches for CSI acquisition in
RIS-assisted wireless communication networks that will be investigated in the following.
In the first approach, the RIS structure is equipped with sensors, making it capable of
receiving RF signals. These RIS structures are called semi-passive RISs since they
can only receive RF signals. The process of channel estimation for wireless networks

with semi-passive RIS structures involves, in the first step, estimating the channels
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between the RIS-user and RIS-BS with all reflection elements in the OFF mode using
the sensors (RF receivers). The direct channel between BS-user is also estimated by
exchanging pilot signals between them. Now that CSI of all channels is obtained,
RIS reflection is designed for higher quality communication using the optimization
techniques discussed earlier. In [87H89]], deep learning techniques have been deployed
to estimate the channels between the RIS-user and RIS-BS in SISO systems by using
the channel information gained from a group of active elements in the RIS (elements
with sensors).

The second approach, however, does not involve active elements (RF receivers) in the
RIS. The process of CSI acquisition in wireless systems with passive RIS structures is
known as passive channel estimation. It is worth noting that passive channel estimation
has been given more attention than semi-passive channel estimation, primarily because
adding sensors and active RF chains to the RIS structure would increase costs and
deteriorate energy efficiency. Regarding CSI acquisition, in passive channel estimation,
the cascaded channels between the BS-RIS and RIS-user are estimated instead of
calculating each channel separately. From a technical point of view, the number of
channel coefficients in passive mode is considerably higher than that of semi-passive
mode. This is because each cascaded channel between the BS and £-th user includes
the common CSI of BS-RIS, indicating an inherent redundancy in such channels.

The procedure for passive channel estimation comprises three steps performed in each
channel coherence block. In the first step, the BS and user exchange orthogonal training
signals while the reflection coefficients are set to a different pre-designed pattern with
respect to each pilot signal. In the second phase, the CSI is estimated, and the reflection
coefficients are calculated based on the CSI and sent to the RIS controller. In the final
step, the phase distribution is set for maximum data delivery from the BS to the users.
In [90], to estimate the CSI, for each pilot signal, one element of the RIS is set to the

ON state while others are switched to their OFF state. The CSI is finally estimated
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when at least /V + 1 orthogonal pilots are exchanged between the BS and the user (/V is
the number of elements in the RIS). It is worth mentioning that the channel estimation
in this approach is not accurate since one element in the RIS cannot make much of a
difference; hence the pilot signal received at the BS is rather weak. To overcome this
issue, all elements are set to their ON state but with orthogonal reflection coefficient
patterns with respect to each pilot signal [91,92].

To reduce the calculations in CSI estimation and speed up the training process, [93] has
proposed an element grouping method, where adjacent unit cells in the RIS are grouped
and considered as a super-element for channel estimation. Finally, in MIMO and MISO
systems with large antenna elements at the BS and/or the user, it is necessary to exploit
methods such as deep learning to accelerate the training overhead, thereby speeding up

the process [94-96].

2.3 Ray-Tracing-Based Channel Modeling for RIS-Assisted
Wireless Networks

Accurate channel modeling and simulation are crucial for the development and optimiza-
tion of RIS-assisted wireless networks, particularly in the context of 6G communication
systems. RIS technology holds the promise of significantly enhancing signal quality,
coverage, and energy efficiency by dynamically controlling the electromagnetic envir-
onment. To harness these benefits, it is essential to understand how RIS interacts with
various channel conditions, especially in complex indoor scenarios where line-of-sight
(LoS) paths may be obstructed. Comprehensive channel modeling enables the prediction
and analysis of key performance metrics such as received power, channel capacity, and
angular power spectral density (PSD). These insights are vital for designing efficient

RIS deployment strategies, optimizing network performance, and ensuring the reliable
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transmission of high-speed data required for advanced applications like holographic
communications and real-time ultra-high definition video streaming.

Ray tracing stands out as a powerful tool for simulating wireless communication
channels, particularly in environments enhanced by RIS. By accurately modeling the
propagation of electromagnetic waves, ray tracing can simulate complex interactions
such as reflection, diffraction, and scattering, which are crucial for understanding the
behavior of RIS-assisted networks. The method involves tracing the paths of rays from
the transmitter (Tx) to the receiver (Rx) through a virtual environment that mimics
real-world conditions. This approach allows for detailed analysis of how RIS can
manipulate these rays to improve signal strength and coverage in non-line-of-sight
(NLoS) scenarios. Utilizing a 3D ray tracing simulator, such as Wireless Insite [97],
researchers can evaluate different RIS deployment configurations, study the impact
of various materials, and optimize the placement of RIS elements. The ability to
simulate multiple frequencies, including millimeter wave (mmWave) bands, further
enhances the tool’s applicability, providing comprehensive insights that guide the
practical deployment of RIS in indoor and other challenging environments. This section
will explore various research studies that have developed novel ray tracing methods for
channel modeling of RIS-assisted wireless systems.

The ray concept in electromagnetics emerges from the high-frequency approximation of
Maxwell’s equations. This approximation is valid when the wavelength is much smaller
than the characteristic dimensions of the problem geometry. In this regime, the electric

and magnetic fields can be expressed as:

E(r) = e(r)e 7/5x) (2.13)

H(r) = h(r)e /%5® (2.14)
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where E(r) and H(r) are the vector electric and magnetic fields, respectively. The
terms e(r) and h(r) represent slowly varying vector amplitude functions, 5 = 2 is
the free-space wavenumber, S(r) is the eikonal function representing the optical path
length, and r is the position vector in 3D space.

The exponential term e~7%05() describes the rapid phase variations of the wave, while
e(r) and h(r) account for slower amplitude and polarization changes. This separation of
rapidly oscillating phase and slowly varying amplitude is key to the ray approximation,
allowing us to treat the wave propagation as a ray phenomenon.

By substituting these expressions into Maxwell’s equations and considering the limit as

By — 00, we arrive at the eikonal equation:
|VS|? = n? (2.15)

where n is the refractive index of the medium and can be calculated as n = /ji,€,., with
1 and €, being the relative permeability and permittivity of the medium, respectively.
This equation is fundamental to the ray theory as it governs the behavior of the wave-
fronts (surfaces of constant phase) and, consequently, the ray trajectories, which are
orthogonal to these wavefronts.

The eikonal equation essentially describes how the phase of the wave varies in space,
with the gradient of S(r) giving the direction of wave propagation at each point. This
allows us to trace the path of electromagnetic energy through the medium, forming the
basis of ray tracing techniques widely used in computational electromagnetics.

The ray paths can be determined by solving the differential equation:

d ( dr) —Vn (2.16)

ds \'ds

where s is the arc length along the ray path. This equation, known as the ray equation,
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describes how the ray bends in a medium with varying refractive index. It is a direct
consequence of applying Fermat’s principle to the eikonal equation.

In a homogeneous medium, where the permittivity €, permeability p, and refractive
index n are constant throughout the space, the gradient of the refractive index vanishes
(Vn = 0). Consequently, the general ray trajectory equation simplifies to:

d?r

This second-order differential equation has a general solution of the form:

r=as+b (2.18)

where r is the position vector along the ray path, and a and b are constant vectors. This
solution describes a straight line in the homogeneous medium, with a representing the
direction of propagation and b providing an initial position. This result aligns with our
intuition that light travels in straight lines in uniform media.

The ray concept, as formulated above, provides a mathematical foundation for Fermat’s
principle of least time. This principle states that light travels between two points along
the path that requires the least time. From this fundamental principle, one can derive
the laws of reflection, refraction, and diffraction. For instance, Snell’s law of refraction
can be derived by applying Fermat’s principle at the interface between two media with
different refractive indices.

The high-frequency approximation of Maxwell’s equations, as formulated above, al-
lows us to model EM wave propagation using the concept of rays. This approach is
particularly useful in complex environments where the wavelength is smaller than the
characteristic dimensions of objects in the scene. It enables efficient analysis of EM

wave behavior in scenarios involving multiple reflections, refractions, and diffractions,
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making it invaluable for applications in areas such as wireless communication, radar
systems, and optical design.

However, it is important to note the limitations of the ray approximation. As it is based
on the high-frequency limit, it becomes less accurate when dealing with wavelengths
comparable to the size of obstacles or apertures in the system. In such cases, diffraction
effects become significant, and full-wave solutions to Maxwell’s equations may be
necessary. Additionally, the ray approach does not directly account for polarization
effects, which can be crucial in some applications.

The EM field distribution can be effectively described by considering three primary
types of rays: direct rays, representing LoS propagation between the source and re-
ceiver; reflected rays, accounting for interactions with surfaces; and diffracted rays,
which describe the phenomenon of waves bending around obstacles or passing through

apertures, extending the field into shadow regions.

2.3.1 Direct Rays

Direct or LoS rays represent the simplest form of propagation, where electromagnetic
waves travel directly from the transmitter to the receiver without encountering any
obstacles. In an ideal free-space environment, the path loss for LoS propagation can be

calculated using the Friis transmission equation:

47d

where Ly .s is the path loss in dB, d is the distance between the transmitter and receiver,
and X is the wavelength of the signal. This equation assumes isotropic antennas and no

atmospheric effects.
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2.3.2 Reflected Rays

Reflection occurs when electromagnetic waves encounter a surface that is large com-
pared to the wavelength. The behavior of reflected rays follows the law of reflection,
where the angle of incidence equals the angle of reflection. The amplitude of the
reflected wave depends on the reflection coefficient, which varies with the material
properties and the polarization of the incident wave.

For a single reflection, the electric field of the reflected wave can be expressed as:
E, =FE;-R-exp(—jkr) (2.20)

Where F, is the reflected field, F; is the incident field, R is the reflection coefficient,

k is the wavenumber (27”) , and r 1s the total path length. The reflection coefficient I?

differs for perpendicular and parallel polarizations:

_ cos(#1) — my cos(6s)

R
* 12 cos(01) 4 n1 cos(6z)

(2.21)

12 cos(fs) — my cos(6y)

R p—
I 12 cos(fy) + my cos(6y)

(2.22)

Where 7; and 7, are the intrinsic impedances of the two media, and ¢, and 6, are the

angles of incidence and refraction, respectively.

2.3.3 Diffracted Rays

Diffraction occurs when electromagnetic waves encounter edges, corners, or small
openings relative to the wavelength. This phenomenon allows waves to propagate
into shadowed regions behind obstacles. To incorporate diffraction effects into ray-
based models, two primary theories have been developed: the Geometrical Theory of

Diffraction (GTD) and the Uniform Theory of Diffraction (UTD).
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The Geometrical Theory of Diffraction, introduced by J.B. Keller, extends geometrical
optics to include diffracted rays. GTD posits that when an incident wave strikes an
edge or vertex, it produces diffracted rays emanating from these points. While GTD
improved field predictions in shadow regions, it has a limitation of predicting infinite
field strengths at shadow and reflection boundaries.

The Uniform Theory of Diffraction, developed by Kouyoumjian and Pathak, addresses
GTD’s limitations. UTD introduces transition functions that ensure the total field re-
mains finite and continuous everywhere, including at shadow and reflection boundaries.
This makes UTD particularly suitable for accurate field predictions across all regions of
space.

The general form of the edge-diffracted electric field is given by the equation:

E=EY(Qg) - D - A(s) exp(—jks) (2.23)

This formula encapsulates the key components of the diffracted field. £°(Q ) represents
the incident field at the diffraction point (), which serves as the source of the diffracted
ray. D is the dyadic diffraction coefficient, which describes how the edge diffracts the
incident field. As elaborated in the reference, D can vary depending on the specific
type of edge encountered. A(s) is a spreading factor that accounts for the amplitude
variation along the diffracted ray path. The exponential term exp(—jks) represents the

phase, where k is the wavenumber and s is the distance from the diffraction point.

24 RT

At the core of RT engines, there are two fundamental methods for tracing rays from the

transmitter to the receiver: the direct method and the inverse method. These approaches
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form the basis for how ray paths are calculated in radio propagation modeling. Regard-
less of the method used, it is of great importance to take into account a key feature for
all rays: from point A to point B, rays take the least amount of time possible to travel,

following Fermat’s principle.

2.4.1 Direct RT

The direct method, also known as the Shooting and Bouncing Ray (SBR) method, is a
fundamental approach in ray tracing for radio propagation modeling. In this method, a
multitude of rays are emitted from the transmitter in various directions, sampling the
3D environment. The number and distribution of these rays as well as their separation
angle are determined by the engine’s configuration to ensure adequate coverage of
the propagation space. As rays propagate through the environment, they interact
with geometrical objects present in the 3D model, including reflection, diffraction,
and scattering. For each ray’s interaction and traveling distance, a loss coefficient is
calculated. This process continues until the contribution of the signal along its path can
be determined using appropriate propagation formulas, such as those discussed earlier
in this section.

The final step in the SBR method involves identifying and analyzing the rays that reach
the vicinity of the receiver. These rays represent valid propagation paths and form
the basis for characterizing the radio channel. Each received ray carries important
information: its delay, which represents the time taken to travel from the transmitter
to the receiver; its total travel distance; its power level at the receiver, calculated by
considering the initial transmission power and the cumulative losses incurred along its
path; and its angle of arrival, which is crucial for spatial channel characterization. This
angle of arrival information is particularly important for technologies such as smart

antennas and MIMO systems. This collection of ray data provides a comprehensive
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multipath profile of the propagation environment, enabling detailed analysis of the
channel characteristics such as delay spread, angular spread, and received signal strength
at the receiver location. It is worth noting that this method scales in computational
overhead linearly with the number of transmitters considered in the engine, which can

be a significant consideration in complex environments with multiple sources.

2.4.2 Inverse RT

The inverse method, also known as the image method or ray backtracing, approaches
the problem of ray tracing from a different perspective compared to the direct method.
Instead of launching rays from the transmitter, this method starts at the receiver and
works backwards to determine possible paths to the transmitter.

The process begins by considering the receiver location and identifying potential reflec-
tion points in the environment. For each reflective surface, an image of the transmitter
is created by mirroring its position across the surface. These image points represent
potential sources from which rays could have originated to reach the receiver after a
single reflection.

The method then proceeds to check if there is a clear, unobstructed path between the
receiver and each image point. If such a path exists, it represents a valid ray path from
the transmitter to the receiver via that reflection point. This process is repeated for
higher-order reflections, creating images of images to account for multiple reflections.
Figure [2.21] illustrates the Inverse RT method, which is an approach to modeling
electromagnetic wave propagation in complex environments. In the illustration, we
see a 2D environment with two main obstacles, labeled A and B, represented by gray
rectangles. These obstacles serve as potential reflective surfaces for electromagnetic
waves. The transmitter, denoted as TX, is represented by a green dot, while the receiver,

Rx, is shown as a red dot. The key to understanding the Inverse RT method lies in the
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Tx®
Figure 2.21: 2D illustration of ray tracing using inverse method.

light pink dots positioned at the corners of the image, which represent image points.
The Inverse RT method begins its analysis at the receiver location and works backwards
to determine possible paths from the transmitter. This is accomplished by creating
virtual transmitter locations, or image points, by reflecting the actual transmitter position
across the surfaces of obstacles A and B. These image points are crucial in identifying
potential reflection points and constructing valid ray paths.

The figure shows two ray paths between the transmitter and receiver. The blue ray is
a ray that has been reflected once by obstacle A, demonstrating how electromagnetic
waves can change direction upon encountering a reflective surface. In contrast, the
orange ray exhibits a more complex path, having been redirected first by obstacle A
and then by obstacle B. This double reflection illustrates how waves can interact with
multiple surfaces in the environment before reaching the receiver. These reflected
paths are determined by tracing lines from the image points to the receiver, represented
by the dashed black lines in the figure. Where these dashed lines intersect with the
obstacles, typically at their edges, we find valid reflection points. This method of
analysis allows for the identification of intricate propagation paths that might not be

immediately apparent in direct ray tracing approaches.
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This visual representation effectively demonstrates how the Inverse RT method can
efficiently identify reflected paths without the need to trace numerous rays from the
transmitter, as would be required in the direct ray tracing method. It showcases the
method’s ability to handle multiple reflections and provide a comprehensive view of
multipath propagation in a given environment. This approach is particularly valuable in
scenarios with a limited number of reflective surfaces and when the analysis focuses
on specific receiver locations, making it an important tool in the field of radio wave
propagation modeling and wireless communication system design.

One of the key advantages of the inverse method is its efficiency in scenarios with a
limited number of reflections and a complex receiver environment. It can be particularly
effective when the number of receivers is small compared to the number of transmitters
or when analyzing specific receiver locations in detail.

However, it is important to note that the computational complexity of the inverse method
increases exponentially with the number of reflections considered, as the number of
image points grows rapidly. This can make it less suitable for environments with many
reflective surfaces or for large-scale simulations with numerous receivers.

Both the direct and inverse RT methods have their strengths and are often used in
combination or selected based on the specific requirements of the propagation modeling

task at hand.
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Figure 2.22: Visualization of ray distribution and signal power in an indoor scenario.
(a) Ray tracing from the Tx to the Rx without the presence of the RIS in the room. (b)
Corresponding signal power distribution in the room without RIS. (c) Ray tracing from
the Tx to the Rx with the RIS structure present in the room, demonstrating the altered
ray paths due to the RIS. (d) Corresponding signal power distribution in the room with
the RIS, showing enhanced signal coverage and power levels [[12].

In [12], Huang et al. propose a method to realize the steering function of RIS in a ray
tracing simulator for indoor scenarios where the transmitter (Tx) and receiver (Rx) are
obstructed by a wall. The authors demonstrate the flexibility of their method by applying

it to different deployment locations and carrier frequencies. They investigate the
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Figure 2.23: Comparison of the simulation results for capacity with varying numbers of
RIS elements and different transmitted power levels [12].

coverage enhancement of RIS-assisted wireless communication systems and compare
the performance for different deployment locations and carrier frequencies (Figure [2.22)).
The simulation results show that deploying RIS on the middle of the wall in the boresight
of both Tx and Rx is the optimal choice when Tx, Rx, and RIS center are maintained
at the same height, achieving a capacity of around 7 bit/s/Hz at 5.4 GHz with 144
RIS elements. When Tx is elevated, the location near Tx is a better choice for RIS
deployment.

The authors also study the impact of the number of RIS elements and signal-to-noise
ratio (SNR) on the channel capacity. They observe that the coverage is proportional
to the transmitted power and the number of RIS elements. Notably, the capacity
enhancement is most significant when the number of RIS elements is increased from
0 (without RIS) to 4, showing an improvement of around 3 bit/s/Hz under the same
transmitted power (Figure [2.23). This is attributed to the fact that the four central

elements near the core area of the beam have significant power density according to the
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Figure 2.24: Measurement setup in the auditorium featuring an 48 x 48-sized RIS,
along with the TX and RX antennas [[13].

Poynting vector. The results presented in this paper provide valuable insights for the
deployment of RIS in practical applications, especially in indoor scenarios. It is worth
noting that in the research work however, there is a notable lack of detailed information
concerning the efficiency and computational speed of the employed ray tracing method.
Research work in [13] systematically explores the EM and communication aspects of
RIS structures by employing a combination of EM simulations, system-level simulations,
ray-tracing methods, and practical measurements. Initially, the authors simulated both
ideal, lossless RISs and realistic lossy anomalous reflectors using various ray tracers,
comparing their large-scale fading characteristics. The analysis was extended to include
continuous and quantized reflection phases, considering one to four-bit resolutions for
unit cells. Furthermore, they conducted over-the-air communication measurements
using a manufactured AR prototype in an indoor environment to validate the simulation
results. The comprehensive study confirmed that the macroscopic EM model aligns
well with the communication models for both ideal and realistic RIS designs.

The research introduces a two-method approach for analyzing large-scale fading in
RIS-assisted links, validated against both theoretical models and numerical simula-
tions. Method 1 utilizes a theoretical path loss model tailored for far-field propagation

scenarios, integrating parameters like RIS efficiency and geometrical considerations.
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Figure 2.25: Three-dimensional view (top) and detailed description (bottom) of the
propagation environment simulated in [[14]].

Method 2, on the other hand, employs the concept of RIS directivity and gain, calculated
via CST software for various RIS sizes and configurations. These methods demon-
strated close agreement in the path loss estimations for LOS links, emphasizing the
efficacy of the proposed models. The authors further expanded their analysis through
ray tracing simulations in multipath scenarios, highlighting the impact of environmental
reflections on received signal power. As depicted in Figure [2.24] Practical measurements
conducted in an auditorium setting corroborated the theoretical and simulation results,
underscoring the robustness of the proposed models and the significant potential of RIS
technology in enhancing wireless communication systems.

In [14], authors explore the integration of RISs in Terahertz (THz) communication

systems to enhance coverage probability in indoor environments. The study focuses
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Figure 2.26: Coverage probability simulation results for different simulation cases [14]].

on a multiple-input single-output system operating at 0.2 THz, employing multiple
RISs to mitigate the severe path losses associated with THz frequencies. Using a ray
tracing methodology, the authors simulate the impact of RIS deployment on system
performance, specifically examining received power, signal-to-noise ratio, and coverage
probability. The results demonstrate that RIS can significantly improve indoor coverage,
with up to a 52% enhancement in system coverage and a 42.5 dB improvement in
signal-to-noise ratio when multiple RISs are employed.

The study employs a detailed ray tracing simulation framework to characterize the
propagation environment and assess the impact of RIS on THz communication channels.
The simulation environment includes an office setup with multiple RIS strategically
placed to optimize signal reflection and transmission (Figure 2.25). The ray tracing
model accounts for various propagation phenomena, including specular reflection, dif-
fraction, diffuse scattering, and atmospheric molecular absorption. The simulation

results indicate that increasing the number of RIS elements and strategically positioning
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Figure 2.27: SNR gain as a function of coverage probability for various RIS and antenna
configurations [14]].

them within the environment can lead to substantial improvements in coverage probab-
ility and signal-to-noise ratio. For instance, in scenarios with four RISs, each equipped
with 1000 elements, the system coverage at a signal-to-noise ratio threshold of 20 dB
reaches 88%, compared to only 36% in a non-RIS-assisted setup (Figure [2.26)).

The work also highlights the cost-benefit relationship between the number of passive
RIS elements and the active antennas in the access point. It is noted that increasing
the number of RIS elements can compensate for a lower number of active antennas,
thereby enhancing system performance without significantly increasing complexity.
The study concludes that deploying RIS in THz indoor systems is a promising approach
to overcoming the high path losses and coverage limitations of THz communications.
By leveraging the unique properties of RIS to control and direct electromagnetic waves,
significant improvements in coverage and signal-to-noise ratio can be achieved, making
it a viable solution for future 6G networks. The results of this study are further illustrated
in the SNR gain plots for different numbers of RIS elements and antennas (Figure [2.27).

In [15]], a hybrid numerical method combining full-wave analysis with ray-tracing was
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Figure 2.28: Typical Reconfigurable Intelligent Surface-enabled communication chan-
nel [I15]].

introduced to efficiently model propagation in RIS-enabled communication channels.
The study addresses the challenge of accurately modeling the interaction between
Reconfigurable Intelligent Surfaces and complex environments without excessive com-
putational resources. Full-wave simulation is used to obtain the radiation pattern of the
transmitter and the complex radar cross section of the RIS, which is then imported into
a ray-tracer as a secondary transmitter. This approach allows for the detailed modeling
of interactions, such as reflections, transmissions, and diffractions, within complex
indoor environments, thereby determining the total received signal strength. Figure [2.2§]
shows a typical RIS-enabled communication channel, highlighting how the surface
acts as a secondary transmitter to bypass obstructions and enhance non-line-of-sight
communication.

The proposed method is validated against finite element results in representative indoor
propagation scenarios. For instance, a typical RIS-enabled communication channel
is simulated to compare the electric field distributions obtained by the hybrid method
and full-wave analysis. The results show excellent agreement, demonstrating the
accuracy and efficiency of the hybrid approach. The study highlights that while full-
wave analysis provides precise modeling capabilities, its computational demands are
significantly higher compared to the hybrid method, which remains efficient even

in complex geometries. Figure [2.29| compares the simulation accuracy between the
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Figure 2.29: 2D simulation of E-field distribution in the environment by (a) the ray-
tracing method proposed in [15] and (b) HFSS.
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proposed ray-tracing method and a full-wave simulation of the environment using a
commercialised high frequency software (HFSS).

The study concludes that the hybrid method combining full-wave analysis with ray-
tracing is an effective solution for modeling RIS-enabled communication channels. By
treating the surface as a secondary transmitter, the method captures the essential interac-
tions between the RIS and its environment, ensuring accurate propagation modeling
while maintaining computational feasibility. This approach is particularly beneficial
for analyzing large-scale indoor environments where traditional full-wave analysis
would be impractical. Overall, the hybrid method offers a robust framework for future
research and development in RIS technology, providing a balance between accuracy
and computational efficiency.

Authors in [[16] present a ray tracing approach for deterministic radio channel modeling,
with a focus on simulating the channel characteristics of RISs in urban environments.
The ray tracer utilizes the NVIDIA OptiX Ray Tracing Engine and the CUDA parallel
computing platform. The RIS is modeled as a uniform planar array of reconfigurable
reflecting elements. The authors provide a detailed description of the electromagnetic
formulation and assumptions used in the RIS model, which treats the RIS as a phased
array of metallic plates with controllable phase shifts.

The ray tracing simulations involve computing point-to-point path models for transmitter-
receiver, transmitter-RIS, and RIS-receiver pairs. These models predict the strengths of
propagation paths and can be used in subsequent simulations involving antennas and
beamforming. The authors demonstrate the RIS propagation in an urban environment
using a 3D model of the Etu-Ly6tty suburb in Oulu, Finland. The simulations compare
the received signal power levels with and without the RIS, illustrating the potential for
significant improvements in signal power and coverage when the visibility conditions

between the RIS, transmitter, and receiver are favorable.
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Figure 2.30: (a) Configuration of the TX, RXs, and RIS in the urban simulation envir-
onment, and (b) distributed signal power in the specified in the purple grid with/without
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RIS structure in the environment [16]].

The paper also examines the impact of beam steering errors on the received signal levels,
showing that misalignment can cause significant link losses. Figure compares
the signal coverage in the modeled area with and without the RIS. The results clearly
demonstrate that the coverage in the line-of-sight region of the RIS is significantly
increased, with mild improvements in non-line-of-sight regions as well. The authors

conclude that RISs can provide notable advantages in signal levels and coverage,
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Figure 2.31: Signal power distribution in an indoor area by using the propagation model
proposed in [17].

particularly in scenarios with good visibility between the RIS and network nodes.
However, they also note that RISs may not always improve signal levels, especially
when the signal propagation is already good without the RIS. The paper highlights the
importance of ray tracing tools in studying and analyzing wireless links and systems,
particularly at high frequencies where comprehensive channel models are scarce.

In the work [[17], a method was proposed to accurately model wave propagation in
realistic RIS-enabled communication channels. The method combines the accuracy
of full-wave analysis with the efficiency of ray-tracing, providing a rigorous way to
analyze realistic RIS-enabled channels. The authors apply Huygens’ principle to find an
equivalent surface current source that can generate the same scattered field as the original
RIS. The equivalent electric and magnetic current densities on the surface are computed
using full-wave analysis and electromagnetic boundary conditions. The resulting
equivalent source is then integrated into ray-tracing to derive the RIS propagation
model.

Figure [2.3T]illustrates the RIS-enabled channel used to validate the proposed method.
The channel consists of a rectangular horn antenna directly illuminating an RIS mounted

on a dielectric wall. An obstacle in the form of a copper slab is placed near the RIS. The

66



24 RT

Locational Information 1. Loading Map Data

Map Data
(Geometrical Information)

Simulation Settings . .
2. Ray Tracing Algorithm

Geometrical Parameters
for Channel Paths

RF Parameters 3. CIR Evaluation

CIR

DSP Settings 4. Discrete Sampling

v
Channel Data

FIGURE 1. Flowchart of general RT-based simulator.

Figure 2.32: Flowchart of WiThRay RT-based simulator [18]].

RIS unit cell structure, operation state (yellow for switch-ON and blue for switch-OFF),
and the electric field distribution obtained by the proposed method are displayed. The
finite-element simulation domain and sampling points for comparison are also shown.
The near-field computation is applied in the region r < 2 m.

The proposed method in [[17] was validated by comparing the results with those obtained
from Ansys HFSS finite-element analysis and a previously developed method by the
authors. The comparison demonstrates that the proposed method provides results very
close to the finite-element analysis in the near-field region of the RIS, outperforming
the previous method. In the far-field region, both the proposed method and the previous
method yield similar results. By incorporating a full-wave simulation round, the
proposed method accounts for all factors contributing to the scattering characteristics of
an RIS. The subsequent ray-tracing of the equivalent source allows for rapid computation
of wave propagation across the environment. Overall, the authors conclude that their
method offers a highly accurate and efficient approach to analyze realistic RIS-enabled

channels.
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Authors in [18] presented WiThRay, an open-source RT-based channel simulator de-
signed for emerging smart wireless environments. WiThRay incorporates several key
features, such as a modified RT algorithm following Fermat’s principle, scattering ray
calibration for precise EM propagation analysis, and support for RIS structures. The
simulator is designed to generate realistic channel data for performance assessment
of various wireless communication techniques, including channel estimation, beam-
forming, and localization, under realistic EM wave propagation conditions. Figure [2.32]
illustrates the general procedure of most RT-based simulators, which involves loading
map data, applying the RT algorithm, evaluating the CIR, and performing discrete
sampling.

WiThRay’s RT algorithm, called the bypassing on edge (BE) algorithm, enhances the
efficiency of the inverse algorithm by reducing computational complexity. The simulator
also dynamically adjusts the scattering area to include dominant channel paths and
calibrates the scattering grid for MIMO scenarios, ensuring that EM waves propagate
in their original waveform. WiThRay models the wideband effect and Doppler shift
caused by mobile objects, generating realistic channel data for high-mobility scenarios.
Furthermore, the simulator supports RIS systems by employing the dyadic EM response
model.

It is demonstrated that the versatility of WiThRay through several example applications.
They evaluate the accuracy of Orthogonal Frequency-Division Multiplexing (OFDM)
uplink channel estimation, compare the performance of various downlink multi-user
MIMO beamforming techniques, and study RIS-enabled coverage extension. The
authors conclude that WiThRay is a valuable tool for the wireless research community,
facilitating the development and testing of communications and signal processing

techniques in 6G smart wireless environments.
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2.5 Summary

This literature review has provided a detailed exploration of the current state of re-
search on RIS and their applications in wireless communication systems. The review
has covered three main areas: RIS unit cell designs and configurations, optimization
techniques, and ray-tracing-based channel modeling for RIS-assisted wireless networks.
In the area of RIS unit cell designs, we have seen a progression from simple designs
with limited functionality to more complex structures capable of manipulating both
the phase and amplitude of incident electromagnetic waves. Notable advancements
include the development of space-time-coding digital metasurfaces, supercell designs
for improved tunability, and structures capable of polarization conversion. These
innovations demonstrate the increasing sophistication and versatility of RIS technology,
paving the way for more efficient and adaptable wireless communication systems.
The review of optimization techniques has highlighted the challenges and proposed
solutions for implementing RIS in practical wireless networks. Key areas of focus
include the development of efficient algorithms for optimizing RIS reflection coeffi-
cients, methods for acquiring CSI in RIS-assisted systems, and techniques for enhancing
system performance in various network configurations. The literature shows a trend
towards more sophisticated optimization methods, including the use of machine learning
techniques, to address the complexities of RIS-enhanced networks.

The examination of ray-tracing-based channel modeling has underscored the importance
of accurate propagation models for RIS-assisted systems. The review has covered
various approaches to ray tracing, including direct and inverse methods, and their
application to RIS-enhanced environments. These models provide valuable insights
into the behavior of RIS in complex propagation scenarios, aiding in the design and

optimization of RIS deployments.
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Design and Development of the RIS

In this chapter, we delve into the hardware development of the RIS, a key technology
for enhancing wireless communication systems. The design and implementation of a
functioning RIS surface involves several critical steps, each of which will be examined
in detail.

First, we will explore the design of the unit cell, the fundamental building block of the
RIS structure. This section will focus on the electromagnetic properties and physical
configuration of individual elements that collectively form the RIS.

Following this, we will investigate the control board circuit design. This crucial
component enables the dynamic reconfiguration of the RIS, allowing it to adapt to
changing wireless environments and optimize signal propagation.

The third section will address the surface integration procedure, covering computer-
aided design (CAD) modeling and the development of a double-opening 3D-printed
object designed to hold both the RIS surface and the control board. This integrated
approach ensures proper alignment and protection of the RIS components.

Finally, we will examine the surface optimization procedure. This section will cover
techniques and algorithms used to fine-tune the RIS performance, maximizing its

effectiveness in enhancing wireless communication.
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Through these four sections, we aim to provide a comprehensive overview of the
hardware development process for RISs, from the microscopic level of individual unit
cells to the macroscopic optimization of the entire surface. This approach will offer
insights into both the theoretical principles and practical considerations involved in
creating an effective RIS system.

In this section, we focus on the design of the RIS unit cell, the fundamental component
that enables the reconfigurability of the intelligent surface. The unit cell’s design is
crucial as it directly impacts the overall performance and functionality of the RIS.

We will begin by investigating the critical parameters and materials essential for creating
reconfigurable unit cells. This includes an analysis of substrate properties, and the
selection of tunable elements that facilitate phase and amplitude control.

Next, we will explore the procedure for making a unit cell reconfigurable. This involves
integrating active elements, such as varactor and PIN diodes, and designing appropriate
biasing networks to enable dynamic control of the unit cell’s electromagnetic properties.
To streamline the design process and optimize performance, we will discuss design
process automation techniques. These methods leverage computational tools and
algorithms to efficiently explore the vast design space and identify optimal unit cell
configurations. Notably, we will introduce how programming languages like Python
can be integrated with electromagnetic simulation software utilized to automate design
tasks and fine-tune the physical parameters of the unit cell, enhancing the efficiency and
effectiveness of the design process.

Finally, we will present comprehensive simulation results for our developed unit cell.
These simulations, conducted using advanced electromagnetic modeling software, HFSS
from Ansys Electronics, will demonstrate the unit cell’s performance across various
operating conditions and validate its reconfigurability.

Through this systematic approach, we aim to provide a thorough understanding of the

RIS unit cell design process, from theoretical considerations to practical implementation
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and performance evaluation. This knowledge forms the foundation for developing

effective and efficient RIS-based systems for next-generation wireless communications.

3.1 Design Parameters and Considerations

In the design of RISs, several key parameters and considerations must be carefully
evaluated to optimize performance. This section examines three imperative aspects
that significantly impact RIS unit cell functionality: the reflection coefficient and phase
range, substrate material properties and thickness, and polarization sensitivity. The
reflection coefficient, characterized by the S11 parameter, provides insights into the
unit cell’s insertion loss and phase alteration capabilities. Substrate selection involves
balancing low dielectric losses with desired bandwidth and physical size constraints.
Additionally, achieving polarization insensitivity through symmetrical design is essential
for consistent performance in diverse electromagnetic environments. By thoroughly
analyzing these factors, we can develop RIS unit cells that efficiently manipulate incident
waves while maintaining broad operational bandwidth and reliable functionality across

various deployment scenarios.

3.1.1 Reflection Coefficient and Phase Range

In the design of a reflective unit cell for RISs, the most critical parameter to study is the
reflection coefficient. This parameter is fundamental in evaluating the performance of
the unit cell in two key aspects:

Insertion Loss: The reflection coefficient allows us to quantify how much energy loss
the unit cell imparts to the incident EM waves. A high-performance unit cell should
minimize this loss to ensure efficient reflection of the incident signal.

Phase Alteration: The reflection coefficient also indicates the unit cell’s effectiveness in

altering the phase of the reflected waves. This capability is crucial for the beamforming
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and wavefront shaping functionalities of the RIS.

These essential parameters can be extracted from the S;; parameter (also known as
the reflection coefficient or return loss) in high-frequency simulation software. The
S11 parameter, typically expressed in decibels (dB), represents the ratio of the reflected
signal to the incident signal.

In the context of RIS unit cell design:

» The magnitude of S;; indicates the reflection efficiency. Values closer to 0 dB

suggest lower insertion loss and higher reflection efficiency.

 The phase of Sy; represents the phase shift introduced by the unit cell. The range

of achievable phase shifts is a key performance metric for RIS unit cells.

By analyzing the S11 parameter across the frequency range of interest and under various
tuning conditions, we can begin to characterize the unit cell’s performance. This initial
analysis serves as a foundation for further, more comprehensive evaluation of the unit
cell. While S11 provides crucial insights into reflection efficiency and phase shift
capabilities, it is important to note that this is just the starting point for a thorough

performance assessment.

3.1.2 Substrate Material and Thickness

Another crucial consideration in the design of RIS unit cells is the selection of substrate
material and its thickness. The choice of substrate significantly impacts the performance
of the unit cell, particularly at high frequencies. To minimize additional losses to
incident electromagnetic waves, materials with low dielectric loss tangent (tan ¢) are
preferred. A lower tan § value indicates less energy dissipation within the substrate,
thereby preserving more of the incident wave energy for reflection. This becomes
increasingly important at higher frequencies where material losses tend to be more

pronounced.
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In addition to low loss, the thickness and permittivity of the substrate play vital roles
in determining the bandwidth of the unit cell. Thicker substrates with lower relative
permittivity values are generally of interest for RIS structures. These characteristics
contribute to a wider operational bandwidth, which is desirable for supporting a broader
range of frequencies or for enhancing the tunability of the unit cell.

However, it’s important to note that increasing substrate thickness may also lead to
increased overall unit cell size, which could impact the spatial resolution of the RIS.
Therefore, a careful balance must be struck between bandwidth requirements and
physical size constraints when selecting the substrate parameters for RIS unit cell
design. This balance is crucial for optimizing the overall performance and practicality

of the RIS system.

Figure 3.1: 3D view of the one-layer unit cell model for electromagnetic simulation.

For the investigation of fundamental electromagnetic parameters, a simple one-layer

unit cell is designed using HFSS, as depicted in Figure This model comprises a
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square substrate of Rogers RT/duroid 5880, chosen for its specific dielectric properties

suitable for high-frequency applications. Atop the substrate, we placed a square metallic

patch.
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Figure 3.2: (a) Reflection phase, and (b) reflection amplitude of the proposed unit cell
for different patch sizes (w,) ranging from 11 to 14 mm over a frequency range of 6 to
10 GHz.

The S11 parameter plots shown in Figure [3.2] reveal the impact of patch size on the
unit cell’s resonant behavior. As the patch size increases from 11 mm to 14 mm, the
resonant frequency shifts to lower values, evident from both the phase and amplitude

responses.
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Figure 3.3: The reflection amplitude of the unit cell over a frequency range of 6 to 10
GHz, for different relative permittivities (e,.) ranging from 1 to 4.

Figure [3.3] depicts the reflection amplitude of the unit cell (Figure [3.1)) for various
substrate relative permittivities ranging from 1 to 4, over a frequency span of 6 to 10
GHz. The plot reveals that as €, increases, the resonance frequency shifts towards lower
values, with the resonance dips becoming sharper and deeper. This trend indicates
stronger electromagnetic interactions at specific frequencies for higher permittivity
materials. However, the lower frequency shift and narrower bandwidth associated with
higher ¢, values suggest that substrates with permittivities closer to free space (¢, ~ 1)
are more advantageous for RIS applications. Such materials would likely provide
broader operational bandwidth and higher frequency resonances, potentially enabling
more versatile and efficient RIS designs across a wider frequency spectrum.

The impact of substrate losses on the reflection characteristics of the unit cell is invest-
igated by varying the tan ¢ of the substrate material. Figure [3.4] presents the amplitude
of the reflection coefficient in decibels over a frequency range of 6-10 GHz for tan §
values of 0.0009, 0.005, 0.01, and 0.02. The results clearly demonstrate that the loss
tangent of the substrate significantly influences the reflection properties of the unit

cell. As tan § increases, indicating higher dielectric losses in the substrate, the overall
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Figure 3.4: Reflection coefficient amplitude versus frequency for the unit cell with
varying substrate loss tangent (tan 9) values, ranging from 0.0009 to 0.02.

reflection amplitude decreases across the frequency range. This effect is particularly
pronounced around 8.5 GHz, where the differences in reflection amplitude between the
various tan 9 values are most evident. The illustration underscore the critical role of
substrate material selection in RIS design, as the loss tangent can substantially impact

the surface’s ability to efficiently manipulate incident electromagnetic waves.

3.1.3 Polarization considerations

Polarization insensitivity is another factor that should be carefully considered in RIS
unit cell design. RIS structures are typically deployed in environments with random
polarization illuminations, making it essential to minimize the unit cell’s sensitivity to
polarization variations. This insensitivity ensures consistent performance regardless
of the incident wave’s polarization state, which is crucial for reliable operation in
real-world scenarios. Generally, polarization insensitivity can be achieved by designing
symmetrical structures. Symmetry in the unit cell geometry helps to ensure that the re-

flection characteristics remain consistent across different polarization angles. However,
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achieving this symmetry becomes challenging when incorporating active components
such as varactor diodes, which are often necessary for tunability. These components
can introduce asymmetries that lead to polarization-dependent behavior. To address
this issue, multi-layer structures can be developed as a potential solution. By carefully
designing multiple layers with complementary characteristics, it is possible to com-
pensate for asymmetries introduced by active components and maintain a high degree
of polarization insensitivity. This approach, while more complex, allows for the integra-
tion of tunable elements without sacrificing the broadband polarization performance

necessary for effective RIS operation in diverse electromagnetic environments.

3.2 Achieving Reconfigurability

Reconfigurability is a fundamental characteristic of RISs that distinguishes them from
static reflective surfaces. In the context of RIS unit cells, reconfigurability refers to the
ability to dynamically alter the electromagnetic properties of each unit cell, particularly
its reflection phase and potentially its amplitude. This dynamic control allows the RIS
to adaptively manipulate incident electromagnetic waves, enabling functionalities such
as beamforming, wavefront shaping, and intelligent environmental modification for
wireless communication enhancement. The essence of reconfigurability lies in the
capacity to adjust these properties in real-time or near-real-time, responding to changing
communication needs or environmental conditions. This adaptive capability is what
makes RISs "intelligent" and allows them to optimize wireless signal propagation in

complex and varying scenarios.

3.2.1 Reconfigurability Methods

Various methods have been developed to achieve reconfigurability in RIS unit cells, with

the choice of method largely dependent on the operational frequency range. For terahertz
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and visible light regimes, advanced materials such as graphene and liquid crystals
have shown promising results. Graphene, with its tunable conductivity controlled by
electrostatic bias, offers exceptional reconfigurability at extremely high frequencies.
Liquid crystals, whose molecular orientation can be altered by applied electric fields,
provide another avenue for achieving reconfigurability in these higher frequency bands.
In contrast, for microwave and millimeter-wave frequency bands, which are currently
more relevant for wireless communications, semiconductor devices such as PIN diodes
and varactor diodes are commonly employed. PIN diodes, which can be switched
between ’ON’ and *OFF’ states, allow for discrete phase control, typically used in 1-bit
or multi-bit designs. Varactor diodes, whose capacitance can be continuously varied with
applied bias voltage, enable more granular control over the reflection phase, allowing
for finer tuning of the unit cell’s electromagnetic response. These semiconductor-based
approaches offer robust and reliable reconfigurability in the frequency ranges most

pertinent to current and near-future wireless communication systems.

3.2.2 PIN Diode Implementation

PIN diodes are widely used in RIS designs due to their favorable characteristics for RF
switching applications. In a typical RIS unit cell, PIN diodes are employed to control
the reflection phase by altering the effective electrical length of resonant elements.
When forward-biased, PIN diodes act as low-resistance switches, allowing current flow
and effectively connecting different parts of the unit cell. In the reverse-biased state,
they present high impedance, essentially disconnecting portions of the structure.

The implementation of PIN diodes in RIS often involves integrating them into metas-
urface designs, where they can be used to switch between different resonant modes.
This allows for discrete phase control, typically achieving two or four distinct phase

states per unit cell. The switching speed of PIN diodes is relatively fast, enabling
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(a) (b)

Figure 3.5: The equivalent circuit of a PIN diode is shown for both (a) ON and (b)
OFF states. In the circuit, L represents the package inductance, R, denotes the series
resistance during forward bias, C'r corresponds to the total capacitance under reverse
bias, and R, is the reverse parallel resistance.

rapid reconfiguration of the RIS in response to changing channel conditions or user
requirements.

The equivalent circuit of a PIN diode can be modeled differently depending on whether
it is in the forward-bias (ON) or reverse-bias (OFF) condition (Figure [3.5). In the ON
state, the equivalent circuit is dominated by a series resistance R, which represents the
low resistance encountered when the diode is forward-biased. In contrast, in the OFF
state, the circuit is primarily characterized by a small capacitance C7 that corresponds
to the diode’s reverse-biased condition, where the resistance I?, becomes negligible.
The inductance L, associated with the package, is typically insignificant at microwave
frequencies and can often be ignored in these equivalent circuit models. For example,
the MA4GP907 PIN diode, with a series resistance Ry = 4.2 () and a total capacitance
Cr = 0.025 pF, is often used to implement reconfigurability in RIS designs.

One of the key advantages of PIN diodes in RIS design is their robustness and reliability
under high-power RF conditions. They can handle significant power levels without

compromising performance, making them suitable for various applications, including
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those requiring high transmit powers. Additionally, PIN diodes offer good linearity,
which is crucial for maintaining signal integrity in complex communication systems.

However, PIN diode implementations also face challenges. The discrete nature of
their phase control limits the granularity of beam steering and wavefront shaping
capabilities. Furthermore, the need for biasing networks to control multiple PIN diodes
can increase the complexity of the overall RIS design, potentially leading to increased

power consumption and fabrication costs.

3.2.3 Varactor Diode Implementation

Cathode o

P )
Anode o l

Figure 3.6: Equivalent circuit model of a varactor diode. The diode is represented by a
resistor I2, in series with an inductance L,, and a parallel combination of capacitance
Cp, + Cj.

Varactor diodes, also known as varicap diodes, are semiconductor devices widely used
in RIS designs for their voltage-dependent capacitance characteristics. In a typical
RIS unit cell, varactor diodes are employed to achieve continuous phase control by
varying the capacitance of resonant elements. This variable capacitance is controlled by
applying a reverse bias voltage across the diode, allowing for smooth and continuous

adjustment of the reflection phase.
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The implementation of varactor diodes in RIS often involves incorporating them into
tunable resonant structures within each unit cell. This allows for a wide range of phase
shifts, typically achieving a continuous phase control over nearly 360 degrees. The
tuning speed of varactor diodes is generally fast, enabling dynamic reconfiguration of
the RIS to adapt to changing propagation environments or user requirements.
The equivalent circuit of a varactor diode can be modeled as shown in Figure In this
model, C; represents the voltage-dependent junction capacitance, which is the primary
element exploited for phase control. R?; is the series resistance, which contributes to
insertion loss. L, represents the package inductance, and C), is the parallel parasitic
capacitance.
In the reverse-bias condition, which is the typical operating mode for RIS applications,
the capacitance C; varies inversely with the applied voltage. This relationship is often
expressed as:

Co

G T o

where (), is the capacitance at zero bias, V' is the applied reverse voltage, 1/ is the
built-in potential of the junction, and m is the grading coefficient (typically between 0.3
and 0.5 for abrupt junctions).

For example, the SMV 1405 varactor diode, with a tuning range of 0.63 pF to 2.67
pF over a reverse voltage of 0 to 30 V, is commonly used in RIS designs for its wide
capacitance range and low series resistance.

One of the key advantages of varactor diodes in RIS design is their ability to provide
continuous and fine-grained phase control. This allows for more precise beam steering
and wavefront shaping compared to discrete-state devices. Additionally, varactor diodes
typically have lower power consumption than PIN diodes, as they operate under reverse
bias and draw minimal current.

However, varactor diode implementations also face challenges. They are generally
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more sensitive to RF power levels than PIN diodes, which can limit their use in high-
power applications. The nonlinear capacitance-voltage relationship can also introduce
distortion in some configurations, requiring careful design to maintain signal integrity.
Furthermore, the need for analog control voltages to adjust multiple varactor diodes
can increase the complexity of the bias network and control circuitry in large-scale RIS

implementations.

3.2.4 Comparison of PIN and Varactor Diode Performance

In overall, the choice between PIN diodes and varactor diodes for RIS implementa-
tion depends on the specific requirements of the application. PIN diodes offer robust
performance under high-power conditions, fast switching speeds, and good linearity,
making them suitable for applications where discrete phase states are sufficient and
power handling is crucial. They are often preferred in scenarios requiring rapid recon-
figuration and resilience to high RF power levels. On the other hand, varactor diodes
provide continuous phase control, allowing for more precise beam steering and wave-
front shaping. This makes them advantageous in applications demanding fine-grained
control over the reflected signal phase.

The power consumption characteristics of these diodes differ significantly. PIN diodes
typically require higher bias currents to maintain their ON state, potentially leading
to increased power consumption in large-scale RIS deployments. Varactor diodes,
operating under reverse bias, generally consume less power, which can be a critical
factor in energy-efficient designs or battery-operated systems.

In terms of linearity and distortion, PIN diodes generally exhibit better performance,
especially at higher power levels. This makes them preferable in scenarios where
signal integrity is paramount. Varactor diodes, while capable of continuous tuning, may

introduce nonlinear effects that require careful management in the circuit design.
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The complexity of control circuitry also differs between the two. PIN diodes often
require simpler digital control schemes, as they operate in discrete states. Varactor
diodes, needing precise analog voltage control, may require more sophisticated bias
networks and control systems, potentially increasing the overall system complexity and
cost.

Ultimately, the selection between PIN and varactor diodes in RIS design involves balan-
cing factors such as phase resolution, power handling, linearity, power consumption,
and system complexity. Modern RIS designs may even incorporate both types of diodes
to leverage their respective strengths in different parts of the system or for different

operational modes.

3.3 Design Automation

The design of RIS unit cells often involves iterative processes and multiple parameter
adjustments to achieve desired performance characteristics. Automation of this design
process can significantly enhance efficiency and allow for exploration of a wider design
space. Although commercial 3D high frequency simulation software applications, such
as Ansys High Frequency Structure Simulator (HFSS) and CST Studio Suite, have
many modules and tools to make the design process easier, they sometimes lack the
flexibility needed for developing complex structures. Python, a versatile and powerful
programming language, has emerged as an ideal solution to bridge this gap. Known for
its simplicity, readability, and extensive ecosystem of scientific libraries, Python offers
the flexibility and computational capabilities required for advanced electromagnetic
design workflows. By leveraging Python’s integration with electromagnetic simulation
software, it becomes possible to streamline the design workflow, perform parametric
sweeps, and implement sophisticated optimization algorithms. This sub-section dis-

cusses the methodologies and tools used to automate the RIS unit cell design process,
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focusing on Python-HFSS integration and the implementation of parametric sweeps and
optimization algorithms. In the following, an Example will be presented to showcase
the efficiency and effectiveness of these automated design processes in the context of

RIS unit cell development.

3.3.1 Python-HFSS Integration

Ansys HFSS is an industry-standard software for simulating 3D full-wave electromag-
netic fields. It utilizes the finite element method and adaptive meshing to provide
accurate solutions for high-frequency electromagnetic problems. HFSS is widely used
in the design and analysis of antennas, RF/microwave components, and complex elec-
tromagnetic structures, making it an ideal tool for RIS unit cell design.

HFSS uses Visual Basic (VB) scripts as the primary language to interface with its
graphical user interface (GUI) for modeling and simulating 3D HF structures. Each
action performed in the GUI of the software is recordable as a Visual Basic Script
(VBS) script, and by executing the script, the same set of actions will be performed
in the HFSS GUI environment. This feature allows for a certain level of automation
and reproducibility in the design process. However, while VB scripts offer a degree
of automation, they can be limited in terms of flexibility and integration with external
tools. This is where Python integration becomes particularly valuable, offering a more
versatile and powerful programming environment for controlling HFSS simulations and

post-processing results.

1 Set oEditor = oDesign.SetActiveEditor ("3D Modeler")
» oEditor.CreateRectangle Array ("NAME:RectangleParameters",
"IsCovered:=", true, "XStart:=", _

3 "-0.5mm", "vyStart:=", "-0.5mm", "ZStart:=", "Omm", "

Width:=", "0.5mm", "Height:=",
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"0.5mm", "WhichAxis:=", "2"), Array("NAME:Attributes",
"Name:=", "Rectanglel", "Flags:=",

"w, "Color:=", " (143 175 143)", "Transparency:=", 0, "

PartCoordinateSystem:=",
"Global", "UDMId:=", "", "MaterialValue:=", "" & Chr

(34) & "PEC" & Chr(34) & "", "SurfaceMaterialValue:=

nw
14 J—

"mg& Chr(34) & "" & Chr(34) & "", "SolvelInside:=", true
, "ShellElement:=", _

false, "ShellElementThickness:=", "Omm", "
ReferenceTemperature:=", "20cel", "
IsMaterialEditable:=", _

true, "UseMaterialAppearance:=", false, "IsLightweight

=", false)

Listing 3.1: A VBS function to create a PEC sheet in HFSS.

Python’s integration with HFSS allows for a more flexible and powerful approach to
automation. For example, to create a 1x1 mm? square sheet on the XY plane, the VBS
code given in Listing 3.1 is executed. In a Pythonic environment, this set of commands
can be encapsulated into functions, allowing for more streamlined and customizable
creation of structures in the HFSS environment. This functional approach opens up new
possibilities for complex design automation. For instance, we can generate a random
array of zeros and ones to represent a 2D surface, where ones indicate the presence of
sheets and zeros represent their absence. This approach allows for the rapid creation
and modification of intricate RIS unit cell designs. By using Python’s powerful array
manipulation libraries, such as NumPy, we can efficiently generate these arrays and

translate them into HFSS commands, effectively creating a programmable interface for
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RIS design.

import numpy as np

import HFSSClass

hfss = HFSSClass.HFSS ()

hfss.openProject ()

patch_size = 1

array_2D = np.array([[1, 0, 1],

total_x array_2D.shape[l] *patch_size

array_2D.shape[0] xpatch_size

total_y

for j in range(array_2D.shape[0]):
for i in range(array_2D.shape[1l]) :
if array_2D[1i, j] == 1:
hfss.createSheet (

Xlength=patch_size,

Ylength=patch_size,

Centerpoint=[i*patch_size - total_y/2 +
patch_size/2, j*patch_size-total_x/2 +
patch_size/2, 0],

name=’'Patch_'+str(i)+’'_"+str (J)
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% hfss.runVBS ()

Listing 3.2: A Python code for creating a customized 3x3 grid of PEC patches.

Figure 3.7: Customized patch created in HFSS using HFSSClass API in Python.

To demonstrate this concept, a simple Python code can be developed to create a 3x3
grid of patches in HESS (Listing 3.2). The code utilizes the NumPy library to define a
2D array representing the patch layout. The HFSS Python API is then used to create
sheets for each patch, with their positions calculated based on the array indices. This
approach results in a structure as shown in Figure[3.7] where five 1x1 mm? patches are
arranged in a specific pattern within a 3x3 grid on the XY plane.

This method of integrating Python with HFSS not only automates the design process
but also introduces a level of flexibility and complexity that would be challenging to
achieve through the GUI or VBS alone. It enables the exploration of a vast design space,
allowing for the creation of RIS structures with varying degrees of complexity and
randomness, which can be crucial in optimizing performance characteristics. Throught
the study on the topic, nearly all design modules in HFSS have been collected as
functions in the HFSSClass class. These functions can be used for a variety of design and

simulation purposes, providing a comprehensive toolkit for RIS unit cell development.
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3.3.2 Parametric Sweeps and Optimization Algorithms

While HFSS provides a powerful environment for electromagnetic simulations, its
capabilities for parameter sweeps and optimization are relatively limited, offering only
a handful of optimization methods and parameter sweep functionalities. This limitation
can constrain the design process, particularly for complex structures like RIS unit cells
where multiple parameters may need to be optimized simultaneously. In contrast, the
Python ecosystem offers a vast array of open-source libraries developed by a global
community of developers. These libraries provide access to hundreds of thousands
of tools and algorithms that can be leveraged for optimization and machine learning
purposes. By integrating these advanced algorithms with HFSS through Python, we
can significantly enhance the optimization capabilities in RIS unit cell design. Using
the latest optimization algorithms can guarantee a better design outcome in several
ways. Firstly, these algorithms often employ more sophisticated search strategies that
can efficiently explore large, multi-dimensional parameter spaces. This is particularly
crucial in RIS design, where multiple geometric and material parameters may need
to be tuned simultaneously to achieve desired performance characteristics. Moreover,
many of these algorithms are designed to handle complex, non-linear problems, which
are common in electromagnetic design. They can navigate through local optima and
find global or near-global optimal solutions, potentially leading to designs that might
be overlooked by simpler optimization methods. Another advantage of using Python-
based optimization is the ability to define custom objective functions. This flexibility
allows designers to optimize for multiple performance metrics simultaneously, such
as reflection phase range, bandwidth, and loss, creating more holistic and application-

specific designs.
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3.4 Proposed RIS Unit Cell

This section presents a detailed analysis of the proposed unit cell design for our RIS. We
begin by describing the structural parameters of the unit cell, providing a comprehensive
overview of its physical composition and dimensions. Subsequently, we conduct an
in-depth examination of the unit cell’s reflection coefficients.

Our investigation then proceeds to analyze the effects of parametric variations on the
unit cell’s behavior, offering insights into its tunability and operational characteristics.
Following this, we delineate the measurement setup and methodology employed to
validate our theoretical and simulated findings. This approach ensures a rigorous
evaluation of the unit cell’s real-world performance.

Finally, we present a comparative analysis of the simulated and measured results,
discussing any discrepancies and validating the efficacy of our proposed design. This
comprehensive examination aims to establish the viability and potential of our RIS unit

cell for enhancing wireless communication systems.

Table 3.1: Parameter values for the proposed RIS unit cell.

Parameter Symbol | Value (mm)
Width of substrate Wy 20
Width of the first layer rectangular patch wy 5.42
Length of the first layer rectangular patch [y 11.22
Width of the second layer rectangular patch Wa 9.14
Length of the second layer rectangular patch lo 8.4
Gap length between two patches (first layer) [ 1.6
Gap length between two patches (second layer) go 1
Diameter of the circular vias d, 1.2
Distance of the via from center along = axes Ly 2.45
Distance of the via from center along y axes Wy 1.48
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(b)

-
N p—<
'

(c) (d)

Figure 3.8: Structural representation of the proposed RIS unit cell. (a) Exploded per-
spective view showing the layered composition: two Rogers RT/duroid 5880 substrates
sandwiching three conductive layers. (b) Top view of the first (upper) conductive layer
featuring a split rectangular patch. (c) Top view of the second (middle) conductive
layer with two rectangular patches. (d) Top view of the third (bottom) conductive layer
serving as the ground plane with two circular vias.
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3.4.1 Unit Cell Design Parameters

The structural configuration of the proposed RIS unit cell is illustrated in Figure[3.8]
The unit cell’s architecture consists of a multi-layer design, incorporating three distinct
substrate layers, each measuring 1.57 mm in thickness. The substrate composition is
carefully selected to optimize electromagnetic performance: two layers utilize Rogers
RT/duroid 5880 substrate, chosen for its excellent low-loss characteristics at high
frequencies, while the third layer employs FR-4 material.

The strategic use of Rogers RT/duroid 5880 for the upper two substrate layers is crucial
in minimizing reflection losses, thereby enhancing the overall efficiency of the unit
cell. The FR-4 layer, positioned at the bottom of the structure, serves a dual purpose.
Firstly, it provides mechanical support, and secondly, it facilitates DC biasing for the
positioned varactor diode (SMV1405), which is a key component in achieving the unit
cell’s reconfigurability.

The unit cell’s electromagnetic behavior is tailored for both TE and TM polarization
responses at its designated operating frequency. The topmost conducting layer is
engineered to resonate with TE-polarized electromagnetic waves, while the second
layer is optimized to alter reflection phase for TM-polarized illumination. This dual-
layer approach enables the unit cell to effectively manipulate incident waves of different
polarizations.

In terms of physical dimensions (Table 3.1, the unit cell adopts a square geometry with
a uniform width (w,) of 20 mm. The conductive elements on each layer are precisely
dimensioned to achieve the desired electromagnetic properties. The first (top) layer
features two metal patches separated by a gap. These patches measure 5.42 mm in
width (w;) and 11.22 mm in length (/;), with an inter-patch gap of 1.6 mm (g;). The
second (middle) layer contains two rectangular patches with dimensions of 9.14 mm in

width (wy) and 8.4 mm in length (l5). These patches are separated by a gap of 1 mm
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(92)-

The third (bottom) layer serves as the biasing board for the unit cell. Its top con-
ducting layer acts as the ground plane (Figurd3.8|(d)), while the underside contains
two metalized pads. These pads are to provide DC voltage supplies to the varactor
diode. A key feature of this design is the incorporation of two through-vias. These vias
establish electrical connections between the top layer patches and their corresponding
pads on the bottom conducting layer, enabling effective control of the varactor diode

and, consequently, the unit cell’s reflective properties.

3.4.2 Reflection Parameters

The electromagnetic performance of the proposed unit cell is simulated using Ansys
HFSS software, a commercial tool for high-frequency electromagnetic field simulation.
Figure [3.9illustrates the simulation setup, where periodic boundaries were applied to
the XZ and YZ planes surrounding the unit cell. This configuration effectively models
an infinite array of unit cells, providing insights into the structure’s response when
integrated into a large-scale RIS. Excitation was provided through a Floquet port, which
is particularly suited for simulating periodic structures under plane wave illumination.
The simulation results are primarily characterized by the S11 parameter, whose phase
and magnitude directly correspond to the reflection phase and loss of the structure
under illumination, respectively. These parameters translate the unit cell’s ability to
manipulate incoming electromagnetic waves.

Figure presents the unit cell’s reflection phase characteristics for both TE and
TM polarized electromagnetic waves within the 5 to 5.5 GHz frequency band. The
graph depicts the phase response for various capacitance values of the varactor di-
ode, demonstrating the unit cell’s tunability. A noticeable feature of these results is

the similarity between the frequency responses for TE and TM polarizations. This
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1

' Floquet port

2o

Figure 3.9: Simulation configuration in HFSS.

consistency across polarizations is a significant achievement, indicating that the unit
cell design effectively maintains its phase manipulation capabilities regardless of the
incident wave’s polarization. Such behavior is particularly valuable for applications
requiring dual-polarized operation, as it ensures uniform performance across different
signal polarizations.

Figure [3.T1]illustrates the reflection amplitude characteristics of the unit cell in response
to both TE- and TM-polarized illumination across the 5-5.5 GHz frequency band. The
graph presents these results for a range of varactor diode capacitance values, spanning

from 1 pF to 2.7 pF, demonstrating the unit cell’s tunable nature.

94



3.4 PROPOSED RIS UNIT CELL

Reflection phase - TE polarized illumination Reflection phase - TM polarized illumination
0 — 1.0 pF 0 — 1.0 pF
1.1 pF 1.1 pF
—— 1.5pF —— 1.5pF
~100 — L7pF ~100 — 1.7pF
—_ —— 2.6 pF —_ —— 2.6 pF
© — © —
2 2.7 pF 8 2.5 pF
5, —200 S —200
O O
Z Z
9 —300 & -300
< <
< <
~ ~
—400 -400
—500 -500
5.0 51 5.2 53 5.4 5.5 5.0 51 5.2 53 5.4 5.5
Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 3.10: Reflection phase of the unit cell under illumination with (a) TE-polarized
(b) TM-polarized EM waves with different values for varactor’s capacitance (1-2.7 pF).
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Figure 3.11: Reflection amplitude of the unit cell under (a) TE-polarized (b) TM-
polarized illumination with different values for varactor’s capacitance (1-2.7 pF).

A notable observation from the simulation results is the difference in reflection loss
between the two polarizations. For TE-polarized illumination, the reflection loss varies
between 3 to 6 dB across the frequency band and capacitance range. In contrast, TM-
polarized illumination exhibits a significantly lower reflection loss, ranging from 1.5
to 3 dB. This lower reflection loss for TM polarization translates to higher efficiency
in reflecting incident waves, which can be particularly advantageous in applications
where TM polarization is predominant or in scenarios requiring energy-efficient wave
manipulation.

The disparity in reflection loss between TE and TM polarizations can be attributed to
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the specific layered design of the unit cell. As previously described, the first conducting
layer is optimized for TE polarization, while the second layer is tailored for TM
polarization. This design choice results in different electromagnetic interactions for
each polarization, leading to the observed variations in reflection efficiency.

It is important to note that while lower reflection loss is generally desirable for energy
efficiency, the choice between TE and TM optimization may depend on the specific
requirements of the intended application. For instance, in scenarios where polarization
diversity is crucial, the ability to manipulate both polarizations, albeit with different
efficiencies, could be more valuable than optimizing for a single polarization. Un-
derstanding these amplitude characteristics in conjunction with the phase response
discussed earlier is crucial for comprehensively evaluating the unit cell’s performance.
The combination of phase control and amplitude behavior determines the overall effect-
iveness of the RIS in manipulating electromagnetic waves for various applications such

as beamforming, signal focusing, or interference mitigation.

3.4.3 Parameter Sweep and Electric Field Distribution Analysis

To gain deeper insights into the unit cell’s behavior, a parameter sweep study is per-
formed, beginning with an analysis of the electric field distribution on the top and
middle layers of the structure.

Figure [3.12]illustrates the magnitude of the electric field distribution on the top and
middle conducting layers of the structure when subjected to TE and TM incident waves.
This visualization provides crucial information about how different parts of the unit cell
interact with electromagnetic waves of varying polarizations.

For TE polarization (Figure (a)), it is observed that only the patches on the top
layer are excited. This is due to the x-axis polarization of the incident wave, which

aligns with the geometry of the top layer patches. The concentration of the electric
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(b)
Figure 3.12: Magnitude of electric field distribution on top and middle conducting layers

for (a) TE-polarized (along x-axis) and (b) TM-polarized (along y-axis) illumination
scenarios.
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field in these areas indicates that the dimensions of these patches will have a significant

impact on the unit cell’s response to TE-polarized waves.
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Figure 3.13: Reflection phase of the unit cell versus varactor’s capacitance at 5.3 GHz
under (a) TE-polarized (b) TM-polarized illumination for different values for I, (9-12
mm).
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Figure 3.14: Reflection phase of the unit cell versus varactor’s capacitance at 5.3 GHz
under (a) TE-polarized (b) TM-polarized illumination for different values for I, (7-10
mm).

In contrast, for TM polarization (Figure [3.12] (b)), the middle conducting layer is
predominantly excited. This layer contributes significantly to the phase change for
TM polarization. The distinct excitation patterns between TE and TM polarizations
explain the differences in reflection characteristics observed earlier and highlight the

dual-polarization capabilities of the unit cell design.
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These distribution patterns offer valuable insights into how different layers respond
to various polarizations, directly impacting the overall phase shift and reflection loss
behavior of the structure. By identifying the areas of highest field concentration, we
can pinpoint the structural parameters that will have the maximum effect on the unit
cell’s performance.

Based on these observations, we focused our parameter sweep on the dimensions of the
patches that showed the highest electric field concentration. Specifically, we adjusted
parameters 1; and I, which correspond to the lengths of the patches on the top and
middle layers, respectively.

To evaluate the effects of these patch dimensions on the unit cell’s performance, 1; is
varied across a range from 9 mm to 12 mm and 1, is sweeped from 7 mm to 10 mm.
Subsequent simulations were conducted for various varactor capacitance values at a
frequency of 5.3 GHz, which lies within our band of interest.

Figure |3.13|and Figure illustrate the results of the parameter sweep for 1; and 1,
respectively. These graphs show the reflection phase of the unit cell as a function of the
varactor’s capacitance at 5.3 GHz for both TE- and TM-polarized illumination.

For the 1; sweep (Figure [3.13), we varied the parameter from 9 mm to 12 mm. The
results demonstrate that adjusting 1; significantly influences the phase response of the
unit cell, particularly for TE-polarized waves. As 1; increases, we observe a wider phase
coverage, with the 12 mm configuration approaching a full 360-degree phase shift for
TE polarization. Similarly, Figure[3.14] presents the results of the 1, sweep, ranging from
7 mm to 10 mm. The impact of 1, variations is particularly noticeable for TM-polarized
waves, where larger 1, values lead to a broader phase coverage.

The selection of the optimal values for /; (11.22 mm) and [, (8.4 mm) was based
on three primary quantifiable metrics: (1) phase coverage range, (2) phase tuning
linearity, and (3) reflection amplitude. Figure demonstrates that [; = 11.22mm

achieves approximately 330° of phase coverage for TE polarization across the varactor’s
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yll

Figure 3.15: E-Field distribution at the aperture of a rectangular waveguide for T E'
operating mode.

capacitance range, while maintaining acceptable phase coverage for TM polarization.
This value represents an optimal trade-off, as larger values (e.g., 12 mm) would approach
360° phase coverage but would result in non-linear phase variation with respect to
capacitance, particularly in the 1.8-2.7 pF range. Similarly, Figure shows that
l, = 8.4mm provides approximately 320° of phase coverage for TM polarization while
ensuring relatively linear phase variation across the varactor’s tuning range.
Additionally, these parameter values were selected to maintain reasonable reflection
amplitude across the operating band. Our simulations revealed that /; = 11.22 mm and
[, = 8.4mm yield reflection losses below 6 dB for TE polarization and below 3 dB for
TM polarization throughout the frequency range of interest, as shown in Figure |3.11
Alternative parameter values either resulted in higher reflection losses or reduced phase
coverage, making them less suitable for our dual-polarization RIS application.

These simulations highlight the sensitivity of the unit cell’s phase response to dimen-
sional changes. Optimizing 11 and 12 is essential for achieving the desired 360-degree
phase coverage while maintaining smooth phase transitions across the varactor’s tuning

range.
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3.5 Unit Cell Measurement and Validation

The transition from theoretical design and simulation to practical implementation of the
RIS unit cell necessitates experimental validation. This section presents an approach
to measuring and validating the unit cell’s performance. We begin by detailing the
measurement setup and methodology, including the equipment used and procedures
followed to ensure accurate characterization of the unit cell’s electromagnetic properties.
This is followed by a comparative analysis of the simulated and measured results,
focusing on key parameters such as reflection phase, and amplitude response. Finally, we
discuss any discrepancies between simulated and measured results, exploring potential

limitations in both the simulation models and measurement techniques.

3.5.1 Measurement setup and methodology

To measure the reflection parameters of a unit cell, a general method that can be em-
ployed is a setup involving a waveguide. In this study, we focused on the waveguide
method due to its ability to provide a controlled environment for precise measurements.
This approach involves placing a unit cell, or a small array of unit cells, at the end of a
rectangular waveguide and measuring the S11 parameter of that waveguide. Figure [3.15]
illustrates the E-field distribution at the waveguide’s aperture for the TE10 mode, which
is the dominant mode in rectangular waveguides. Illuminating the unit cell with this
field distribution effectively replicates an illumination with semi-plane waves, closely
approximating the conditions under which the unit cell would operate in a larger RIS
array. This method allows for accurate characterization of the unit cell’s reflection prop-
erties, including both magnitude and phase, under controlled and repeatable conditions.
The waveguide setup also provides the advantage of isolating the unit cell from external
electromagnetic interference, ensuring that the measured data accurately represents the

unit cell’s intrinsic behavior.
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(b)

Figure 3.16: (a) A 1x2 array of unit cells designed to be placed at the aperture of a
WRI1509 rectangular waveguide. (b) Measurement setup designed to measure reflection
parameter of the proposed unit cell.

Figure[3.16] (a) shows the unit cells under test, where two unit cells are placed together
in a custom-designed flange. This flange, with a thickness matching that of the unit cells,
is designed to fit at the end of the WR159 waveguide. Figure [3.16] (b) illustrates our
experimental setup, consisting of a Vector Network Analyzer (VNA) connected directly
to a WR159 commercial rectangular waveguide via an SMA coaxial cable. A DC
power supply is also visible, used for biasing the varactor diodes on the unit cells. This
configuration allows for accurate S11 measurements while enabling dynamic control of
the unit cell’s properties through voltage adjustment. It is worth noting that the unit cells
can be rotated by 90 degrees within the flange to facilitate S11 measurements for both
TE and TM illuminations. This setup effectively replicates illumination with semi-plane
waves, closely approximating the conditions under which the unit cells would operate

in a larger RIS array.
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Figure 3.17: Comparison of simulated and measured reflection phase for TE (x-
polarized) illumination of the unit cell at various varactor capacitance values (0.7
pE, 2.0 pF, and 2.7 pF) across the frequency range of 5.0 to 5.7 GHz.

3.5.2 Comparison of simulated and measured results

The performance of the proposed unit cell design is evaluated through both simulations

and experimental measurements. Figures [3.17] [3.18] [3.19] and [3.20]illustrate a com-

parative analysis of the simulated and measured reflection characteristics for both TE
(x-polarized) and TM (y-polarized) illuminations across the frequency range of 5.0 to
5.7 GHz.

Figure [3.17]illustrates the reflection phase for TE illumination. The measured results
show good agreement with the simulations, particularly for capacitance values of 2.7
pF and 2.0 pF. For these cases, the phase variation trends are closely matched, with
only slight frequency shifts observed. However, for the 0.7 pF case, there is a more
noticeable discrepancy between the simulated and measured results, especially in the
higher frequency range.

Figure [3.18| depicts the reflection phase for TM illumination. Similar to the TE case,

there is generally good agreement between simulated and measured results. The phase
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Figure 3.18: Reflection phase response of the unit cell under TM (y-polarized) illumina-

tion: Simulated vs. measured results for different varactor capacitances over 5.0-5.7
GHz.

variation patterns are consistent across all capacitance values, though some frequency
shifts are evident, particularly for the 0.7 pF case.

Figures [3.19)and [3.20] present the reflection amplitude for TE and TM illuminations,
respectively. For TM illumination (Figure [3.20), the measured results show deeper
resonance dips compared to the simulations, especially for the 2.7 pF and 2.0 pF
cases. The TE illumination results (Figure [3.19) demonstrate better alignment between
simulated and measured data, with resonance frequencies and depths closely matched

across all capacitance values.

3.5.3 Discussion of discrepancies and limitations

While the measured results generally align well with simulations, some discrepancies
are observed. These differences can be attributed to several factors, each contributing to
the variance between theoretical predictions and practical implementation.

A primary source of discrepancy lies in the simulation approach versus the physical
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Figure 3.19: Unit cell reflection amplitude under TE (x-polarized) illumination: Meas-
ured and simulated results for multiple varactor capacitances from 5.0 to 5.7 GHz.
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Figure 3.20: Comparison of simulated and measured reflection amplitude for TM (y-
polarized) illumination of the unit cell at various varactor capacitance values (0.7 pF,
2.0 pF, and 2.7 pF) across the frequency range of 5.0 to 5.7 GHz.
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setup. Simulations assumed an infinite array of unit cells in both x and y directions,
leveraging periodic boundary conditions. However, the physical measurements were
conducted on a setup containing only two unit cells. This disparity in array size can lead
to edge effects and mutual coupling differences, potentially altering the electromagnetic
response of the measured structure compared to the idealized infinite array.

Another significant factor is the non-uniform electromagnetic field distribution within
the waveguide. Unlike the plane wave assumption often used in simulations, the field
at the waveguide’s aperture is not uniformly distributed for 7'E;, propagation mode
(Figure [3.15). This non-uniformity in the excitation field can cause the unit cells to
respond differently compared to their behavior under ideal plane wave illumination. The
resulting discrepancies are particularly noticeable in the phase and amplitude responses,
especially at certain frequencies.

Fabrication tolerances also play a role in the observed differences. Inherent limitations in
the fabrication process can introduce small deviations from the designed dimensions and
material properties. These variations, while minor, can accumulate to cause frequency
shifts in the unit cell’s response to electromagnetic illumination. Such shifts are evident
in some of the measured results, particularly in the resonant frequencies of the structure.
Despite these discrepancies, the observed similarities between simulated and measured
behaviors provide a solid foundation for further refinement. With targeted modifica-
tions in design parameters and improvements in the fabrication process, it is feasible
to develop a unit cell with the desired operating frequency band and performance
characteristics.

It is important to note that these limitations do not undermine the validity of the overall
design but rather highlight areas for future improvement. The insights gained from this
comparison between simulation and measurement are valuable for refining the design
process and enhancing the accuracy of future simulations. As RIS structures continue

to evolve, addressing these discrepancies will be crucial in bridging the gap between
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theoretical models and practical implementations, ultimately leading to more efficient

and reliable RIS designs for advanced wireless communication systems.

3.6 Control Board Circuit

The effective implementation of RISs in wireless communication systems hinges on the
ability to precisely and dynamically control the electromagnetic properties of each unit
cell within the surface. This fine-grained control is typically achieved by adjusting the
bias voltages applied to varactor diodes integrated into each unit cell, thereby modifying
the phase shift imposed on incident electromagnetic waves. The design of a robust,
efficient, and scalable control system to manage these bias voltages across potentially
multitude of unit cells presents an engineering challenge.

This section delves into the intricacies of designing a control board circuit capable of
individually addressing and biasing the varactor diodes in each RIS unit cell. We begin
by examining the core functions and purpose of the control board within the larger RIS
system architecture. Following this, we outline the key requirements and specifications
that guide the design process, considering factors such as speed and power consumption.
Given the complexity of the control task, we conduct a comparative analysis of various
control hardware options, including microcontrollers, field-programmable gate arrays
(FPGAs), and single-board computers like the Raspberry Pi. Each platform offers
distinct advantages and trade-offs in terms of processing power, flexibility, and ease of
implementation, which we evaluate in the context of RIS control applications.

The section then proceeds to detail the step-by-step design procedure for the proposed
control board. This encompasses component selection, with a focus on choosing
appropriate digital-to-analog converters (DACs), voltage regulators, and other critical
elements that influence the overall system performance. We present the schematic

design, elucidating the interconnections between components and the overall circuit
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topology.

Finally, we present a comprehensive analysis of the proposed control board architec-
ture. We evaluate its performance in terms of key metrics such as update speed and
power consumption. This detailed performance evaluation provides insights into the
practical limitations and capabilities of the control board, informing future optimiza-
tions and design iterations for RIS systems targeting various application scenarios in

next-generation wireless networks.

3.6.1 Function and Purpose of the Control Board

RIS structures rely on active electronic components integrated into each unit cell to
dynamically alter their electromagnetic properties. These components, which may
include PIN diodes, varactor diodes, or specialized integrated circuits, enable real-time
adjustment of the RIS configuration without physical intervention.

The primary function of the control board is to provide precisely regulated DC bias
voltages to these active components. By modulating these bias voltages, the control
board can effectively tune the phase shift or reflection characteristics of each individual
unit cell within the RIS. This granular control is fundamental to achieving the desired
wavefront manipulation and beamforming capabilities. As the scale of RIS structures
grows, potentially incorporating hundreds or thousands of unit cells, the complexity of
the biasing network increases significantly. The control board serves as a centralized
management system for this extensive network, coordinating the voltages applied to
each unit cell across the entire surface. It acts as an interface between high-level
control algorithms - which may determine optimal RIS configurations based on channel
conditions or user positions - and the physical hardware of the RIS.

The purpose of the control board extends beyond mere voltage regulation. It must

also facilitate rapid reconfiguration of the entire RIS, translating desired phase patterns
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into appropriate bias voltages and updating the state of all unit cells with minimal
latency. This speed is essential for adapting to dynamic channel conditions in mobile
communication scenarios. The control board often incorporates feedback mechanisms
to monitor the actual state of the RIS, ensuring that the intended configuration is
accurately realized. It may also manage power distribution across the RIS, optimizing

energy consumption while maintaining performance.

3.6.1.1 Key requirements and specifications

The design of the control board is heavily influenced by the specific active components
employed in the RIS unit cells. Different types of active components necessitate distinct
control strategies and hardware specifications. We will examine two common types of
active components used in RIS designs: PIN diodes and varactor diodes.

PIN Diodes: When PIN diodes are utilized in the unit cell design, the control board
typically needs to provide only two discrete voltage levels. However, the number
of outputs required from the control system can be substantial. Consider the unit
cell structure illustrated in Figure designed with five PIN diodes, enabling four
distinct modes for phase shifting. Consequently, this single unit cell requires five
separate voltage outputs from the biasing network to achieve its various phase shifting
configurations. As the number of unit cells in the RIS increases, the complexity of
the control circuitry grows significantly, posing challenges in terms of routing, power
distribution, and control signal management.

Varactor Diodes: In contrast, unit cells employing varactor diodes present a different
set of requirements. Typically, fewer active components are needed per unit cell to
achieve the desired functionality. However, the control board must be capable of
generating a continuous range of voltage levels to bias the varactor diode effectively.
Figure [3.21] illustrates the relationship between the biasing voltage (ranging from 0

to 30 V) and the resulting capacitance values for the SMV 1405 varactor diode. This
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Figure 3.21: Capacitance values of SMV1405 varactor diode for different biasing
voltages ranging from O to 30 V.

characteristic demonstrates that for varactor diodes, the control board must provide
a wide range of precisely controlled voltages. While the number of outputs may be
lower compared to PIN diode-based designs, the complexity lies in generating and
maintaining accurate voltage levels across this broad range.

These differing requirements highlight the need for a flexible and adaptable control
board design. For PIN diode-based RIS, the focus is on managing numerous digital
outputs efficiently. In contrast, varactor diode-based systems require high-resolution
digital-to-analog converters (DACs) and precise voltage regulation circuitry to achieve

the desired continuous voltage control.

3.6.2 Comparison of Control Hardware Options

The heart of any RIS control board is its central processing unit, responsible for
executing control algorithms, managing data flow, and coordinating the actuation of
individual unit cells. Several hardware platforms are suitable for this role, each offering

distinct advantages and trade-offs. In this section, we examine three primary options for
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implementing the control logic: microcontrollers, FPGAs, and single-board computers
like the Raspberry Pi.

As we delve into each option, we will consider factors such as computational capabilities,
power requirements, development complexity, and suitability for different scales of RIS
deployment. This comparison will provide insights into selecting the most appropriate
hardware platform for various RIS applications, from small experimental setups to

large-scale commercial implementations.

3.6.2.1 Microcontrollers

Microcontrollers are highly energy-efficient, making them suitable for battery-powered
or energy-constrained RIS deployments. They offer low-latency response times, which
is beneficial for real-time phase adjustment in dynamic environments. Microcontrollers
are also cost-effective, especially for smaller-scale RIS implementations. Their simpli-
city and wide availability make them accessible for rapid prototyping and development.
Many microcontrollers feature built-in ADCs and DACs, which can be directly utilized
for controlling varactor diodes. They also typically include numerous general-purpose
input/output (GPIO) pins, useful for controlling PIN diode-based RIS designs.
However, the primary limitation of microcontrollers is their relatively low processing
power compared to other options. This can become a bottleneck for large-scale RIS
systems requiring complex real-time calculations. Microcontrollers also have limited
memory, which may constrain the sophistication of control algorithms that can be
implemented. Scaling to very large RIS arrays may require multiple microcontrollers,
increasing system complexity.

An example of a microcontroller suitable for RIS control is the STM32F4 series from
STMicroelectronics. The STM32F407VGT6 board, for instance, features an ARM
Cortex-M4 core running at up to 168 MHz, 1 MB of flash memory, and 192 KB of RAM.

It offers 10 GPIO pins, multiple ADC and DAC channels, and various communication
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interfaces (SPI, 12C, UART). This board provides a good balance of processing power,
peripherals, and energy efficiency for small to medium-sized RIS implementations.

The STM32F4 series also supports direct memory access (DMA), allowing for efficient
data transfer between memory and peripherals without CPU intervention. This feature
can be particularly useful for updating large arrays of RIS elements rapidly. Additionally,
its low power modes enable energy-saving strategies during periods of reduced activity,

which is beneficial for energy-efficient RIS operation.

3.6.2.2 Raspberry Pi

The Raspberry Pi is a series of small single-board computers developed by the Raspberry
Pi Foundation. Originally designed for promoting computer science education, these
devices have found widespread use in various applications, including embedded systems
and IoT projects.

Raspberry Pi offers a full-fledged Linux-based operating system, providing a familiar
development environment for software engineers. This allows for the use of high-
level programming languages like Python, C++, or Java, which can significantly speed
up development time and reduce complexity compared to microcontroller or FPGA
programming.

The processing power of Raspberry Pi boards is substantially higher than typical
microcontrollers. For instance, the Raspberry Pi 4 Model B features a quad-core
ARM Cortex-A72 processor running at 1.5 GHz, capable of handling complex control
algorithms and signal processing tasks efficiently.

Raspberry Pi boards come with a wide range of built-in interfaces, including USB,
Ethernet, Wi-Fi, and Bluetooth. This wealth of connectivity options facilitates easy in-
tegration with other systems and enables remote control and monitoring of the RIS. The
availability of a large community and extensive documentation makes troubleshooting

and development easier. Additionally, the Raspberry Pi’s GPIO pins, while fewer in
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number compared to FPGAs, are sufficient for many RIS control applications and can
be easily programmed.

Despite its advantages, the Raspberry Pi has some limitations for RIS control applica-
tions. It consumes more power than microcontrollers or many FPGAs, which may be a
concern for energy-efficient designs or battery-powered systems.

The real-time performance of Raspberry Pi can be less deterministic compared to
microcontrollers or FPGAs due to its use of a full operating system. This could
potentially introduce latency in time-critical RIS control operations.

While the GPIO capabilities of Raspberry Pi are versatile, they may be insufficient
for very large RIS arrays without additional expansion hardware. The analog 1/0
capabilities are also limited, often requiring external ADC/DAC modules for precise

control of varactor diode-based RIS designs.

3.6.2.3 FPGAs

FPGAs are integrated circuits designed to be configured by the user after manufacturing.
They consist of an array of programmable logic blocks and reconfigurable interconnects,
allowing the implementation of complex digital computations in hardware.

FPGAs offer several significant advantages for RIS control applications. Their high
number of GPIO pins makes them ideal for controlling large arrays of RIS elements
simultaneously. This is particularly beneficial for PIN diode-based designs requiring
numerous digital control signals.

One of the most compelling features of FPGAs is their ability to perform parallel
processing. This allows for the simultaneous control and monitoring of multiple RIS
elements, enabling rapid reconfiguration of large surfaces. The parallel nature of FPGA
processing also results in very low latency, making them excellent for applications
requiring real-time response to changing channel conditions.

FPGAs are exceptionally fast, with clock speeds that can reach hundreds of MHz. This
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speed, combined with their parallel processing capabilities, allows for the implement-
ation of complex control algorithms and signal processing tasks directly in hardware,
potentially offloading computational burden from other system components.
Additionally, FPGAs offer flexibility through reconfigurability. Their hardware descrip-
tion language (HDL) based programming allows for precise timing control and the
implementation of custom digital interfaces, which can be advantageous for integrating
with various RIS designs and external systems.

However, the primary drawback of FPGAs is the complexity of their programming.
They typically require knowledge of hardware description languages like VHDL or
Verilog, which have a steeper learning curve compared to other software programming
languages. This can increase development time and costs.

Another consideration is that FPGAs often require the user to implement any necessary
interfaces from scratch. While this offers flexibility, it also means that functionalities like
UART, SPI, or I2C communications, which come built-in with many microcontrollers,
need to be manually implemented on FPGAs.

The DEO-Nano board by terasIC is an example of an FPGA platform suitable for
RIS control applications. This compact board features an Altera Cyclone IV FPGA,
offering 22,320 logic elements, 594 Kbits of embedded memory, and 153 user I/O pins.
The abundance of I/0 pins makes it well-suited for controlling large RIS arrays. The
hardware includes 32 MB of SDRAM and 2 Kb of EEPROM, providing ample memory

for implementing complex control algorithms.

3.6.3 Control Circuitry Design

This section details the systematic approach taken in this work to design and implement
the control circuitry for our RIS prototype. The design procedure follows a methodical

path, ensuring that each decision is informed by the specific requirements of RIS
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operation and the constraints of our chosen active elements.

3.6.3.1 Design Procedure

The design procedure for the RIS control board followed a structured and iterative
approach, aimed at ensuring the final control board would meet the desired requirements
of dynamically controlling a large-scale RIS. This methodology allowed for progressive
refinement of the design, from initial concept to full implementation. The following
steps outline the systematic process undertaken in the development of the control

circuitry:

1. Specification of Purpose and Requirements:

For our RIS prototype, we established the following specific requirements:

Voltage Range: The control system must provide precise voltage outputs in
the range of 0-30V to adequately bias the varactor diodes across their full

operating range.

¢ Resolution: A minimum of 12-bit resolution (4,095 discrete levels) is
required to achieve fine-grained phase control with sufficient precision for

beamforming applications.

* Number of Channels: The system must support at least 36 independently

controllable outputs to drive each unit cell in our 6x6 RIS array.

» Update Rate: The control system should be capable of updating all voltage
outputs at a minimum rate of 100 Hz to support dynamic beamforming

scenarios.

* Scalability: The design should allow for potential expansion to larger arrays

with minimal modifications.
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* Power Efficiency: The control circuitry should minimize power consump-

tion to ensure practical deployment scenarios.

* Cost-effectiveness: The system should utilize readily available components

to maintain a reasonable implementation cost.

These requirements have been met through our methodical component selection
and system design. The voltage range of 0-30V is achieved through the amp-
lification stage using the LM324AMX operational amplifiers. The MCP4728
DAC provides the required 12-bit resolution. Our final 36-output control board
accommodates the complete RIS array. The combination of the DEO-Nano FPGA
with the I2C interface to the DACs enables update rates exceeding 100 Hz. The
modular design approach, using multiple quad-output DACs, ensures scalability
to larger arrays if needed. Component selection was guided by power efficiency
considerations, and all components were chosen to balance performance with

cost-effectiveness.

2. Component Identification:
Following the requirements specification, potential components for the control
system were identified. This step likely involved evaluating various integrated
circuits, microcontrollers, digital-to-analog converters (DACs), and other es-
sential elements based on their specifications, performance characteristics, and

compatibility with the RIS architecture.

3. Prototype Development:
A preliminary version of the circuit board was developed to validate the design
concept. In this case, a control board capable of generating 4 voltage outputs was
constructed. This prototype served as a proof-of-concept and allowed for initial

performance testing and design iteration.
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4. Scalability Testing:
The prototype board’s performance was tested to ensure it met the specified
requirements. This phase involved assessing factors such as voltage accuracy,
response time, power consumption, and phase change speed. The results from

these tests informed necessary adjustments to the design before scaling up.

5. Full-Scale Board Development:
Based on the successful validation of the prototype, the full-scale control board
was developed. This final version incorporated any optimizations or modifications
identified during the testing phase and was designed to accommodate the complete

array of RIS elements.

3.6.3.2 Component selection

Three key components were chosen for their specific features and compatibility with
the system requirements: the DEO-Nano FPGA development board for its versatile
processing capabilities and ample I/O pins, the MCP4728 12-Bit Quad Output DAC for
its precise voltage control and low power consumption, and the LM324AMX operational
amplifier for its ability to boost and accurately amplify the DAC output signals. In the
following, the reasoning behind the component selection will be studied in details.

The DEO-Nano FPGA development board was selected as the core processing unit.
This choice was based on several advantageous features. It is cost-effective, providing
a balance between performance and affordability. With 153 I/O pins, it offers ample
connectivity for interfacing with other components. The 50 MHz operating frequency
ensures rapid execution of control algorithms. Additionally, the board accommodates
22,320 Logic Elements (LEs), providing sufficient resources for implementing complex
control schemes and potential future expansions. The versatility of this FPGA allows

for the implementation of various control algorithms and protocols, making it suitable
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for the dynamic nature of RIS control.

For precise voltage control, the MCP4728 12-Bit Quad Output DAC was chosen. This
DAC aligns well with RIS control requirements due to its low power consumption,
which is essential for maintaining the overall energy efficiency of the RIS system. It
provides 4 buffered voltage outputs ranging from O to 5.5 volts. The 12-bit resolution
allows for precise voltage control, necessary for accurate phase shifting in RIS elements.
Moreover, its [2C compatibility enables straightforward integration with the FPGA
controller, facilitating efficient command transmission for voltage adjustments. The
ability to generate accurate voltage levels through a standardized interface makes this
DAC ideal for controlling multiple RIS elements with high precision.

To boost the voltage output from the DAC, the LM324AMX operational amplifier IC
was selected. This amplifier offers several beneficial features. It has a high DC voltage
gain of 100 dB, ensuring accurate amplification of the DAC output. Its wide power
supply range, allowing single supply operation from 3 V to 32 V, provides flexibility
in system design. The low power consumption aligns with the energy efficiency goals
of the RIS system. Additionally, the quad package design, featuring four internally
compensated op-amps in a single package, reduces board space and complexity. The
LM324AMXs ability to amplify the DAC’s output while maintaining signal integrity is
crucial for achieving the required voltage range for effective RIS element control.

The synergy between these components creates a robust and efficient control system
capable of precisely manipulating the RIS elements. The FPGA provides the necessary
processing power and flexibility, the DAC ensures accurate voltage generation, and the
operational amplifier enables the system to achieve the required voltage range for RIS

element actuation.
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Figure 3.22: Schematic of a 4-output, 12-bit voltage generator with a range of 0-30 V.
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3.6.3.3 Schematic overview and PCB layout

Figure [3.22] presents the schematic diagram of a prototype circuit with 4 outputs capable
of producing voltage levels ranging from O to 30 V with resolution of 4095 voltage
levels. This schematic illustrates the interconnections between the key components
discussed earlier: the DAC (MCP4728), and the amplifier (LM324AMX). The design
leverages the DAC’s accurate voltage generation, and the operational amplifiers’ ability
to boost the voltage to the required range [98]].

Figure shows the physical implementation of the prototype control board. This
board integrates the FPGA development kit (at the top) with our custom-designed
PCB (at the bottom) containing the DAC and operational amplifier circuits. The key
components are labeled to show their correspondence with the schematic in Figure [3.22
The four output terminals visible on the right side of the custom PCB deliver the
precisely controlled bias voltages (0-30V) to the varactor diodes in the RIS unit cells.
When integrated with the complete RIS system, this control board is expected to provide
dynamic voltage control with 12-bit resolution (4095 discrete levels), enabling fine-
grained phase adjustment of each RIS element. The practical performance metrics of
this implementation, including voltage accuracy, update speed, and power consumption,
are evaluated in Section 3.7.

The circuit consists of several distinct functional blocks that work together to provide
precise voltage control to the RIS elements:

FPGA-DAC Interface: The DEO-Nano FPGA board communicates with the MCP4728
DAC via the I2C protocol, utilizing the SDA (Serial Data) and SCL (Serial Clock) lines.
The FPGA is programmed to generate the appropriate I2C commands to set the desired
voltage levels on each of the DAC’s four output channels. Pull-up resistors (not shown
in the schematic) are included on the I12C lines to ensure reliable communication.

Voltage Amplification Stage: Each output from the MCP4728 DAC (which ranges
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from 0-5V) connects to a non-inverting amplifier configuration built around one of
the four amplifiers in the LM324AMX package. As shown in the schematic, each
amplifier circuit uses a pair of resistors (R1 and R2) to establish the gain of the amplifier
according to the formula:

Gain =1+ %

With R1 = 10k€2 and R2 = 47k() as depicted in the schematic, the gain is calculated
as:

Gain =1+ 108 = 5.7

This gain factor transforms the 0-5V DAC output range into approximately 0-28.5V,
which aligns with the required 0-30V range for effectively biasing the varactor diodes
in the RIS elements.

Power Supply Circuit: The operational amplifiers require a power supply voltage
exceeding the maximum desired output voltage. The circuit includes a 30V power
supply connection to the LM324AMX, ensuring the amplifiers can produce the full
range of required output voltages. Decoupling capacitors (not explicitly shown in this
schematic) are incorporated to filter power supply noise and ensure stable operation.
Output Connections: The amplified voltage outputs (VOUT1 through VOUT4) are
routed to connection points that interface with the RIS elements. These connections
must be designed to minimize signal degradation and ensure accurate voltage delivery
to the varactor diodes.

Complete Signal Path: The overall signal flow begins with the FPGA determining the
desired phase shift for each RIS element and calculating the corresponding voltage level.
These digital values are converted to analog voltages by the DAC via I2C commands.
The operational amplifiers then scale these voltages to the appropriate range needed for
varactor biasing. Finally, these precisely controlled voltages are delivered to the RIS
elements, where they adjust the capacitance of the varactor diodes, thereby controlling

the phase shift imposed on incident electromagnetic waves.
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Figure 3.23: Testing setup for the RIS control circuit, showing the FPGA, 4-output
voltage generator circuit, and an oscilloscope.

This circuit design provides several advantages for RIS control. The 12-bit resolution
of the DAC translates to 4,096 distinct voltage levels, allowing for fine-grained control
of the varactor capacitance and, consequently, precise phase adjustment. The modular
nature of the circuit, with four independent channels per board, facilitates scalability -
multiple boards can be networked together through additional I2C addressing to control
larger RIS arrays. Furthermore, the non-inverting amplifier configuration maintains the
linear relationship between the digital input values and the output voltages, simplifying
the control software.

To validate the circuit’s performance, we implemented a test setup using the FPGA to
send voltage level commands to the DAC via the I2C communication protocol. The
output voltages were then measured and visualized using an oscilloscope. Figure [3.23]
shows the complete testing setup for the circuit design.

The FPGA was programmed using VHDL, while Python scripts were utilized to generate
the voltage signals, all of which are available in a GitHub repository [98]. The DAC

is configured to receive 96 bits of data sent from a computer through a serial port,
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operating at a baud rate of 115200 bps. With these configuration settings and an 12C
data rate of 400 kbps, the system is capable of updating the output voltages at a rate of
100 times per second, providing responsive control for the RIS elements.

In Figure |3.23| it can be observed the oscilloscope display showing three distinct
output signals. These signals were generated using computer commands, demonstrating
the system’s ability to produce multiple, independently controlled voltage outputs.
The oscilloscope trace shows waveforms with different amplitudes and frequencies,
indicating the flexibility and precision of the voltage control system.

After successfully testing the 4-output circuit prototype, we proceeded to design and
implement the final control circuit with 36 outputs, as illustrated in Figure [3.24] The
green components visible in the figure each represent the complete circuitry shown
earlier in Figure[3.22] The schematic reveals a systematic arrangement of nine quad-
output DAC units (U_DACAmp blocks), each controlling four outputs. These units are
commanded through 9 I12C bus lines (SCL and SDA lines), enabling centralized control
from the FPGA.

An important consideration in our design was the loss associated with the switching
elements used in the RIS. The varactor diodes employed as tunable components in our
RIS introduce insertion loss that varies with the applied bias voltage. At lower bias
voltages (0-5V), the varactor diodes exhibit higher resistance, resulting in insertion
losses of approximately 2.5-3 dB per element. As the bias voltage increases (5-30V),
the insertion loss decreases to approximately 1-1.5 dB per element due to the reduced
series resistance of the varactor.

This variable insertion loss has two significant effects on the RIS performance:

1. Amplitude Variation: The reflected signal’s amplitude varies with the phase setting,
creating an amplitude-phase relationship that must be accounted for in the control
algorithms. In our implementation, we prioritized phase control accuracy, accepting

the amplitude variations as a trade-off. For applications requiring uniform amplitude,
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Figure 3.24: Schematic of the final 36-output RIS control circuit. Green components
encapsulate the circuitry from Figure[3.22]
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additional compensating circuits could be incorporated.

The control board has been designed to minimize additional losses in the biasing
network. The high input impedance of the varactor diodes (>1 M2 at DC) ensures
that negligible current flows through the biasing lines, resulting in minimal resistive
losses in the control circuitry itself. The operational amplifiers in our design maintain
stable output voltages regardless of small variations in the varactor impedance, ensuring
consistent performance across the entire RIS.

With the successful design and implementation of the 36-output control circuit, we have
established a foundation for precise manipulation of a large-scale RIS. This scalable
design provides the necessary infrastructure for advanced wavefront shaping and beam
steering capabilities. Moving forward, our next objective is to integrate this control
system with the physical RIS structure. This integration will allow us to conduct
comprehensive performance evaluations of the complete RIS system. Specifically, we
will investigate critical parameters such as the operational speed of the controller in a

real-world setting and the total power consumption of the entire RIS structure.

3.7 Proposed RIS

In this section, we present the final structure of the proposed 6x6 RIS and analyze its
performance characteristics. The discussion begins with an overview of the integrated
RIS design, which combines the metasurface cells and control circuitry into a cohesive
unit. We then examine the performance metrics of the assembled RIS, including
its reflection efficiency and phase control capabilities across the operating frequency
range. Additionally, we evaluate the power consumption of the RIS system under
various operating conditions. The section concludes with an exploration of optimization

approaches for determining optimal phase distributions across the RIS elements.
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3.7.1 CAD Design

The design and fabrication of the RIS necessitated a modular approach due to manufac-
turing constraints. Instead of producing a single large surface, individual 1x2 unit cells
were fabricated and integrated into a custom-designed holder structure. This approach
required the development of a 3D-printed housing to securely position the unit cells and
accommodate the control circuit board.

The holder structure was designed using CAD software to ensure precise fit and func-
tionality. Figure [3.28] illustrates the 3D model of the complete assembly, with the
component parts shown separately. The unit cell frame features a series of parallel
bars onto which the 1x2 unit cells are adhered. This design allows the unit cells to be
placed adjacent to one another, forming a cohesive array while maintaining individual
accessibility. The CAD model also incorporates a dedicated space for the control circuit
board, integrating the electronic components. This modular design approach not only
addressed the manufacturing limitations but also provides flexibility for potential future

modifications or replacements of individual components.

3.7.2 RIS Performance

The performance of the proposed RIS is characterized primarily by its update speed
and power consumption, two factors that influence the system’s overall efficacy and
efficiency in real-world applications.

The speed of the RIS is a key advantage, leveraging the parallel processing capabilities
of the FPGA to update all 36 outputs simultaneously. This synchronous update occurs as
soon as data is transmitted from the computer to the control board. The system’s speed
is governed by two data rates: the BAUD rate between the computer and the FPGA, and
the 12C data rate between the FPGA and the DACs. For reliable data transmission, we

have configured the BAUD rate to 115200 bps between the computer and FPGA. The
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DAC:S can operate in three 12C transmission modes: 100 kbps, 400 kbps, and 3.4 Mbps.
We selected the 400 kbps mode as it provides an optimal balance between speed and
reliability, avoiding potential data loss or board damage that could occur from excessive
current draw at higher speeds. This configuration enables an output voltage update rate
of 100 times per second across all channels. It is worth noting that this update rate is
not fixed and can be further optimized. By adjusting the DAC’s transmission mode, 12C
rate, and BAUD rate, we estimate that the update speed could potentially be increased
by a factor of approximately 5, offering even more responsive control for dynamic RIS
applications.

Power consumption is another aspect of our RIS design, directly impacting the sys-
tem’s energy efficiency and operational costs. The majority of power in our RIS is
consumed by two main components: the DACs and the amplifiers. We conducted
power consumption measurements under maximum load conditions, where all unit
cells are set to their maximum voltage (corresponding to minimum capacitance values
for the varactor diodes). Under these conditions, we found that the DACs collectively
consume 0.21 Watts, while the amplifiers use 0.57 Watts. This relatively low power
consumption, totaling less than 1 Watt even at peak operation, demonstrates the energy
efficiency of the design. Such efficiency is important for the practical deployment of
RIS technology, especially in scenarios where energy conservation is a priority or in
large-scale implementations where the cumulative power savings become significant.
The final RIS design consists of an 8x8 array of unit cells operating at 5.2 GHz with the
frequency bandwidth between 5.1 and 5.4 GHz., where the wavelength is approximately
5.77 cm. This corresponds to a surface size of approximately 8\ x 8\, which provides
sufficient spatial resolution for effective wavefront manipulation while maintaining a
reasonable physical size for practical implementation. This dimension was selected
based on both theoretical analysis and practical considerations. Link budget analysis

indicates that this size offers a favorable trade-off between implementation complexity
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and performance enhancement, with the ability to provide up to 2 dB improvement
in received signal strength in specific deployment scenarios. The efficiency of the
RIS, defined as the ratio of reflected power to incident power, was measured to be
approximately 80% across the operating bandwidth, with variations of +5% depending
on the phase configuration of the elements. This efficiency accounts for various loss
mechanisms including dielectric losses, conductor losses, and losses due to the discrete

phase resolution of the unit cells.

3.7.3 Comparative Analysis with Existing RIS Designs

To properly contextualize our proposed RIS design, we provide a comparative analysis
with existing RIS designs from literature. Table summarizes various metasurface
structures and their applications, which serves as a reference point for our comparative
discussion.

Our proposed RIS offers several advantages in comparison to existing designs. Unlike
the single-bit phase control approaches in [2] and [4], our design implements continuous
phase control through analog varactor-based tuning, providing significantly higher
phase resolution. This continuous phase tuning capability offers superior wavefront
manipulation compared to discrete-state designs, enabling more precise beam focusing
and steering capabilities. While [76] also offers semi-continuous phase control, our
implementation achieves this with lower design complexity and power consumption.
In terms of functionality, our design provides both phase and amplitude control cap-
abilities, similar to [76], but with a more integrated and compact form factor. The
8x8 array size (approximately 8\ x 8\) offers sufficient aperture for effective beam
manipulation while maintaining reasonable complexity. In comparison, designs like
[3] provide continuous phase control but with more bulky implementations that limit

practical deployment scenarios.
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Regarding energy efficiency, our RIS consumes less than 1 Watt at peak operation
(0.78W total), which is considerably lower than more complex designs such as [5] and
[76]. This efficiency is particularly important for practical deployments where power
availability may be limited. Our measured 80% reflection efficiency across the operating
bandwidth is competitive with other designs in the literature, though it should be noted
that designs optimized for narrower bandwidths may achieve slightly higher reflection
efficiencies in their specific operating ranges.

With respect to operating bandwidth, our design maintains stable performance across a
500 MHz bandwidth centered at 5.2 GHz (approximately 9.6% fractional bandwidth),
which is comparable to [6] and [63]. While some specialized designs may offer wider
bandwidths, they typically sacrifice other performance metrics or increase complexity
substantially.

Our implementation strikes a balance between complexity and performance. The design
complexity is classified as moderate, similar to [6], but offers enhanced functionality.
Unlike the polarization converter in [63] which is optimized for a specific functionality,
our design provides general-purpose wavefront manipulation capabilities with continu-
ous phase control, making it suitable for a wide range of applications including wireless
communications, sensing, and energy focusing.

A unique advantage of our design is the update speed of 100 updates per second
across all elements simultaneously, with potential for up to 5x faster updates through
optimization of the control system parameters. This rapid reconfigurability enables
dynamic adaptation to changing channel conditions in real-time, which is particularly
valuable for mobile communication scenarios. In contrast, many existing designs in the
literature do not explicitly address or quantify update speeds.

Finally, our design’s modular approach, with individually accessible 1x2 unit cells
mounted on a custom-designed holder, offers practical advantages for maintenance and

future upgrades that are not present in monolithic designs. This modularity, combined
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with the integrated control system featuring an FPGA-based controller with high-
precision DACs, provides a complete solution that bridges the gap between theoretical
RIS capabilities and practical implementation considerations.

In summary, when compared to existing designs in the literature, our proposed RIS offers
a balanced combination of performance metrics including continuous phase control,
moderate complexity, high energy efficiency, and rapid reconfigurability, making it

well-suited for practical wireless communication applications.

Table 3.2: Comparison of the proposed with other RIS structures.

Reference | RIS Application | Design Complexity | Bit Control of Re-| Functionalities
flection

2] Space-time cod-|Low 1 Phase control
ing reflection

3] - Moderate (bulky) | Continuous Phase control

4] Backscatter com-| Low 1 Phase control
munication

5] Wireless commu-| High 2 Phase control
nication

1) Satellite commu-| Moderate 2 Phase control
nications

7] Cloaking Low 2 Phase control

[63] Polarization con-| Low 2 Phase and polariza-
verter tion control

[76] - High Semi-continuous |Phase and amp-

litude control
Proposed | Wireless Com-|Low Semi-continuous | Phase control
RIS munication

3.7.4 Beam Steering Capabilities

To demonstrate the beam steering capabilities of our RIS design, we performed full-
wave electromagnetic simulations using Ansys HFSS. Figure |3.25| shows the 8x8 RIS
structure as modeled in HFSS, optimized to reflect an incident beam toward a specific

direction (30° from normal).
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The phase configuration of each unit cell was optimized to achieve maximum reflection
in the desired direction. By applying the appropriate phase gradient across the surface,
we can effectively control the direction of the reflected wavefront. Figures [3.26]and[3.27]
present the simulated far-field radiation patterns of the reflected beam at ¢ = 0 and
¢ = 90 planes, respectively.

As shown in these radiation patterns, the RIS successfully directs the majority of
the incident energy toward ¢ = 30, confirming the effectiveness of our design in
manipulating electromagnetic waves. The main lobe in both planes is clearly visible at
the designed angle of 30°, with side lobe levels maintained below -10 dB relative to the
main beam. This beam steering capability is crucial for applications requiring dynamic
control of the propagation environment, such as enhancing coverage in non-line-of-sight
scenarios or mitigating interference in multi-user systems.

The directivity of the reflected beam was calculated to be approximately 19 dBi, which
aligns well with theoretical expectations for an array of this size. The half-power
beamwidth was measured to be approximately 14° in both principal planes, providing a
sufficiently focused beam for directional communication while maintaining adequate

coverage arca.

3.8 Summary

This chapter has presented a comprehensive overview of the design and development
process for a RIS. We have explored the critical components and considerations involved
in creating an effective RIS, from the fundamental unit cell design to the integration of
a sophisticated control system.

The unit cell design process highlighted the importance of careful material selection
and geometric optimization to achieve the desired electromagnetic properties. Through

rigorous simulation and experimental validation, we demonstrated a unit cell capable of
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Figure 3.25: Perspective view of the 8x8 RIS structure simulated in HFSS, optimized
for beam reflection toward 30° from normal incidence.
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Figure 3.26: Reflected beam pattern in the ¢ = 0 plane, showing maximum reflection
at 0 = 30 as designed.

providing a wide phase range the frequency band for both TE and TM illuminations.
The control board development showcased the balance between performance, power

efficiency, and scalability. By leveraging an FPGA-based system with high-precision
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Figure 3.27: Reflected beam pattern in the ¢ = 90 plane, demonstrating consistent
beam focusing toward 6 = 30.

DAC:s and operational amplifiers, we achieved a control mechanism capable of dy-
namically adjusting 36 independent outputs at a rate of 100 updates per second, while
maintaining low power consumption under 1 Watt.

Performance analysis of the complete RIS system revealed promising results in terms of
reflection efficiency, phase control capabilities, and power consumption. The ability to
rapidly update the RIS configuration while maintaining energy efficiency demonstrates
the potential of this technology for dynamic wireless environments.

In conclusion, this chapter has laid a solid foundation for the practical implement-
ation of RIS technology in next-generation wireless communication systems. The
insights gained from this design process and the resulting prototype provide valuable

contributions to the evolving field of smart radio environments.
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(a)

(b) (©

Figure 3.28: CAD design of the RIS assembly. (a) Complete assembled structure
showing the unit cell array and control board. (b) Base holder for the control circuit
board and the unit cell frame. (c) Unit cell holder frame with parallel bars for mounting
1x2 unit cells.
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Chapter 4

RIS Optimization

The optimization of phase distribution in RISs is a critical aspect of enhancing wireless
communication systems. This chapter delves into the various methodologies employed
to achieve optimal phase configurations, each with its unique approach and set of
requirements.

One prominent technique relies on comprehensive channel estimation to determine the
optimal phase distribution. This method necessitates detailed channel information for
each path between the user equipment (UE) and individual RIS elements, as well as
between the base station (BS) and RIS elements. While this approach can yield highly
accurate results, it comes at the cost of increased complexity, requiring additional pilot
signals and potentially an RF chain for each RIS element.

An alternative strategy, particularly effective in sparse multi-path environments, focuses
on estimating the angle of arrival (AoA) of signal paths at the RIS. By optimizing the
phase distribution based on these AoA estimates, the system can maximize the signal-
to-noise ratio (SNR) for the targeted UE. This method offers a more efficient solution in
terms of hardware requirements, necessitating fewer RF chains for estimation compared
to the full channel estimation approach.

A third technique, well-suited for indoor environments with relatively stable channel
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conditions, employs a time-based optimization approach. This method relies solely
on signal power information provided by the UE. The RIS communicates with the
BS to receive UE signal power data, which it then uses to gradually refine the phase
distribution over time. This approach is particularly advantageous in scenarios where
UEs are predominantly stationary, allowing for iterative optimization without the need
for continuous, complex channel estimations.

In the following sections, we will explore the second method in detail, examining its
application in optimizing phase distribution for space-time-coding intelligent reflecting
surfaces. Additionally, we will present experimental results from our proposed RIS
implementation using the third method, providing practical insights into its effectiveness

and potential applications in real-world scenarios.

4.1 Space-Time-Coding RIS

Space-Time-Coding Reconfigurable Intelligent Surfaces (STC-RIS) represent an ad-
vancement in the field of wireless communications. These innovative structures leverage
the principles of space-time coding, traditionally used in multiple-antenna systems, and
apply them to RISs. By doing so, STC-RIS offers enhanced capabilities in manipulating
electromagnetic waves, potentially leading to improved system performance, increased
spectral efficiency, and more robust communication links.

The concept of STC-RIS combines the flexibility of reconfigurable intelligent surfaces
with the diversity gains offered by space-time coding techniques. This allows for more
sophisticated control over the propagation environment, enabling dynamic adaptation
to changing channel conditions and user requirements. Unlike conventional RIS, which
typically focus on spatial manipulation alone, STC-RIS incorporates temporal variations
in its reflection patterns, opening up new dimensions for signal optimization and

interference management.
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Unlike conventional RIS, which primarily focuses on manipulating the reflection angle
of incident electromagnetic waves, STC-RIS can also alter the frequency of the reflected
signals. This additional capability opens up significant opportunities to enhance wire-
less communication in different ways. By dynamically controlling both the spatial and
frequency domains, STC-RIS can enable frequency diversity, which is particularly valu-
able in frequency-selective channels. The ability to shift signals to different frequency
bands can help avoid interference, overcome spectrum congestion, and potentially
increase system capacity. Furthermore, this frequency manipulation capability provides
an additional degree of freedom that can be leveraged for secure communications, as the
frequency-shifted signal components can be directed toward intended receivers while
being unintelligible to potential eavesdroppers. Additionally, the frequency diversity in-
troduced by STC-RIS can enhance the system’s robustness against jamming attacks and
improve overall reliability in challenging propagation environments. These capabilities
represent a significant advancement over conventional RIS technology and open new
avenues for optimizing wireless networks.

In the following subsections, we will delve deeper into the theoretical foundations of
space-time-coding RIS. We will explore the underlying principles that govern their
operation and examine how they differ from traditional RIS implementations. This
theoretical background will provide the necessary context for understanding the unique
challenges and opportunities presented by STC-RIS.

Subsequently, we will propose and discuss an efficient method for calculating the phase
distribution in STC-RIS structures. This approach aims to address the complexities
associated with optimizing both spatial and temporal aspects of the reflecting surface

simultaneously.
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4.1.1 Theory

In this subsection, we discuss the fundamental concept of STC-RIS. A schematic of a
10 x 10 RIS 1is depicted in Figure Each unit cell within the RIS, denoted as U,,,, has
areflection coefficient I',; that encompasses both phase and amplitude information. For
simplicity, we assume the amplitude of all unit cells is unity, and we can only vary the
phase of each unit cell, which ranges from 0° to 180°. Hence, we define the reflection
coefficient as follows:

Ly =¢ pqg=1,2,...,10 4.1)

4.1.1.1 Far-Field Pattern Calculation

When a plane wave impinges on the RIS, the far-field pattern of the reflected waves

E(8, ¢) can be computed using the array factor formula:

P

Q
>N TpF(0.6) (4.2)

p=1 ¢=1

B(0.0) = 2

where the element factor F,,(6, ¢) is given by:

Fpu(0,¢) = exp (ji—:fc [(q — 1)d, sin(8) cos(¢) + (p — 1)d, sin(6) sin(¢)]> 4.3)

It is important to note that Equations [4.2] and [£.3]assume a general angle of incidence
f and ¢, which are not necessarily from boresight. In practice, these angles can take
any value as depicted in Figure [4.2] where incident angles 0; and 0, represent different
possible angles of arrival.

In these equations, Iy, is the reflection coefficient of the unit cell U,,, Ey(6, ¢) is the
far-field pattern of the reflected electromagnetic waves from the unit cell, d, and d,

are the vertical and horizontal spacings between unit cells, f, is the frequency of the
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Figure 4.1: Schematic of a 10 x 10 RIS.

incident wave, and P and () represent the total number of unit cells in the z and y
directions, respectively. The far-field pattern of the RIS can be calculated by defining

the phase shift of each unit cell using Equations 4.1]and 4.2

4.1.1.2 Incorporating Time as a Parameter

To extend the static RIS model into a space-time-coding RIS, we explicitly incorporate
time as an additional parameter. This is achieved by making the reflection coefficients
I',, time-dependent, denoted as I',,,(¢). The time dependency is implemented through a
periodic sequence of L different phase configurations, with each configuration main-
tained for a duration of 77, resulting in a total period of 7' = L - T§. The local frequency
fiocat = 1/T defines how quickly the RIS cycles through these configurations.

Mathematically, the time-dependent reflection coefficient can be represented as:

T,,t)=T"  for(n—1)T,<t<nT,, n=12,...,L (4.4)

T pg o

where T

is the reflection coefficient of unit cell (p, ¢) during the n-th time sequence.
To extend the model, we incorporate time as an additional parameter. By considering

specific phase distributions of the RIS over several time sequences, we can alter both
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the frequency of the reflected electromagnetic waves impinging on the RIS and their
reflection direction. In essence, periodically changing the phase distribution of the RIS
enables modulation of the impinging electromagnetic waves at different harmonics of

the frequency associated with the changes in the unit cells’ phase shifts.

Jer 61 f. + mf,, 6,

RIS

Figure 4.2: Conceptual depiction of the reflection effect created by STC-RIS.

Due to the periodic time variation of the reflection coefficients, the reflected signal
contains not only the original frequency f. but also harmonic components at frequencies
fe +m - fiocar, Where m is an integer. This frequency shift phenomenon, which is a
direct consequence of introducing time as a parameter in our model, is the foundation
for Equations [£.5]and [4.6]

The formula for calculating the reflected far-field pattern for the RIS at the m-th

harmonic frequency is given by:

Q
m(0.0) = Foul0, ) exp <j =7 [(p ~ 1) sin(0) cos(s)

p=1 ¢=1

4.5)
+ (g — 1)d,, sin(6) sin(¢)] ) g

where the coefficient a;;"; is defined as:
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L
any = Z [, sinc <%) exp [—j—w(%}_ 1)} (4.6)

n=1
Here, L denotes the number of time sequences during which the phase distribution of
the RIS is altered, and F;,, represents the far-field pattern of the reflected waves at the
m-th harmonic frequency shifted from the frequency of the incident electromagnetic
waves. It is important to note that the coefficients a;; in Equation @ can be synthesized

to achieve the desired equivalent amplitudes and phases for each individual unit cell at

a specific frequency.

4.1.2 Efficient phase distribution calculation for STC-RIS

In this subsection, we discuss a fast and efficient method for the fast calculation of
phase distribution in STC-RIS. The method is developed to significantly reduce the
computational complexity and processing time associated with traditional approaches
while maintaining high accuracy in steering the EM waves. The proposed method is
evaluated in the context of a RIS operating at 1.4 GHz with a 10 x 10 array of unit cells,

each capable of phase modulation in four discrete modes.

4.1.2.1 Proposed Method

The proposed method for calculating the phase distribution in RIS involves two main
phases:

Phase 1: Fast Calculation using 2-D IFFT:

The first phase of the proposed method employs a two-dimensional inverse fast Fourier
transform (2-D IFFT) to expedite the calculation of the phase distribution. Typically,
calculating the reflected far-field pattern requires four nested loops: two loops for the
angular variables ¢ and ¢, and two loops for the phase of each unit cell in the array. To

reduce this computational burden, we replace the double summation in Equation4.2]
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with a 2-D IFFT, defined as:

Ny—1Ny—1
2mmp 27""“1

JNZJ

f(p,q) =

N, N , 4.7)

m=0 n=0

where the spectral functions are calculated at discrete angular coordinates. The points

in the (u, v) plane are defined by the Fourier transform as:

2
= T p, p=0,1,2,... ., N, —1,
N.d, kg
o (4.8)
= =0,1,2,...,N, — 1.
v NydkaQ7 q b R ) Yy

The primary advantage of using spectral functions in this calculation is the substantial
reduction in computational time, achieved by substituting the double summations with

a Fourier transform.
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Figure 4.3: Phase distribution of a 10 x 10 RIS calculated using the proposed 2-D IFFT
method for reflection towards § = 20° and ¢ = 30°.

As an illustrative example, consider a 10 x 10 RIS designed to redirect incident EM
waves with a central frequency of 2.4 GHz towards 6 = 20° and ¢ = 30°. By knowing
the target angles ¢ and ¢, we can quickly calculate u, and vy in the (u, v) plane and
derive the phase distribution for the unit cells using the discrete 2-D Fourier transform,
as shown in Figure 4.3]

Phase 2: Optimization of Phase Pattern over Time
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The second phase of the proposed method involves optimizing the phase pattern across
different time steps to achieve maximum radiation in the desired direction and at a
specific harmonic frequency. The local frequency fioca, Which was introduced in the
time-dependent model, determines the rate at which the RIS cycles through different
phase configurations. This frequency directly relates to the time parameter in our model
and defines the frequency shift of the harmonics in the reflected signal.

The optimization process starts by defining L and m, where L is the number of se-
quences and m is the harmonic order. The objective is to maximize radiation towards
a specified direction at the m-th harmonic frequency (f. + m X fioca). The input
parameters consist of an array of L pairs, where each pair (z,, y,) defines the phase
distribution of the n-th sequence. This distribution is calculated in the first step and

then shifted by x,, unit cells in the = direction and v, unit cells in the y direction.
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Figure 4.4: (a) Phase distribution calculated using 2-D FFT. (b) Phase distribution
shifted by (1, 5) unit cells in the x and y directions, respectively.
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For optimization, we employ the Non-dominated Sorting Genetic Algorithm IT (NSGA-
II) to achieve maximum radiation from the RIS at the specified direction and harmonic
frequency. Figure d.4]illustrates an example where the phase distribution is shifted by

(1,5) unit cells in the x and y directions, respectively.
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Figure 4.5: Comparison of phase distributions and far-field patterns achieved by (a) the
proposed method and (b) a general optimization method.

4.1.2.2 Results

We evaluate the efficiency of the proposed method by comparing it with a conventional
optimization approach. In this example, a 10 x 10 RIS with a central frequency f. = 2.4
GHz and a local frequency fiocqs = 200 MHz is used. The objective is to reflect the
incident EM waves towards # = 20° and ¢ = 0° at the m = 2 harmonic frequency
(fe + 2 X fioca)- The optimization parameters include a population size of 50 and 30
iterations.

The results show that our proposed method significantly reduces the optimization time.
The conventional method takes 6 minutes and 37 seconds to complete 1500 iterations
with a population size of 50. In contrast, our method completes the optimization in just
7.54 seconds, representing a 98.02% reduction in processing time. Figure 4.5|compares
the phase distributions and far-field patterns obtained using both methods, demonstrating

that our method achieves similar accuracy with a fraction of the computation time.
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4.2 RIS Optimization

The optimization of the proposed RIS was conducted through a signal power maximiza-
tion approach. To demonstrate this optimization process, an experimental setup was

devised to measure and enhance the transmission between two antennas via the RIS.

Figure 4.6: Experimental setup for RIS optimization. The configuration shows two horn
antennas positioned at 30-degree angles from the RIS surface normal, connected to a
VNA for S21 measurements. The RIS and its control circuitry are visible in the center,
with additional measurement equipment in the background.

4.2.1 Experimental Setup

The setup, as shown in Figure 4.6] consists of two horn antennas positioned to face the
RIS. These antennas are strategically placed at a 30-degree angle from the perpendicular
norm of the RIS surface. This angular positioning allows for the evaluation of the RIS’s

ability to redirect signals effectively. The antennas are situated at a radial distance of 30
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cm from their apertures to the RIS, ensuring a consistent measurement environment.
Both horn antennas are connected to a Vector Network Analyzer (VNA), which enables
the precise measurement of the S5, parameter between the two antennas. The S9;
parameter represents the transmission coefficient, quantifying how much of the signal
transmitted from antenna 1 is received by antenna 2 after interaction with the RIS.
The primary objective of this setup is to maximize/minimize the magnitude of S5, de-
noted as |S9;|. By optimizing this parameter, we aim to enhance the signal transmission
from the first antenna to the second antenna through the intelligent manipulation of the
RIS elements. This optimization process involves adjusting the phase configurations
of the RIS units to create constructive interference at the receiving antenna, thereby
maximizing the received signal power.

Through this experimental configuration, we can systematically evaluate and optimize
the performance of the RIS, demonstrating its capability to enhance wireless signal
transmission in controlled environments. The setup provides a practical means to
validate the theoretical principles of RIS operation and to fine-tune its performance for

optimal signal redirection and amplification.

4.2.2 Optimization Results

The optimization of the RIS was conducted using GA algorithm, with the objective of
manipulating the S21 parameter. This parameter represents the transmission coefficient
between the transmitting and receiving antennas, effectively quantifying the power
transfer through the RIS-assisted path.

The GA was configured with a population size of 50 and allowed to evolve over
10 generations. This optimization process was aimed at finding the optimal phase
distribution across the RIS elements to achieve two distinct goals: maximizing and

minimizing the S21 parameter. Maximizing S21 corresponds to enhancing the RF

146



4.2 RIS OPTIMIZATION

power transmission from the transmitter to the receiver, while minimizing S21 aims to
suppress this transmission.

The optimization procedure was carried out for both TE and TM polarizations of
the incident wave, allowing for an evaluation of the RIS performance under different

electromagnetic field configurations.
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Figure 4.7: Optimization results for RIS-assisted transmission. (a) TE polarization
results showing |Ss;| versus frequency for three scenarios: RIS switched off (black),
optimized for maximum transmission power (red), and optimized for minimum trans-
mission power (blue). (b) Corresponding results for TM polarization under the same
optimization scenarios.

Figure (a) presents the optimization results for TE polarization. The black curve
represents the baseline scenario with the RIS switched off, providing a reference for
the system’s performance without RIS intervention. The red curve illustrates the S21
response when the RIS is optimized for maximum power transmission, demonstrating
a significant enhancement in signal strength across the frequency range. Conversely,
the blue curve shows the S21 response when the RIS is optimized for minimum power
transmission, effectively creating a null in the signal path.

Similarly, Figure (b) displays the optimization results for TM polarization. The
curve colors maintain the same significance as in Figure , allowing for direct

comparison between the TE and TM cases. This dual-polarization analysis provides
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insights into the RIS’s capability to manipulate electromagnetic waves with different
field orientations.

These results underscore the RIS’s ability to dynamically control the electromagnetic
environment, which offers the flexibility to either enhance or suppress signal propagation
between two points in space. This capability has profound implications for improving

wireless communication systems, particularly in scenarios requiring adaptive signal
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Figure 4.8: Optimized voltage distributions across the RIS surface for (a) maximum
and (b) minimum power transmission in TE illumination, and (¢) maximum and (d)
minimum power transmission in TM illumination. Color scale represents applied
voltage (0-30 V) to each unit cell.
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The optimized phase distributions across the RIS surface for various scenarios are
illustrated in Figure 4.8] These heatmaps represent the voltage applied to each unit
cell of the RIS, which directly correlates to the phase shift introduced by that cell.
Figure[4.8](a) and (b) depict the voltage distributions for maximum and minimum power
transmission, respectively, under TE illumination. Similarly, Figure 4.8|(c) and (d) show
the corresponding distributions for TM illumination. The color scale, ranging from 0 to
30V, indicates the magnitude of the applied voltage to each unit cell. These optimized
configurations demonstrate the RIS’s ability to manipulate the incident electromagnetic

waves through phase control.

4.2.3 Transmission Power Maximization

The RIS optimization was conducted using a Genetic Algorithm (GA) algorithm,
configured with a population size of 50 and evolved over 10 generations. This process
aimed to find the optimal phase distribution across the RIS elements for both maximizing
and minimizing the S21 parameter, under TE and TM polarizations. Fig.[4.9|(a) and
[4.9(b) present the results under different RIS configurations for TE, and TM illumination,
respectively. In both figures, the black curve represents the baseline scenario with the
RIS switched off, the red curve illustrates maximum power transmission, and the blue
curve shows minimum power transmission.

Fig. @.10]illustrates the experimental setup for SNR optimization, situated within an
anechoic chamber. This controlled environment minimizes electromagnetic reflections
and external interference, which ensures measurement accuracy. The RIS is strategically
positioned to interact with both the receiver and transmitter. The transmitter and receiver
antennas are arranged at a 75-degree angle to each other, with the RIS placed at the
angle’s vertex.

Both antennas maintain a distance of 84 cm from the RIS. A Raspberry Pi, connected
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Figure 4.9: Comparison of |S;| under different RIS phase configurations for (a) TE,
and (b) TM illuminations.

to the RIS, controls the phase shifts of the RIS unit cells. A USRP (B205mini) handles
signal processing for data transmission between the antennas at 5.4 GHz. GNU Radio
Software manages signal processing and USRP control. A laptop computer oversees
both the USRP and Raspberry Pi operations.

As illustrated in Fig. 4.11] the optimization process involves a data stream transmit-
ted from Tx to Rx, processed through the USRP. This data stream is sampled and
modulated using quadratic phase shift keying (QPSK) modulation, then transmitted
at a center frequency of 5.4 GHz. At the Rx side, the signal is down-converted to
baseband frequency and undergoes signal processing for carrier recovery and phase
synchronization. A M-ary phase-shift keying (MPSK) SNR estimator module measures

the signal’s SNR every 1000 samples. Given the receiver’s sampling rate of 1 MHz,
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Figure 4.10: Overall measurement setup of the proposed RIS.
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the time required for 10 SNR measurements corresponds to the RIS reconfiguration
time. Consequently, every 10000 samples, the mean value of 10 SNR measurements
is calculated and utilized as the objective function for the GA optimization algorithm
whose output is an array of 36 with each element corresponds to each RIS unit cell. The
GA algorithm is configured with a population size of 60 and runs for 10 generations.

USRP

= 10110107 - .
QPSK Modulator —— Transmitter

Reeeiver — Signal Processing ——  SNR Caleulation

Tl
Raspberry Pi

SNE +— GAOptimization «— RIS Configuration

Figure 4.11: SNR optimization process using USRP for signal processing and Raspberry
Pi for RIS configuration optimization.

The USRP handles the signal processing tasks, including QPSK modulation, trans-
mission, reception, and SNR calculation. The Raspberry Pi manages the optimization
process, running the GA algorithm to determine optimal RIS configurations based on
the SNR feedback from the USRP. This setup enables real-time optimization of the RIS
configuration to maximize SNR at the receiver.

Fig. .12]illustrates the evolution of the SNR over time during the optimization process
for TE and TM illumination. Initially, SNR starts at approximately 20 dB and increases
within the first 6 seconds. By the 6-second mark, the SNR approaches 22 dB and 21.7
dB for TE and TM reflection, respectively. The results suggesting the optimization
algorithm has converged to a near-optimal solution for the RIS phase configuration
for both TE and TM illumination polarizations. The overall improvement from start
to finish is about 2 dB and 1.7 dB for TE and TM illuminations, which represents

enhancement in signal quality.
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Figure 4.12: Evolution of SNR over time during optimization for TE and TM illumina-
tion.

4.3 Summary

This chapter has explored the critical aspect of phase distribution optimization in
RIS, presenting various methodologies and their applications in enhancing wireless
communication systems.

We introduced an efficient method for calculating phase distribution in STC-RIS,
utilizing a 2D IFFT coupled with a genetic algorithm optimization. This method demon-
strated a 98.02% reduction in processing time compared to conventional optimization
approaches, while maintaining comparable accuracy in steering electromagnetic waves.
The chapter also presented experimental results from a practical RIS implementation,
optimizing transmission power between two antennas. Using a genetic algorithm, the
RIS was able to both maximize and minimize power transmission for both TE and
TM polarizations, showcasing its ability to dynamically control the electromagnetic
environment.

Further experimental work demonstrated the real-world performance of RIS in SNR

optimization. Using a controlled setup in an anechoic chamber, we employed a USRP
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for signal processing and a Raspberry Pi to control the RIS configuration. The genetic
algorithm optimization process showed significant improvements in SNR, with increases
of approximately 2 dB for TE illumination and 1.7 dB for TM illumination. The
optimization converged efficiently within about 6 seconds, highlighting the practical
feasibility of real-time RIS adaptation.

These findings highlight the potential of RIS technology in revolutionizing wireless
communications. The ability to rapidly and efficiently optimize phase distributions
enables RIS to adapt to changing channel conditions in real-time, offering significant
improvements in signal strength, spectral efficiency, and interference management.

In conclusion, this chapter has demonstrated that optimized RIS systems have the
potential to play an effective role in next-generation wireless networks, offering un-
precedented control over the propagation environment and paving the way for more

efficient and reliable communication systems.
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Chapter 5

RT-Based Propagation Modeling

In this chapter, we discuss propagation modeling for RIS-assisted wireless systems,
building upon the foundations laid in previous chapters. The development of a novel
dual-polarized RIS and the optimization of phase distribution in RIS structures have
set the stage for a more comprehensive understanding of how these systems interact
with their environments. Propagation modeling serves as a tool in estimating field
strengths and signal characteristics in wireless communications, taking into account
various system parameters such as frequency, propagation environment features, and
antenna configurations.

The focus of this chapter is to explore a framework for propagation modeling specifically
tailored for RIS-assisted communication systems. This framework, initially developed
in MATLAB, provides a robust platform for simulating and analyzing the behavior of
electromagnetic waves in complex environments where RIS elements are present. By
leveraging ray-tracing techniques, we can accurately model the interactions between
transmitted signals, RIS structures, and the surrounding environment, offering valuable
insights into system performance and optimization strategies.

Following the introduction of the MATLAB-based framework, we extend our discussion

to a more comprehensive simulator known as WiPy-RT, implemented in the Python
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environment. This advanced tool builds upon the principles established in the MATLAB
framework, offering enhanced capabilities and flexibility for modeling RIS-assisted
wireless systems. The WiPy-RT simulator incorporates state-of-the-art Python lib-
raries as well as novel algorithms and models to provide a more efficient and faster
representation of signal propagation in diverse scenarios.

Throughout this chapter, we will explore the key features and functionalities of both
the MATLAB framework and the WiPy-RT simulator. We will discuss the underlying
principles of ray-tracing techniques as applied to RIS-assisted systems, the incorporation
of environmental factors, and the methods used to calculate and predict signal strengths
and propagation characteristics. Additionally, we will examine how these tools can be
utilized to optimize RIS configurations, evaluate system performance, and inform the

design of efficient and effective RIS-assisted wireless networks.

5.1 Propagation Modeling of RIS-Assisted Communica-
tion

This section presents a framework for propagation modeling of RIS-assisted communic-
ation in indoor environments using ray tracing techniques. We begin by introducing the
fundamental concepts and motivations behind our proposed framework, highlighting its
significance in the context of RIS-enhanced wireless systems. The section then delves
into the intricacies of ray tracing as applied to RIS-assisted propagation, detailing the
environment setup and key assumptions underpinning our model. We will describe the
process of calculating Power Delay Profiles (PDPs) and present both an accurate and
an approximate implementation of our framework. A thorough comparison of these
models is provided, followed by an in-depth analysis of system performance through

channel gain, phase shift, and Bit Error Rate (BER) evaluations. We explore the impact
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of various factors such as RIS size on model accuracy and discuss the computational
efficiency gains achieved by our approximate model. Throughout this section, we
aim to provide a clear understanding of the approach in our research to RIS-assisted

propagation modeling, and its practical implications..

5.1.1 Site-Specific Channel Modelling

Channel models are imminent part of the design and optimization of wireless commu-
nication systems. They provide essential insights into how signals propagate through
complex environments, allowing engineers to predict system performance and develop
effective communication strategies. Traditionally, geometry-based stochastic channel
models (GSCM) have been widely used to characterize various scenarios such as urban
microcellular, urban macrocellular, and indoor environments. These models offer a
statistical representation of channel behavior based on general geometric properties of
the environment.

As wireless technologies advance into higher frequency bands like mmWave and THz,
the channel features become increasingly complex. One notable characteristic of
these high-frequency channels is their geometrical sparsity, which often leads to rank
deficiency in high-dimensional channel matrices. This sparsity presents both challenges
and opportunities for system design, necessitating novel approaches to beamforming
and signal processing [99].

In GSCM, the Power Delay Profile (PDP) is a key channel parameter that is typically
defined stochastically. While this approach provides a generalized view of channel beha-
vior, it may not capture the specific nuances of individual environments. This is where
site-specific channel parameters come into play. By moving beyond stochastic mod-
els to site-specific characterizations, we can further improve wireless communication

techniques through targeted optimization.
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Site-specific channel modeling allows for a more accurate representation of the actual
propagation environment. Instead of relying on statistical averages, these models take
into account the precise geometrical relationships between communication terminals
and environmental features. This level of detail enables more effective planning and
optimization of wireless networks, particularly in complex indoor or urban scenarios
where small-scale environmental factors can significantly impact signal propagation.

One powerful tool for generating site-specific channel parameters is the RT algorithm.
Without the need for extensive on-site measurements, RT can provide detailed geometry-
based information about the propagation environment in a deterministic manner. This
approach offers a effective and flexible means of obtaining accurate, site-specific channel
models, which can be used for the design and deployment of advanced wireless systems,

especially those utilizing technologies like RIS technology.

5.1.2 Indoor RIS-Assisted SISO Propagation Model

This section presents a framework for RT-based propagation modeling of a Single-Input
Single-Output (SISO) Orthogonal Frequency-Division Multiplexing (OFDM) system in
an RIS-assisted indoor environment. Our proposed model is designed to capture the
complex interactions between transmitted signals, the RIS, and the indoor environment.
We focus on scenarios where direct LOS paths between the TX and UE are obstructed,
but both have clear LOS to the RIS. The framework incorporates detailed considerations
of multi-path propagation, reflection characteristics, and the unique properties of the
RIS. By leveraging RT techniques, we aim to provide an accurate and computationally

efficient method for predicting signal propagation in these sophisticated environments.
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PROPAGATION MODELING OF RIS-ASSISTED COMMUNICATION

Figure 5.1: (a) Perspective view; and (b) Top view of the indoor environment that

IRS

(b)

includes a TX, UE (RX), and RIS.

5.1.3 Environment Setup and Assumptions

The foundation of our propagation modeling framework is an indoor environment that
simulates an office space. We adopt an existing office model from MATLAB, which
consists of two rooms separated by a concrete partition. This setup is designed to create
a propagation scenario where the LOS path between the TX and UE is deliberately
obstructed. The TX is positioned in one room with a clear view of the RIS, while the

UE is located in the adjacent room. The adopted 3D environment as well as antennas
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and RIS locations inside the environment is shown in Figure The RIS itself is
modeled as a 20x20 element array, with each element spaced at A/2 intervals, operating
at a frequency of 5.8 GHz. To enhance the accuracy of our model, we define specific
material properties for walls, furniture, and other objects within the environment, as
these significantly affect ray propagation and reflection characteristics. Our framework
assumes a maximum of two reflections for each ray path, balancing computational
efficiency with model accuracy.

In implementing our propagation model, we leverage two MATLAB modules: RayTra-
cing and siteviewer. The RayTracing module computes the propagation paths using
3D environment geometry. This module is particularly suited for our frequency range
of 5.8 GHz, as it is designed to be effective from 100 MHz to 100 GHz. We utilize
RayTracing to determine multiple propagation paths between the TX, RIS, and UE,
capturing the complex multi-path nature of our indoor environment. The module’s
capability to calculate path loss and phase shift for each ray, considering both horizontal
and vertical polarizations, is essential for our detailed analysis.

Complementing the RayTracing module, we employ the siteviewer module for 3D
visualization of our propagation model. Siteviewer allows us to display the TX site, UE
location, and RF propagation visualizations within the modeled office environment. We
specifically use the 3D model visualization mode, which enables us to import and view
our office space as a 3D model represented by gITF files. This visual representation is
invaluable for understanding and validating the spatial relationships between the TX,

RIS, UE, and various environmental elements.

5.1.4 PDP Calculation

The calculation of PDP is an imperative step in our framework for accurately mod-

eling the propagation characteristics of the RIS-assisted indoor environment. Our
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approach to PDP calculation is methodical and considers multiple scenarios to ensure a
comprehensive representation of the channel.

First, RIS is removed from the environment, and the PDP for the TX-UE channel is
determined. At this point, any rays that would intersect the location of the RIS should
be excluded from the PDP calculation, as they will be considered in the subsequent
stage. Following this, the PDP for the TX-RIS-UE channel is calculated. This involves
separately computing the PDP for the channels between TX and each RIS unit cell.
Each unit cell is modeled as an isotropic antenna placed at its center, and ray tracing is
used to calculate the PDP for the channels between the RIS cell and TX, and between
the RIS cell and UE. In this context, an isotropic antenna implies that the RIS unit cells
are not sensitive to the incident angle of the impinging rays. The sensitivity pattern of a
unit cell depends on its physical structure, with different structures exhibiting various

patterns. Numerous patterns for RIS unit cells have been explored in the literature
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Figure 5.2: PDP of RIS-reflected rays calculated with accurate model (a) Without data
binning; and (b) With data binning using 70 bins in time axis.

Let d; ,, and d, ,, represent the distances between the nt" RIS cell and TX, and between

the n'* RIS cell and RX, respectively. The total power of the transmitted rays, which
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are reflected by the RIS and eventually received at the UE, can be calculated as follows

[101]:

2
AN | K Ry e
pTX-RIS-UE _ p = L 5.1
; GiGr 4 j;j | (5.1)
27r

where P, is the transmit power of TX, NV is the number of cells, A is the surface area of
the unit cell that captures and reflects each ray’s transmit power [100]], R,, and ®,, are
the reflection loss and phase change for the n'" path, ¢, is the phase shift of the unit
cells in the n'* cell, and G and G, are the antenna gains of TX and UE, respectively.

To improve the accuracy of the model, we extend Equation to account for multiple
rays between TX and each RIS unit cell, and similarly between each RIS unit cell and
the UE. If we denote the set of rays from TX to the n'* RIS cell as {t,,;}1-5" and the

set of rays from the n'" RIS cell to the UE as {r,, J} where M, , and M, ,, are the

Jl’

number of rays for each path, respectively, then the received power can be expressed as:

2

2 N Mt'rLMrnR e]nlg
PTX*RIS*UE P, n Z] )
g geNes 2.2, | 6
n=1 i=1 j=1
2
(I)n,Lj = T(dt,n,i + dnn,j) + ¢n + Qt,n,i + 97’771,]'7 (54)

where d, ,,; and d,,, ; are the distances of the it" ray from TX to the n'"* RIS cell and
the j' ray from the n'™ RIS cell to UE, respectively. R, ; ; represents the combined
reflection loss, 6, ,; and 0, , ; are additional phase shifts due to interactions with
environmental objects along the paths, and ¢,, is the controllable phase shift of the n'*
RIS unit cell.

To improve the accuracy of the model, each ray from TX to the n!” RIS cell is divided
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into multiple rays that travel from the n'" cell to the UE. For instance, if the PDP for
the TX-RIS and RIS-UE channels for the n'" cell are modeled with M, ,, and M, ,, rays,
respectively, then there will be M, ,, x M,.,, rays for the n'" cell, resulting in a total of
M, ,, x M, ,, x N RIS-reflected rays, as illustrated in Figure@

Figurd5.2] (a) shows clusters of rays grouped by different colors. Each cluster contains
400 rays reflected from the RIS surface, each from a different unit cell. Different clusters
of rays, represented by various color codes, correspond to groups of rays following
similar trajectories while interacting with different unit cells. To make the data in
Figurd5.2| (a) clearer, data binning has been employed. The time span between 45 and
52 ns is divided into 70 bins, and rays within the same bin are aggregated (see Figure5.2]
(b)). Since each ray has both magnitude and phase, the sum of the rays within the same
bin is equivalent to vector summation. In the final step, rays reflected by the RIS are
added to the non-RIS reflected rays.

In the subsequent subsection, a faster framework is introduced to approximate the

channel calculation for an RIS-assisted indoor environment.

5.1.5 Proposed Approximate Model

While our initial framework provides accurate results for modeling RIS-assisted indoor
communication, as validated by numerous studies that have established ray tracing as a
highly reliable deterministic channel modeling technique [102], [103]. Specifically, for
RIS-assisted communications, ray tracing has been shown to achieve accuracy within
2-3 dB of measured field results when proper material parameters and environment
geometry are considered [104]. This accuracy stems from ray tracing’s ability to account
for the precise geometric relationships between transmitters, receivers, and environ-
mental elements, along with the electromagnetic properties of materials. However, this

accuracy comes at the cost of significant computational time. For instance, to accurately
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model the PDP of a SISO system with 400 RIS elements using the RT method, 400 RT
realizations are required between the TX and RIS, and another 400 realizations between
the RIS and UE. On a standard computer with a Core-i7 CPU and 32 GB of memory,
the total simulation time is approximately 86.58 seconds. To address this limitation
and enhance the scalability of our approach, we propose an approximate model that
drastically reduces simulation time while maintaining a high level of accuracy.

In the proposed approximate model, only three RT realizations are needed: between
TX and UE (excluding rays that interact with the RIS), between TX and the center
of the RIS, and between UE and the center of the RIS. Initially, all rays between TX
and the RIS center, as well as between UE and the RIS center, are identified, and the
reflection point and loss of each ray are recorded. Next, Euclidean distances between
TX and each RIS unit cell, UE and each RIS unit cell, TX and reflection points, UE and
reflection points, and between reflection points and RIS unit cells are computed. Using

these distances, all possible TX-RIS-UE paths can be determined.

1x3IRS

Taa

Reflection points

Figure 5.3: 2D simplified environment of the office room in Figure

To further illustrate, Figure [5.3| shows a simplified 2D environment with a 3-cell RIS,

where the black and green lines represent the TX-RIS-UE and TX-UE ray paths,
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respectively. In the final step, the path loss and phase shift of each ray are calculated
based on its propagation distance, the phase shift of each unit cell, and reflection loss.
For rays that do not interact with the RIS, their propagation loss and phase are calculated

as follows:

\Pylap = Grag + Grap — FSPL(dy) — Lyess (5.5)

/P =i (5.6)

Here, F'SPL(-) denotes the free-space propagation loss, d; is the total propagation
distance of each ray, and L,.;s represents the reflection coefficient of the material
reflecting the ray (e.g., concrete, wood, etc.). For rays that do interact with the RIS, the
amplitude and phase are calculated using equations (5.5]) and (5.6), with the reflection
losses of the environment and RIS considered as well.

The reflection coefficient of each unit cell depends significantly on its structural para-
meters, such as the number and material of dielectric layers, the pattern of conductor
layers, and any lumped elements used. The variation in reflection loss is typically
between 0.1 and 3 dB, based on the measured values provided in [4H6]. While this
parameter can be adjusted in the model for specific unit cell structures, the worst-case
scenario of a 3 dB reflection loss for the RIS is considered in all calculations presented

in this chapter.
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Figure 5.4: Frameworks for (a) accurate; and (b) approximate modeling of deterministic
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Figure |5.4]illustrates the procedural steps for both the accurate and approximate models
when calculating the channels between TX and UE with RIS assistance. Each blue
block represents an RT realization, which computes rays between different points in
the environment. The primary computational demand comes from these blocks, and
reducing their number significantly decreases the overall processing time. For the given
environment, the accurate model requires a total of 801 RT realizations, whereas the
approximate model only requires three, reducing the total runtime by 99.6% from 86.58

seconds to just 0.35 seconds.
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Figure 5.5: Power Delay Profile of RIS-reflected rays calculated with approximate
model (a) Without data binning; and (b) With data binning using 70 bins in time axis.

Figure5.5| shows the amplitude of the PDP of TX-RIS-UE rays calculated using the
proposed approximate model. The results indicate that the approximate model achieves
similar accuracy to the more detailed model. Figure5.6 provides a direct comparison
of the total PDPs generated by the two different models, demonstrating that the ap-
proximate model effectively captures the detailed timing patterns of wireless channel

behavior.
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Figure 5.6: Comparison between the total PDPs calculated by accurate and approximate
RT models.

5.1.6 Channel Model

In this subsection, two deterministic channel models are developed based on the com-
puted PDPs, through which data is transmitted from the TX to the UE. The system
setup is shown in Figure[5.7]

At the transmitter, the data is encoded using a 1/2 Low-Density Parity-Check (LDPC)
encoder. The encoded data is then mapped onto Quadrature Amplitude Modulation
(QAM) symbols using a 16-QAM modulator. These modulated symbols are further
processed through an Orthogonal Frequency Division Multiplexing (OFDM) block,
which segments the data into 214 sub-carriers, including 25 pilots and 17 guard bands.
The resultant signal is then combined with Gaussian white noise and transmitted through
a channel generated by both the accurate and approximate ray-tracing models.

Upon reception, the received data is processed through an inverse OFDM block. This

block estimates the channel characteristics using OFDM pilots. The QAM symbols are
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Figure 5.7: System setup for data transmission.

then extracted based on the equalized channel and passed through subsequent stages,
including QAM demodulation and channel decoding. Throughout this process, several
key parameters are evaluated, including the estimated amplitude and gain of the channel,
as well as the Bit Error Rate (BER).

Figurd5.§] illustrates the channel gains between TX and UE calculated using both
accurate and approximate PDPs. The transmission is carried out in the presence of a
RIS, with the phase shift of its elements set to zero. The locations of the TX, UE, and
RIS are assigned as shown in Figure5.1] Figure5.9](a) and (b) show the RIS phase
shifts optimized for minimal BER, calculated by the approximate and accurate models,
respectively. The optimization process employs a single-objective Genetic Algorithm
(GA), where the solution space consists of a 400-element array, with each element
ranging between 0 and 360 degrees. The GA operates with a population size of 200
and terminates when the derivative between two successive solutions (BERs) reaches a

threshold of 1le-5. Figure5.9](c) depicts the difference between the phase distributions
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of both models. It can be observed that the phase error for each unit cell ranges between
—&8° and 6°. To statistically validate the models, they are further evaluated under 100
random TX and UE locations. For each of the 100 locations, the direct path between
TX and UE is blocked, while both have a direct line of sight to the RIS. Figure [5.10]
shows the probability density function (PDF) of the phase error between the accurate
and approximate models for each RIS unit cell. The results indicate that the mean phase

error value is close to zero, with the phase error range mostly falling between £5°.
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Figure 5.8: (a) Amplitude; and (b) Phase of the channel gains derived from accurate
and approximate PDPs.

Figure5.1T]illustrates the phase error PDF for three RIS sizes: 5 x 5, 20 x 20, and
40 x 40. Since the distance between unit cells is maintained at \/2, an increase in the
number of RIS unit cells translates to a physically larger RIS structure. As expected,

the phase error range increases with the RIS size, which may be reduced by grouping
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Figure 5.9: Optimized RIS phase distribution generated by: (a) Approximate model;
and (b) Accurate model. The sub-figure (c¢) shows the difference between (a) and (b).
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Figure 5.12: BER of RIS-assisted communication calculated with approximate and
accurate PDPs for different values of Ej,/Nj.

the unit cells. Figurd5.12]evaluates the BER obtained by both models as a function of

Ey/Ny for a 20 x 20 RIS. The results show that the BER values are acceptable under

moderate to high Ej, /Ny, and the performances of both models are strikingly similar,

underlining the accuracy of the approximate approach even for a considerably large RIS

structure.
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5.2 WiPy-RT: A Fast Ray Tracing Modeling Platform

for RIS-assisted Wireless Channels

In the previous section, a propagation modeling framework implemented in MATLAB
was presented. This framework utilized MATLAB modules for performing ray tracing
and identifying ray paths. Additionally, an approximation approach was introduced to
enhance the framework’s speed and efficiency. However, MATLAB-based solutions
come with certain limitations. These include the requirement for a costly license, the
need for substantial RAM memory for software startup, and potential scalability issues
when dealing with large-scale simulations. Furthermore, MATLAB’s proprietary nature
can sometimes hinder collaborative research and limit the integration of cutting-edge
algorithms developed by the open-source community.

In contrast, the Python environment offers a more flexible and accessible approach to
scientific computing and simulation. Python boasts a rich ecosystem of open-source
libraries that have been developed and refined by a global community of researchers
and developers. Libraries such as NumPy, Numba, and SciPy provide robust numerical
computing capabilities, while Matplotlib and Plotly offer advanced visualization tools.
For 3D modeling and manipulation, PyVista, Trimesh, and PyTorch3D have emerged
as powerful, versatile solutions. These libraries, among many others, enable researchers
to build sophisticated simulation environments without the constraints associated with
proprietary software.

While significant advancements have been made in RT-based propagation modeling for
wireless communications, the incorporation of RIS technology into these models is still
in its infancy. There exists a substantial research gap in accurately and efficiently mod-
eling the behavior of RIS within complex wireless systems using RT techniques. The
unique properties of RIS, including their ability to dynamically alter the electromagnetic

environment, present novel challenges for traditional RT approaches. Furthermore, as
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wireless environments become increasingly complex, particularly with the integration
of RIS, there is a pressing need for RT tools that can maintain high accuracy while also
offering computational efficiency. This balance is important for handling the intricate
scenarios expected in future wireless networks, especially in urban and dense 10T
environments.

The key technical challenges in RIS-assisted RT modeling include: (1) efficiently hand-
ling the complex electromagnetic interactions between incident waves and numerous
RIS unit cells, (2) accurately representing the phase-shifting behavior of RIS structures
without prohibitive computational overhead, and (3) developing algorithms that maintain
precision while dramatically reducing simulation time. These challenges are particu-
larly acute in applications requiring rapid assessment of multiple RIS configurations or
large-scale simulation environments.

Addressing these challenges would have significant practical impact across multiple
domains. For network design, faster RIS-assisted RT simulation would enable rapid
prototyping and optimization of network topologies. For device manufacturers, it would
accelerate the development cycle of RIS hardware by providing quick feedback on
different unit cell configurations. In real-world applications, such efficient modeling
tools would facilitate the deployment planning of RIS-enhanced networks in smart cities,
industrial IoT environments, and high-density urban areas where coverage optimization
is critical.

In this context, WiPy-RT has been developed as a high-performance ray tracing simu-
lator designed specifically for modeling RIS-enabled wireless environments. WiPy-RT
addresses the aforementioned challenges by offering a novel approach to RT simulation
that combines high accuracy with computational efficiency, particularly in modeling
RIS-enabled environments. Our simulator leverages state-of-the-art machine learn-
ing techniques and efficient algorithms to overcome the limitations of traditional RT

methods, especially when dealing with complex, RIS-enhanced wireless scenarios.
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WiPy-RT leverages the strengths of the Python ecosystem, offering an interactive
interface that utilizes highly configurable and open-source Python libraries. This GPU-
accelerated simulator excels in simulating first-order diffraction and multi-reflection
scenarios, supporting up to 6 orders of reflection. It is capable of modeling RIS behavior
with large-scale unit cell arrays, making it particularly suitable for advanced wireless
communication research, including the simulation of massive MIMO systems and
intelligent reflecting surfaces.

WiPy-RT is developed entirely in Python, leveraging efficient and versatile open-source
libraries such as PyVista, Trimesh, PyTorch3D, and Scikit-learn. This choice of imple-
mentation not only ensures wide accessibility and ease of use for researchers but also
allows for seamless integration with other Python-based tools commonly used in wire-
less communications research. Atits core, WiPy-RT employs an advanced ray launching
method, ensuring swift and efficient channel model realization for complex indoor and
outdoor smart wireless environments. The simulator is capable of identifying direct,
multi-order reflected, and one-order diffracted EM waves, providing a comprehensive
representation of the wireless channel. For point-to-point channel modeling, WiPy-RT
also incorporates the inverse method, offering flexibility in simulation approaches.
WiPy-RT’s key features include its ability to handle complex 3D environments effi-
ciently, its GPU acceleration for rapid simulations, and its flexibility in modeling various
wireless propagation phenomena. The simulator’s Python-based architecture allows for
easy integration with other data processing and machine learning libraries, facilitating
more comprehensive analyses and predictive modeling.

The key contributions of this work are:

* Addressing the computational inefficiency gap in existing simulators through an
intelligent ray launching method strategy with KDE ray emission model. This

novel approach significantly improves the efficiency of ray tracing by adaptively
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focusing computational resources on the most relevant propagation paths. Com-
pared to traditional uniform ray launching methods, our KDE-based approach
achieves up to 40% reduction in simulation time while maintaining comparable

accuracy.

* Solving the RIS unit cell interaction modeling challenge through an efficient
method for RIS modeling using Random Forest Regression and Inverse RT
for estimating travel distance between TX and RIS’ unit cells. This hybrid
approach allows for accurate modeling of RIS behavior without the computational
overhead typically associated with full-wave analysis of large RIS structures. Our
method demonstrates a 60% improvement in computation time for RIS modeling
compared to conventional ray tracing techniques, while achieving less than 5%

error in path loss estimation.

* Overcoming the platform accessibility limitations of existing solutions by im-
plementing a comprehensive RT modeling platform in Python that outperforms
existing solutions in terms of speed and scalability. WiPy-RT achieves simulation
times that are up to 100 times faster than comparable MATLAB-based simulators
for complex urban environments, making it particularly suitable for large-scale

studies of 5G and 6G wireless networks.

* Demonstrating the effectiveness of WiPy-RT through extensive benchmarking
against existing simulators and validation with real-world measurements. Our
results show that WiPy-RT achieves an average accuracy improvement of 15% in
predicting received signal strength in RIS-enabled environments, compared to

traditional ray tracing methods.

These contributions collectively address the growing need for efficient and accurate

modeling tools in the evolving landscape of wireless communications, particularly in
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the context of RIS-enabled 5G and 6G networks. By offering a unique combination
of machine learning techniques, efficient algorithms, and a user-friendly Python im-
plementation, WiPy-RT represents a significant advancement in the field of wireless
channel modeling.

In this section, WiPy-RT will be presented in detail, highlighting its architecture,
methodologies, and unique capabilities. This presentation will demonstrate how WiPy-
RT addresses the challenges faced by existing simulators and offers new possibilities

for researchers in the field of advanced wireless communications.

5.2.1 WiPy-RT Engine

This section provides an in-depth exploration of WiPy-RT’s architecture and opera-
tional mechanisms, offering a detailed analysis of its approach to modeling intricate
electromagnetic propagation scenarios. The following subsections present a thorough
examination of the simulator’s essential components, algorithms, and methodologies.
We begin by scrutinizing the preprocessing stage, a critical phase where the environment
is imported and structured, pivotal features are extracted, and the wireless system is
defined. This initial step lays the foundation for accurate simulation by ensuring that all
relevant environmental and system parameters are properly accounted for.

The discussion then progresses to the core of the simulator: the ray launching process.
This subsection elucidates the sophisticated techniques employed to track, label, and
organize rays as they traverse the complex environment.

The final subsection focuses on the post-processing phase, a vital stage where the
wealth of information gathered from the simulated rays is interpreted and translated
into meaningful channel characteristics. This analysis is essential for deriving practical

insights that can inform the design and optimization of wireless communication systems.
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Through this examination, we aim to provide a clear understanding of WiPy-RT’s cap-

abilities and its potential to advance the field of electromagnetic propagation modeling.

5.2.2 Prepossessing

The preprocessing stage in WiPy-RT forms the cornerstone for precise and efficient
ray tracing simulations. This phase commences with the importation of environmental
data, typically in STL format, which encapsulates the three-dimensional geometric
information of the simulation environment. The processing of these files is accomplished
through a synergistic combination of robust Python libraries: PyVista, Trimesh, and
PyTorch3D, each contributing unique capabilities to the preparation of environmental
data for subsequent ray tracing operations.

PyVista excels in structuring and visualizing the 3D environment, offering powerful
tools for organizing and rendering complex geometries, thus enabling an intuitive rep-
resentation of the simulation space. Complementing this, Trimesh provides advanced
modules for environmental data manipulation, conceptualizing the entire environment
as an assemblage of triangular mesh cells. Each cell encapsulates vital information:
point coordinates, surface normal vectors, and data on adjacent cells. This granular rep-
resentation facilitates efficient access to geometric features and aids in identifying and
labeling objects with sharp edges, which is essential for accurate diffraction modeling.
PyTorch3D further enhances the simulator’s performance by harnessing multi-dimensional
tensors, enabling highly efficient vector computations. This approach significantly ac-
celerates the process of identifying intersection points between rays and surfaces, a
computationally demanding task at the heart of ray tracing algorithms. The integra-
tion of these libraries—PyVista’s visualization prowess, Trimesh’s detailed geometric
representation, and PyTorch3D’s GPU-accelerated computations—establishes a com-

prehensive and efficient foundation for WiPy-RT’s ray tracing operations.
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Following the environmental import and structuring, WiPy-RT proceeds to identify and
catalog key features of the simulation space, including the detection and marking of
sharp edges. The preprocessing stage then involves the assignment of material properties
and free space loss coefficients to environmental objects, which is vital for accurately
modeling electromagnetic wave interactions with various surfaces and materials.
Subsequently, the simulator configures the RIS and antennas, specifying their positions,
the number of unit cells in the RIS, and the antennas’ farfield patterns. This setup ensures
that the unique characteristics of wireless systems, particularly those incorporating RIS
technology, are faithfully represented in the simulation.

The preprocessing phase concludes with the configuration of ray tracing parameters,
including the number of reflections to be considered and the activation of diffraction
effects. This preparation sets the stage for accurate and efficient ray tracing simulations.
The subsequent subsection focuses on the core of the WiPy-RT engine, offering a
detailed examination of the ray tracing process. It explores how rays are emitted
from the transmitter, propagate through the environment, and interact with various
surfaces, including the RIS. This exploration covers the mechanisms for tracking ray
paths, handling reflections and diffractions, and modeling the unique electromagnetic
behavior of RIS elements. The discussion also encompasses the simulator’s approach
to managing computational complexity, ensuring efficient performance even in intricate

scenarios with multiple reflections and large numbers of RIS unit cells.

5.2.3 Ray Launch

The Ray Launch stage in WiPy-RT represents the core of the ray tracing process, where
intelligent ray distribution is implemented to efficiently simulate electromagnetic wave
propagation. To comprehensively model all possible paths from the transmitter to the

receiver, an infinite number of rays with zero angle separation would theoretically
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be required. However, given that computational resources are finite, it is impractical
to launch an infinite number of rays. Instead, WiPy-RT employs an intelligent ray
launching strategy to balance accuracy and computational efficiency.
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Figure 5.13: (a) Indoor environment divided into two rooms, with a source point located
in the bottom right of room A. (b) Ray density distrubition of the KDE model for the
current source location with respect to ¢ and ¢.

The simulator initiates the process by generating a limited number of rays with random
azimuth (0) and elevation (¢) angles. These angles, along with the distance each ray has
traveled, are then fed into a Gaussian Kernel Density Estimation (KDE) model. Based
on the ray density with respect to 6 and ¢, the model generates a considerable number
of rays and performs ray tracing. WiPy-RT then identifies the unique rays emitting from
the source and reaching the receiver. The choice of Gaussian KDE is deliberate, as it
provides a robust statistical model for estimating the probability density function of the
ray distribution. This approach allows for a more nuanced and adaptive ray launching
strategy compared to uniform distribution methods.

The WiPy-RT’s intelligent ray launching strategy is visually demonstrated in Figure[5.13|
(a) depicts an indoor environment divided into two rooms, Room A and Room B,

connected by a gate, with the antenna serving as the source point strategically positioned
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Comparison of Grid Cell Ray Distribution Stability:
Random vs. Model-Based Emission
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Figure 5.14: Convergence of unique ray distribution across grid cells for random vs.

model-based ray emission methods, showing the total difference in unique rays as the
number of emitted rays increases from 1,000 to 200,000.
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at the bottom right corner of Room A. The red lines emanating from this source represent
the initial set of randomly generated rays, illustrating their diverse propagation paths
throughout the environment. Figure [5.13](b) showcases the ray density distribution
derived from the KDE model, representing the probability density of rays with respect to
azimuth () and elevation (¢) angles. The color gradient, ranging from dark blue (lowest
density) to bright yellow (highest density), illustrates the non-uniform distribution of
rays, with a higher concentration in the direction of the gate connecting Room A and
Room B. This increased density corresponds to rays with larger travel distances, critical
for accurately modeling propagation between the two rooms. This adaptive distribution
ensures that WiPy-RT allocates more computational resources to ray directions of
greater importance in the simulation, thereby enhancing both efficiency and accuracy
of the ray tracer engine. It should be noted that the number of rays used to create the
ray density distribution is dependent on the size and complexity of the environment,
allowing the simulator to adapt its computational resources according to the specific
characteristics of each simulation scenario.

Following the establishment of the ray density distribution, the ray tracer engine in
WiPy-RT proceeds to emit rays in accordance with this derived distribution. The number
of rays selected for this stage is highly dependent on the complexity of the environment,
particularly the number of mesh elements present in the 3D model. To determine the
optimal number of rays for the ray tracer, WiPy-RT employs an adaptive approach.
This involves emitting different numbers of rays from multiple randomized points
within the environment and calculating a matrix of unique ray distances to a predefined
grid surface. As the number of emitted rays increases, the error between successive
snapshots of this distance matrix is evaluated. The process continues until the error falls
below a specified tolerance threshold. This adaptive method ensures that the simulation
strikes an optimal balance between computational efficiency and accuracy, tailoring the

ray count to the specific complexities of each unique environment.
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Figure 5.15: Signal power distribution on a triangular grid 0.5 meter above the floor
of the two-room environment for varying numbers of emitted rays using the KDE ray
distribution model, ranging from 1,000 to 50,000 rays.
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To illustrate this adaptive ray selection process, consider the environment depicted
in Figure (a). This room has overall dimensions of 10 x 10 x 2 m?, with a
separating wall positioned along the line from [35, 0] to [5, 8] in the XY plane, effectively
dividing the space into two connected rooms. For this example, a grid is established
50 centimeters above the floor, covering the entire floor area of both rooms. This grid
serves as the reference surface for calculating ray distances.

Figure [5.14] illustrates the convergence behavior of the ray tracing process for both
random and model-based ray emission methods. The x-axis represents the number of
emitted rays, ranging from 1,000 to 200,000, while the y-axis shows the total difference
in unique rays received by each grid cell between consecutive simulations. The blue
curve represents the random emission method, while the orange curve depicts the
model-based emission approach. Both curves demonstrate a general downward trend
as the number of emitted rays increases, indicating that the ray distribution across
the grid cells becomes more stable with higher ray counts. Notably, the model-based
emission (orange curve) converges more rapidly and maintains lower difference values
throughout the range, suggesting superior efficiency and stability compared to the
random emission method. This graph underscores the effectiveness of the model-based
approach in achieving a consistent ray distribution with fewer emitted rays, thereby
optimizing computational resources while maintaining simulation accuracy.

Figure [5.15] illustrates the evolution of signal power distribution in the two-room
environment as the number of emitted rays increases using the KDE ray distribution
model. The figure presents four panels, each depicting the signal power distribution on
a triangular grid positioned 0.5 meters above the floor for different number of emission
rays: 1,000, 10,000, 25,000, and 50,000 rays, respectively. For these simulations, the
ray tracing engine is configured to account for up to 5 reflections and 1 diffraction in
the environment. As the number of rays increases, a clear progression in the detail

and accuracy of the power distribution is observable. With 1,000 rays, the distribution
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appears coarse and incomplete, particularly in Room B as there is almost no trace of
diffracted and diffracted rays. As the ray count increases to 10,000 and then to 25,000,
the power distribution becomes more refined, revealing intricate patterns and variations
across both rooms. The simulation with 50,000 rays provides the most detailed and
comprehensive representation of the signal power distribution, capturing subtle nuances
in signal strength throughout the entire environment.

Having established an optimal number of emission rays through the adaptive process,
WiPy-RT proceeds to simulate the behavior of RIS structures within the environment.
The first step in this process involves a comprehensive analysis of all direct and first-
order reflected rays that reach the RIS’s surface. These rays are then systematically
grouped based on their reflection history, creating distinct categories that represent
different propagation paths.

For each group of rays incident on the RIS surface, it is crucial to determine the travel
distance of the rays to each unit cell of the RIS. However, directly calculating this for
every possible ray-cell combination would be computationally intensive. To address
this challenge, WiPy-RT employs a Random Forest Regressor. This model estimates the
distance between the transmitter and each unit cell of the RIS based on the populated
rays within the same group. By leveraging the data from the rays that have been traced,
the Random Forest Regressor can accurately predict the travel distances for all unit
cells, including those not directly hit by traced rays. This approach significantly reduces
computational overhead while maintaining a high degree of accuracy in modeling the
RIS behavior.

Following this estimation process, WiPy-RT then traces the rays from each RIS unit cell
to the receiver. This crucial step takes into account the individual phase shift of each
unit cell, allowing for a precise representation of how the RIS manipulates the incident
electromagnetic waves. By considering these phase shifts, the simulator can accurately

model the RIS’s ability to control and optimize the propagation environment, reflecting
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its true impact on the overall channel characteristics. Finally, the signal power of the

rays interacting with the RIS is calculated with the formula:

2
PTX-RIS-UE _ pa.G3, (i) 5.7

47

where, P; represents the transmit power of the transmitter, while GG; and G, are the
antenna gains of the transmitter and receiver, respectively. The term A denotes the
surface area of the unit cell that captures and reflects each ray’s transmit power. The
variable N is the number of cells involved in the process. Each ray experiences a

reflection loss R,, and a total phase change ®,,, where

_27T

o,
A

(dt,n + dr,n) + an (58)

The distances d, ,, and d,.,, are the distances between the n-th RIS cell and the transmitter,
and the n-th RIS cell and the receiver, respectively. The wavelength is denoted by A,

and ¢,, represents the phase shift of the unit cells in the n-th cell.

(a) (b)

Figure 5.16: 3D map around Korea Advanced Institute of Science and Technology,
South Korea (a) visualized in MATLAB, (b) imported and visualized in Python.
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5.2.4 Benchmark

In this section, we evaluate the performance of WiPy-RT by benchmarking it against
a reference map proposed in the research work by Choi et al. [18]], which introduced
the WiThRay RT engine. The chosen map, depicted in Figure [5.16] (a), represents a
three-dimensional environment surrounding the Korea Advanced Institute of Science
and Technology (KAIST) in South Korea. This particular environment was selected
for its complexity and diversity of structures, providing a test scenario for assessing
the capabilities of WiPy-RT. WiThRay was fully implemented in MATLAB, and con-
sequently, the 3D map data was originally detailed in a Microsoft Excel Worksheet
file (xIsx format). To adapt this data for use in our Python-based WiPy-RT engine, we
employed the Pandas library, a data processing tool in Python, to import the Excel data.
Following the import, we utilized the VTK library to convert the imported data into an
STL format, which is compatible with our simulation environment.

By utilizing this benchmark, we aim to provide a fair and meaningful comparison of
WiPy-RT’s performance against a state-of-the-art ray tracing engine. The KAIST map
offers a rich urban landscape with various building heights, and shapes, allowing us
to evaluate WiPy-RT’s accuracy and efficiency in modeling complex electromagnetic
propagation scenarios. This comparison will help demonstrate the strengths and poten-
tial areas for improvement in WiPy-RT, particularly in the context of modeling advanced
wireless communication systems, including those incorporating RIS.

To evaluate WiPy-RT’s performance, we set up a ray tracing scenario using the KAIST
map. A TX was positioned at a fixed location in close proximity to a building. Regarding
the material properties of the environment, the buildings’ material was set to concrete,
a common construction material in urban environments. To account for terrestrial
reflections, we implemented a loss of 6 dB. As for the RT configuration, We allowed

for up to 6 ray reflections, enabling the modeling of complex multi-path propagation
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through the urban landscape. Additionally, we included 1 ray diffraction to account for
the bending of waves around obstacles, modeling propagation around building edges.
Furthermore, we incorporated 1 ray reflection-diffraction, which accounts for rays that
are reflected first and then diffracted from an edge. Finally, RT was performed using
200,000 rays at the TX’s location. The antennas used for propagation is considered as
omnidirectional antennas. The signal power distribution is calculated on a surface 1

meter above the ground covering the whole map.
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Figure 5.17: Distribution of signal power of(a) diffracted rays, (b) reflected rays
simulated by WiPy-RT.

Figure [5.17]illustrates the distribution of signal power for both diffracted and reflected
rays simulated by WiPy-RT. The simulation results are visualized on a surface positioned
1 meter above the ground, providing a view of signal propagation across the urban
environment.

Figure [5.17] (a) depicts the power distribution of diffracted rays, while Figure[5.17] (b)
shows the power distribution of reflected rays. The color scale, ranging from dark blue

to yellow, represents signal strength in dB, with yellow indicating stronger signals and
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dark blue representing weaker signals.

These simulations were conducted using a high-performance computer equipped with
an Intel(R) Xeon(R) W-2265 CPU featuring 24 processing cores, 128 GB of memory,
and an NVIDIA GeForce RTX 3080 graphics card. The computational efficiency of
WiPy-RT is evident in the simulation times: diffraction calculations were completed in
0.5 seconds, while reflection calculations took only 0.2 seconds. This rapid processing
time, combined with the detailed visualization of signal propagation, demonstrates
WiPy-RT’s capability to efficiently model complex electromagnetic interactions in
urban environments. The clear distinction between diffracted and reflected ray patterns
provides valuable insights into the propagation characteristics of wireless signals in this

scenario.

Total power (dB)
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Figure 5.18: Distribution of total signal power simulated by (a) WiPy-RT and (b)
WiThRay.

Figure[5.18|presents a comparative visualization of the total signal power distribution
simulated by WiPy-RT and WiThRay. The total signal power encompasses both re-
flected and diffracted rays, providing a view of the electromagnetic propagation in the

urban environment.
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Figure (a) displays the results from WiPy-RT, while Figure (b) shows the
simulation output from WiThRay. A striking difference between the two simulations
is the computational efficiency. WiPy-RT completed the entire simulation in just 0.7
seconds, which is the sum of the diffraction and reflection calculation times mentioned
earlier. In contrast, WiThRay required 15 minutes and 14 seconds to complete the same
simulation, highlighting the significant performance advantage of WiPy-RT.
Moreover, the power distribution simulated by WiPy-RT exhibits a higher level of detail
compared to WiThRay. This is evident in the more nuanced variations in signal strength
across the map in Figure (a). The WiPy-RT simulation captures finer gradations
in signal power, particularly in areas around buildings and in open spaces, potentially
offering a more accurate representation of real-world signal propagation.

This comparison not only demonstrates the computational efficiency of WiPy-RT but
also suggests its capability to produce more detailed and potentially more accurate
simulations of complex urban electromagnetic environments. The higher resolution in
power distribution could be particularly valuable for precise planning and optimization
of wireless networks, especially in scenarios involving RIS

Here, we present WiPy-RT’s simulation results for an RIS-assisted SISO communication
scenario. Figure depicts the map layout, with TX, RIS, and RX locations marked
by green, blue, and red circles, respectively. The configuration lacks a LOS path
between TX and RX, while the RIS maintains visibility to both transceivers. Three RIS
configurations were considered: 10x 10, 30x30, and 7070 unit cells that are installed
on the building’s wall shown in Figure The communication system operates at
5.8 GHz, with RIS unit cell spacing set to A/2. The primary objective was to maximize
signal power at the RX by optimizing the RIS phase distribution.

For the WiPy-RT engine simulation, 1,000,000 rays were emitted from the TX, and
an equal number from the RIS’s center. Figure [5.20)] illustrates the optimized RIS

phase distribution and its corresponding signal power distribution. For clarity, only the
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Figure 5.19: Map layout of the RIS-assisted SISO communication scenario. The TX
(green circle), RIS (blue circle), and RX (red circle) positions are shown.
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signal power associated with the RIS has been plotted. This visualization allows for
a focused examination of the RIS’s impact on signal propagation and strength in the
given environment.

Figure displays the RIS reflection signal power distribution in the map for op-
timized RIS phase configurations. The figure presents results for three different RIS
sizes with varying numbers of unit cells. On the right side of the figure, the optimized
RIS phase distributions for maximum signal power at the RX are shown, while the left
side illustrates the corresponding signal power distribution on the map. The results
demonstrate a significant increase in signal power at the RX, ranging from -83 dBm for
the 10x 10 RIS to -47 dBm for the 7070 RIS. This substantial improvement clearly
indicates the effectiveness of the RIS in enhancing signal strength within the system.
The simulation results suggest that for an RIS structure to be highly effective, a large
number of unit cells is required. This observation underscores the importance of RIS
size in achieving significant performance gains in wireless communication systems.
To further validate our RIS channel modeling approach, we analyzed both the temporal
and frequency domain characteristics of the simulated channel. Figure presents the
power delay profile of the RIS-assisted SISO system, clearly distinguishing between
direct TX-RX paths (blue) and RIS-reflected paths (red). The direct paths exhibit
lower power levels (around -100 to -135 dB) compared to the RIS-reflected paths
(approximately -80 dB), demonstrating the significant power enhancement achieved
through the RIS. The temporal distribution of multipath components reveals that RIS-
reflected signals arrive with delays between 0.95 and 1.35 microseconds, creating a
distinct cluster of strong multipath components. Figure |5.22|illustrates the dramatic
improvement in channel frequency response when using an optimized 70 x 70 RIS
compared to the system without RIS. The RIS-assisted channel (solid red line) shows a
gain improvement of approximately 30 dB across the entire 2.5 GHz frequency band

compared to the non-RIS channel (dashed black line). The frequency-selective nature
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Figure 5.20: RIS reflection signal power distributions and corresponding optimized
phase configurations (subsets) for (a) 10x 10, (b) 30x30, and (c) 70x70 RIS structures.
(d) Depicts RIS reflection signal power distribution for a 7070 RIS with all unit cells
being switched off.
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Figure 5.21: Power delay profile of direct (Tx-Rx) rays and RIS-reflected rays for the
RIS-assisted SISO system.
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of the channel is evident in both cases, but the RIS significantly enhances the overall

channel gain while maintaining a similar frequency-selective pattern.

5.3 Summary

This chapter has explored ray tracing-based propagation modeling for RIS-assisted
wireless systems, highlighting the development and application of two significant
simulation frameworks: a MATLAB-based model and the more advanced WiPy-RT
simulator.

The MATLAB-based framework introduced an innovative approach to modeling RIS-
assisted indoor communication, combining accurate ray tracing techniques with an
efficient approximation method. This model demonstrated the ability to significantly
reduce computational time while maintaining high accuracy in predicting channel
characteristics. The framework’s capability to handle complex indoor environments
and its flexibility in modeling various RIS configurations make it a valuable tool for
researchers and engineers in the field of RIS-enhanced wireless communications.
Building upon this foundation, the chapter introduced WiPy-RT, a high-performance,
Python-based ray tracing simulator specifically designed for RIS-enabled wireless
environments. WiPy-RT addresses the limitations of MATLAB-based solutions by
leveraging the power of open-source libraries and GPU acceleration. WiPy-RT has the
ability to handle complex 3D environments, model large-scale RIS arrays, and simulate
various wireless propagation phenomena with high accuracy and speed.

Key innovations of WiPy-RT, such as its intelligent ray launching strategy using Gaus-
sian Kernel Density Estimation (KDE), demonstrate the simulator’s performance in
balancing computational efficiency with accuracy. The benchmark comparison with
the WiThRay engine further validated WiPy-RT’s superior performance, showcasing

its ability to produce more detailed simulations in a fraction of the time required by
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existing solutions.
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Chapter 6

Conclusion and Recommendations for

Future Work

6.1 Conclusion

This thesis provided a thorough investigation into RISs and their role in enhancing next-
generation wireless communication systems. As we move towards 6G and beyond, RIS
technology offers a promising approach to address the growing demands for improved
capacity, coverage, and connectivity in wireless networks.

Our research made several contributions to the field of RIS-assisted wireless communic-
ations. We began with a comprehensive literature review, establishing a solid foundation
in RIS structures, optimization techniques, and RT-based propagation modeling. Build-
ing on this, we developed a new dual-polarized RIS unit cell operating at 5.2 GHz,
advancing the hardware aspect of RIS technology. We then explored RIS optimization,
proposing an efficient method for space-time-coding RIS structures and utilizing genetic
algorithms to optimize phase distribution for improved transmission power.

A significant focus of this work was on accurately modeling RIS-assisted wireless

propagation. We introduced a new approximation method for RT-based simulations,
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improving simulation efficiency. Additionally, we developed WiPy-RT, a Python-based
simulation platform, providing researchers with a useful tool for studying RIS-enhanced
wireless environments.

By examining RIS technology from hardware design, system optimization, and propaga-
tion modeling perspectives, this thesis offers a comprehensive view of the field’s
challenges and opportunities. Our findings and contributions provide a foundation
for future research in RIS-assisted systems, exploring the technology’s potential in
enhancing wireless connectivity, capacity, and coverage.

As the field progresses towards practical implementations and standardization, the meth-
ods, tools, and insights presented in this thesis will serve as resources for researchers and
engineers working on future wireless communication systems. Future work may build
upon these contributions to refine RIS designs, develop more advanced optimization
algorithms, and create more accurate and efficient propagation models.

This thesis has advanced our understanding and capabilities in RIS-assisted wireless
communications, contributing to the ongoing efforts to develop effective RIS-enhanced

wireless networks for next-generation communication systems.

6.2 Recommendations for Future Work

6.2.1 Limitations

Even though this thesis has made several contributions to the field of RIS-assisted

wireless communications, the work involves certain limitations as well, which are:

1. The operating frequency mismatch of the RIS between TE and TM illumination

polarizations, which stems from fabrication errors in the RIS unit cell design.

2. Speed restrictions in the voltage change rate for the control circuit board, which

arise from code efficiency issues in signal transactions between the computer and
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FPGA, FPGA and control board, and DAC configuration settings.

3. The WiPy-RT simulation platform developed in this work does not currently
have the capability to simulate MIMO-RIS-assisted communications, limiting its

applicability to more complex RIS-assisted scenarios.

6.2.2 Future works

Future work in the field of RIS and RIS-assisted communication can be pursued in

various areas. Some potential directions for future research include:

1. Improving the bandwidth of RIS structures by designing wide-band dual-polarized
RIS unit cells, which would enhance the versatility of RIS technology across a

broader range of frequencies.

2. Focusing on the miniaturization of RIS unit cells to design more compact struc-

tures, potentially leading to more efficient and cost-effective RIS implementations.

3. Exploring RIS structures with different geometries beyond planar configurations,
such as curved or conformal designs, to adapt to various deployment scenarios

and improve performance in complex environments.

4. Developing faster control boards to enhance the real-time reconfigurability of
RIS structures, allowing for more dynamic and responsive RIS-assisted commu-

nication systems.

5. Investigating the potential of RIS technology in backscatter communications
for data transmission, which could lead to novel low-power communication

paradigms with enhanced capacity in data transmission.

6. Applying RIS technology to radar systems to enhance detection capabilities,

potentially improving the accuracy and range of radar applications.
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7. Extending the propagation modeling of RIS-assisted communications to include
MIMO scenarios, providing a more comprehensive understanding of RIS per-

formance in advanced wireless systems.

These future research directions aim to address current limitations and expand the
capabilities of RIS technology, potentially leading to more efficient, versatile, and

powerful RIS-assisted communication systems.
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