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Abstract

The demand for ultra-fast data rates, low latency, and seamless con-
nectivity is driving the development of 6G networks, which aim to
overcome the limitations of 5G by leveraging higher frequency bands,
including millimeter wave (mm-Wave) and terahertz (THz) spectra.
However, these high-frequency bands present significant challenges,
such as severe path loss and blockage sensitivity, which hinder reli-
able communication. Reconfigurable Intelligent Surfaces (RIS) have
emerged as a promising solution to enhance signal propagation, spec-
tral efficiency, and energy consumption by dynamically controlling

electromagnetic waves.

This study explores the design and simulation of RIS for 6G and
mm-Wave frequencies, focusing on a 2-bit tunable unit cell employing
varactor diodes to achieve flexible beam reflection. Using CST Studio
Suite, a detailed electromagnetic analysis is conducted, leading to the
development of a 32x32 RIS array. Various linear coding schemes are
implemented to evaluate their impact on beam steering and reflection
angles. Simulation results demonstrate that the proposed RIS design
effectively enhances signal strength and coverage, maintaining con-
sistent performance across different incidence angles. The findings
validate RIS as a key enabling technology for next-generation wireless
communication systems, offering improved energy efficiency, spectral

utilization, and connectivity.

KEYWORDS: 6G, RIS, Unit Cell, Varactor, Beam Steering, Metasur-
faces, CST Studio Suite, Electromagnetic Simulation, Wireless Com-

munication, Terahertz Communication.
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CHAPTER 1

INTRODUCTION

“Take the first step in faith.
You don’t have to see the whole staircase,
just take the first step”

— Martin Luther King, 1963.

1.1. Contextand Motivation . ... ... ... ... ... ... .......
1.2. RIS: A Key to Future Networks . . . ... .................
1.3. Objectives . . . ... ... ..
14. Methodology . .. ... ... .. ... .. ... ...

g1 = W =

1.1. Context and Motivation

The sixth generation of wireless communication (6G) aims to address the limitations
of 5G by advancing connectivity, speed, and efficiency. As discussed in the Appendix
A, 6G envisions a hyper-connected society, pushing the boundaries of communica-
tion technologies and extending coverage to air, sea, and space. This expansion is
not only driven by the exponential growth in users but also by the increasing de-

mands of emerging applications such as immersive virtual reality, telemedicine, and
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autonomous systems. These applications require unprecedented bandwidth and

-

network flexibility to function seamlessly.

Figure 1.1.: 6G Logo

To realize these ambitious goals, 6G leverages higher frequency bands, building
upon the millimeter wave (mmWave) spectrum used in 5G. While mmWave has been
instrumental in expanding 5G capabilities, 6G research is pushing toward even higher
frequencies in the terahertz (THz) range. This progression into the THz spectrum is
critical to achieve the massive data rates expected for 6G, with rates projected to reach
up to 1 Tbps [19]. However, this advancement introduces significant challenges, such
as signal propagation issues and sensitivity to physical obstructions.

Reconfigurable Intelligent Surfaces (RIS) have emerged as a promising solution
to these challenges. RIS technologies enable new ways to manipulate the wireless
environment, improving signal directionality and spectral efficiency, which is particu-
larly valuable in high-frequency bands like mmWave and THz. These surfaces can
potentially overcome the limitations associated with signal interference and physical
obstacles, facilitating ultra-fast and reliable connectivity in complex, high-demand
scenarios. Thus, optimizing RIS technologies for 6G networks becomes crucial in

ensuring seamless communication in a hyper-connected world.

The technical groundwork for 6G is already underway, with major research initia-
tives focusing on advanced spectrum usage, intelligent networking, and the integration
of Al-driven functions for real-time network optimization. International bodies such as
the International Telecommunication Union (ITU) and the 3rd Generation Partnership
Project (3GPP), as illustrated in Fig. 1.2, are working on developing standards and
requirements under the designation IMT-2030, with the goal of deploying 6G networks
by 2030 [5]. These technologies, including the mmWave and THz spectrum, visible
light communication (VLC), and RIS, along with Al-based control mechanisms, are the

=) UNIVERSIDAD DE VALLADOLID




1.2. RIS: A Key to Future Networks 3

key enablers for realizing the vision of 6G and providing a highly efficient, adaptive,

and resilient global communication network.

Figure 1.2.: Relationship between ITU and 3GPP

1.2. RIS: A Key to Future Networks

Reconfigurable Intelligent Surfaces (RIS) represent a transformative solution for 6G
wireless networks, addressing both capacity and propagation challenges by reconfig-
uring the wireless environment. A RIS is a two-dimensional surface embedded with
programmable elements that can control electromagnetic (EM) waves through phase
shifts and amplitude modifications. Unlike traditional antenna arrays or active relays,
RIS can operate passively, relying on external signals to achieve beamforming and

signal redirection with minimal power consumption [10].

RIS plays a crucial role in the mm-Wave and terahertz (THz) bands, frequencies
integral to 6G but highly susceptible to blockage and path loss. By reflecting signals
in optimized directions, RIS can establish virtual line-of-sight (LoS) links even in
environments where physical obstructions limit direct paths between users and base
stations, as shown in Fig. 1.3. RIS improves spectral efficiency, compensating for the
severe attenuation associated with high frequencies. They can be deployed on various
surfaces, such as building facades, walls, and even vehicles, providing adaptable
coverage and enhancing the connectivity of devices in challenging urban and indoor

environments.

The growing interest in RIS technology is evident from the increasing number of
published papers in recent years, each contributing new insights and innovations.
For instance, reconfigurable transmitarrays have been extensively studied, such as a
wideband 400-element electronically reconfigurable design for X-band applications

2/ UNIVERSIDAD DE VALLADOLID
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Reconfigurable intelligent surface (RIS)
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Figure 1.3.: [llustration of RIS improving signal redirection and enabling virtual line-of-sight
in 6G networks.

[4] and a near-field coupled transmitarray for efficient 2D beam steering [12]. Further
advancements include electronically steerable transmitarrays at Ka-band [23] and
studies on UAV-mounted absorbing metasurfaces, exploring their mobility effects
[20]. Additionally, research on software-defined metasurfaces integrated with machine
learning techniques [18] and frequency reconfigurable polarization converters based
on active metasurfaces [7] highlights the diversity of RIS applications. These studies
reflect the broad potential of RIS, from enhancing beam steering capabilities to enabling
intelligent wireless environments. The integration of RIS with other emerging 6G
technologies, such as machine learning (ML) and intelligent network management,
enables dynamic adaptation to changing user needs and environmental conditions.
For instance, ML algorithms can optimize RIS configurations in real time to adjust to
fluctuations in wireless channels or user mobility. This adaptability makes RIS a key
enabler of smart, energy-efficient and high-capacity 6G networks.

Finally, commercial solutions, such as the XRifle Dynamic RIS for 5G coverage [17],
demonstrate the real-world potential of RIS for enhancing signal propagation and
coverage in both FR1 and FR2 frequency ranges, further showcasing RIS’s promise in

next—generation networks.

1.3. Objectives

The main objective of this thesis is to explore the potential of Reconfigurable Intelligent

Surfaces (RIS) for next-generation wireless communication systems, particularly in

) UNIVERSIDAD DE VALLADOLID




1.4. Methodology 5

6G and mm-Wave applications and to implement a reflectarray with beam steering
capability, leveraging these advancements to optimize wireless communication. To
achieve this, the study is structured around the following specific objectives:

¢ Introduction to RIS Technology: Present the fundamental concepts of Reconfig-
urable Intelligent Surfaces, including their operating principles, key components,

and relevance in modern wireless networks.

¢ Understanding the Implementation Workflow: Examine the standard design
and implementation workflow for RIS systems, analyzing existing implementa-

tions to gain insight into their operation and performance.

* Design and Development of a New RIS Implementation: Propose a RIS unit
cell and array configuration tailored for beam steering and beam redirection,
ensuring practical feasibility and efficiency.

¢ Electromagnetic Simulation: Simulate the proposed RIS design using CST Studio
Suite to evaluate its electromagnetic performance, including key parameters such
as reflection coefficient (5S11) and Radar Cross Section (RCS).

* Analysis of Simulation Results: Assess the effectiveness of the RIS designed by

interpreting the simulation data.

¢ Exploring Potential Applications and Practical Implementation: Discuss the
possible real-world applications of the designed RIS, highlighting its potential

impact on wireless networks.

1.4. Methodology

To achieve the proposed objectives, the following methodology is followed:

1. Literature Review: Conduct an in-depth review of existing RIS technologies, in-
cluding their theoretical foundations, implementation strategies, and applications

in wireless networks.

2. Conceptual Design: Define the key parameters and structural configuration
of the RIS, selecting the most suitable materials and components for efficient

performance.

«©) UNIVERSIDAD DE VALLADOLID
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3. Simulation and Modeling: Implement the RIS design in CST Studio Suite, per-
forming electromagnetic simulations to assess its behavior under various condi-

tions.

4. Analysis and Validation: Evaluate simulation results by analyzing performance
metrics such as reflection coefficients and beam steering capabilities.

5. Conclusions and Future Work: Summarize key findings, highlight the contribu-
tions of this study, and suggest possible future improvements or extensions of
the work.

UNIVERSIDAD DE VALLADOLID



CHAPTER 2

THEORETICAL FUNDAMENTALS

“The whole world steps aside
for the man who knows where he is going.”
— Antoine de Saint-Exupéry - The Little Prince, 1943.
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8 Chapter 2. Theoretical Fundamentals

2.1. Terahertz communications

Terahertz (THz) communications are emerging as a crucial technology for 6G and
future wireless networks, offering the potential to handle exponentially growing data
demands with data rates reaching terabits per second. Operating in the THz band
(0.1-10 THz), these frequencies provide vast, underutilized bandwidths that could
alleviate spectrum scarcity and support data-intensive applications such as ultra-fast
backhaul links [9] [25]. However, realizing THz communications in practical settings
entails overcoming unique propagation challenges that differ from those encountered
in sub-6 GHz and millimeter-wave (mmWave) bands.

2.1.1. Propagation Characteristics and Challenges

1. High Path Loss: In the THz band, signal propagation is highly susceptible to path
loss. Free Space Path Loss (FSPL) is the inevitable attenuation experienced by a
wave propagating in free space between two isotropic antennas. It is described

by the Friis transmission formula given by:

pt)Lz o PtAetAer

B) = G = — a2

2.1.1)

where A is the wavelength, d is the distance the wave will travel, I is the transmit
power, and A¢t and Aer represent the effective areas of the transmitting and
receiving antennas, respectively. Based on Eq. 2.1.1, Fig. 2.1 shows the FSPL for a
link for three different separation distances up to 3 THz.

The severe path loss in THz bands often necessitates line-of-sight (LoS) connec-

tions, as even minor obstacles can significantly attenuate signals [9].

2. Blockage Sensitivity: Due to the extremely short wavelength of THz waves (in
the millimeter to sub-millimeter range), THz signals are particularly sensitive
to blockages. Physical objects, including small particles, can act as obstructions,
effectively blocking or scattering the signal. This characteristic not only compli-
cates indoor and urban deployment but also requires careful planning of antenna
placement and beamforming strategies to ensure robust connectivity [25].

«©) UNIVERSIDAD DE VALLADOLID
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Figure 2.1.: Free space path loss for the frequency range 1-3,000 GHz with unity gain Tx and
Rx antennas.

3. Molecular Absorption: Molecular absorption further limits the signal range in
the THz band, as energy is absorbed by atmospheric molecules, particularly water
vapor. This leads to frequency-dependent losses, creating distinctive "transmis-
sion windows" where signal attenuation is minimized and "absorption peaks"

where attenuation is maximized, as shown in Fig 2.2.
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Figure 2.2.: Atmospheric attenuation in free space for the range 1-3,000 GHz.
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4. Channel Sparsity and Multipath Effects: The propagation environment at THz
frequencies is characterized by sparse multipath channels, where only a limited
number of paths carry significant energy due to high reflection and scattering
losses in non-line-of-sight (NLoS) conditions. This sparsity, combined with the
strong directive nature of THz antennas, presents a challenge for traditional
multiple-input multiple-output (MIMO) systems, which rely on multiple paths for
spatial multiplexing gains. To address these issues, advanced channel modeling
and antenna design, including ultra-massive MIMO (UM-MIMO), are required

to maximize both data rates and coverage [9] [25].

2.1.2. Techniques for Overcoming Propagation Challenges

To mitigate these propagation challenges, several approaches are being explored in
the THz communications field:

1. Spectrum Management and Adaptive Transmission: Adaptive spectrum man-
agement techniques that exploit "transmission windows" in the THz band allow
for dynamic spectrum allocation based on environmental conditions. Distance-
aware multi-carrier (DAMC) schemes, for example, use spectral regions within
transmission windows for longer distances while avoiding high-absorption fre-
quencies, optimizing bandwidth usage for multi-user scenarios. Additionally,
techniques like temporal broadening of signals within absorption peaks can be
leveraged for secure communications, as the rapid attenuation with distance can

help limit eavesdropping range [25].

2. Advanced Beamforming and Antenna Arrays: Highly directional beamforming
through hybrid beamforming architectures (HBAs) and ultra-massive MIMO
arrays can help combat high path loss and focus THz energy along narrow paths,
improving signal strength and reducing interference. Graphene-based nano-
antennas, capable of supporting THz frequencies, offer promise for efficient,
compact antenna arrays. These approaches provide robust connectivity and

compensate for propagation losses [9].

3. Multi-Connectivity and Reconfigurable Intelligent Surfaces (RIS): Multi-connectivity
(MC) strategies allow devices to simultaneously connect to multiple access points
(APs), increasing reliability in environments prone to blockages. Reconfigurable
intelligent surfaces (RIS), which dynamically adjust the phase of reflected signals,

«©) UNIVERSIDAD DE VALLADOLID
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can create virtual line-of-sight (LoS) paths, overcoming obstacles and extending
coverage. Together, MC and RIS technologies aim to create resilient and flexible
THz communication systems by compensating for the line-of-sight requirements
and high sensitivity to blockages [25].

2.2. Reconfigurable Intelligent Surfaces

Reconfigurable Intelligent Surfaces (RIS) are emerging as a transformative technology
in wireless communications, especially in the context of 6G networks. These surfaces
manipulate electromagnetic (EM) waves to overcome propagation challenges and
improve the efficiency of wireless systems. By dynamically altering the behavior of
EM waves in terms of phase, amplitude, and polarization, RIS enables a more adaptive,

intelligent, and energy-efficient wireless environment.

* Metasurfaces: At the heart of RIS are metasurfaces—engineered two-dimensional
structures composed of subwavelength unit cells that interact with incident EM
waves in a programmable manner. These metasurfaces serve as the physical plat-
form for RIS functionality, enabling the redirection, focusing, and manipulation
of EM waves without requiring active transmission. Each metasurface consists
of an array of unit cells designed to exhibit unique electromagnetic properties,

which collectively shape the wavefront in desired patterns.

¢ Unit Cells: Unit cells are the fundamental building blocks of RIS metasurfaces.
They are subwavelength-sized elements that control the local response of the
metasurface to incident EM waves. By tuning the unit cells, RIS can modify the

wavefront in terms of:

1. Phase: Controlling the phase of the reflected or transmitted wave enables

precise beam steering or focusing.

2. Amplitude: Adjusting the amplitude can enhance or suppress certain signals,

aiding in interference management.

3. Polarization: Changing the polarization of waves can optimize signal propa-

gation for specific scenarios.

The behavior of unit cells is often programmable, allowing RIS to dynamically

adapt to changes in the wireless environment.

«©) UNIVERSIDAD DE VALLADOLID
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¢ Electronic Components: The programmability of RIS is achieved through elec-
tronic components embedded within or connected to the unit cells. These compo-

nents enable real-time reconfiguration of the surface properties:

1. Varactors: Voltage-controlled capacitors that alter the phase and amplitude
of reflected waves [1].

2. PIN Diodes: Semiconductor switches used to control the state of unit cells,

enabling rapid reconfiguration of metasurface properties [8].

3. Microelectromechanical Systems (MEMS): Miniature mechanical devices that
provide high precision and energy efficiency for tuning unit cells [13].

These components are selected based on application requirements such as speed,

power consumption, and operational frequency range.

¢ Control Systems: To orchestrate the dynamic behavior of RIS, advanced control

systems are employed:

1. Microcontroller Units (MCUs): Lightweight processors responsible for basic
control and management of RIS operations, particularly in static or low-
complexity scenarios.

2. Field-Programmable Gate Arrays (FPGAs): High-performance programmable
hardware used for real-time, complex control of RIS in dynamic environ-
ments. FPGAs are particularly advantageous in handling the low-latency,
high-throughput demands of 6G networks.

These control systems interface with the electronic components of the unit cells,
executing algorithms that optimize the RIS configuration based on network

conditions, user locations, and channel characteristics.

¢ Interaction with EM Waves: RIS functionality is fundamentally based on the
interaction between its metasurfaces and incident EM waves. By leveraging the
programmability of unit cells, RIS can achieve:

1. Beamforming: Directing signal energy toward specific users or regions, maxi-
mizing signal strength and reducing interference.

2. Beam Steering: Dynamically redirecting signals to maintain connectivity with
moving users or mitigate blockages.

«©) UNIVERSIDAD DE VALLADOLID



2.2. Reconfigurable Intelligent Surfaces 13

PIN-diode

Layer 3:
Bias Network

Layer 2:
Groundplane

Layer 1:
Metallic Patch

Figure 2.3.: Example of PIN-diode based Unit Cell and RIS Array Configuration controlled by
FPGA

3. Polarization Control: Optimizing signal propagation by adjusting wave
polarization, particularly in challenging environments.

4. Absorption Control: RIS can also manage absorption of electromagnetic
waves. By configuring unit cells to dissipate energy instead of reflecting it, RIS
can reduce unwanted signal propagation. This functionality is particularly
useful for applications requiring enhanced security, such as UAV-mounted
RIS systems, where controlled absorption minimizes signal leakage and

interference [2].

These capabilities make RIS a powerful tool for enhancing coverage, spectral

efficiency, and energy efficiency in 6G networks.

¢ Integration with 6G Networks: The integration of RIS into 6G networks rep-
resents a paradigm shift in wireless communication. RIS can be deployed on
various surfaces, such as building facades, walls, and vehicles, transforming pas-
sive structures into active components of the communication infrastructure. This
integration is further enhanced by the use of machine learning and intelligent
network management systems, which optimize RIS configurations in real-time to

adapt to environmental changes and user demands.

By addressing key challenges in high-frequency bands like terahertz and millime-
ter waves, RIS is set to play a critical role in achieving the seamless, ultra-fast,
and energy-efficient connectivity envisioned for 6G.

UNIVERSIDAD DE VALLADOLID



14 Chapter 2. Theoretical Fundamentals

2.3. Beam Scanning and Beam steering

Beam scanning and beam steering are fundamental techniques in advanced wireless
communication systems, particularly in the context of Reconfigurable Intelligent
Surfaces (RIS) and 6G networks. These methods enhance signal coverage, improve
link reliability, and increase data throughput by dynamically adjusting the direction
and focus of transmitted or received beams.

2.3.1. Beam Scanning

Beam scanning involves systematically varying the beam’s direction to cover a wide

angular range. This technique is especially useful for:
¢ Rapidly searching for users or targets within a given area.

¢ Facilitating initial access procedures where the base station scans multiple direc-

tions to detect user equipment.

¢ Addressing scenarios with uncertain or dynamic channel conditions, where the

optimal beam direction is not predetermined.

Figure 2.4 illustrates the concept of beam scanning by showing how the beam
sweeps through different angles to cover a broad area.

Figure 2.4.: Conceptual illustration of beam scanning in a wireless communication system.

UNIVERSIDAD DE VALLADOLID
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2.3.2. Beam Steering

Beam steering, in contrast, refers to the dynamic adjustment of the beam direction to
focus on a specific target or user. Unlike beam scanning, which covers a wide area,
beam steering is used to maintain a strong, directed beam based on real-time channel
conditions. Its key benefits include:

¢ Enhancing signal strength and reducing interference by focusing energy towards
the intended user.

¢ Maintaining robust communication links in mobile environments by continuously
adapting the beam direction as users move.

¢ Improving spectral efficiency by enabling spatial reuse of the spectrum.

Figure 2.5 shows a typical beam steering scenario, where an antenna array adjusts
its phase distribution to direct the beam toward a target user.

Beams for
particular mobiles

bl

Antenna

Figure 2.5.: [llustration of beam steering using an antenna array to focus the beam on a specific
target.

Both techniques are critical in overcoming propagation challenges, especially at
higher frequencies such as millimeter-wave and terahertz bands, where highly di-
rectional beams are necessary to combat severe path loss and interference. Their
integration into RIS technology facilitates real-time adaptation of the wireless environ-
ment, significantly improving network performance.

=) UNIVERSIDAD DE VALLADOLID
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2.4. Varactor

A varactor is a critical component in the reconfiguration of the RIS that is designed in
the next chapters of this project. It is a voltage-controlled capacitor whose capacitance
varies with the applied bias voltage. This property makes the varactor ideal for tuning
the electromagnetic response of the RIS unit cells, enabling dynamic control over the
phase and amplitude of the reflected signals. The operation principle of the varactor
is based on the variation of the depletion region in a semiconductor junction under
different bias voltages. As the bias voltage changes, the effective capacitance of the
varactor changes accordingly. This variation allows the RIS to adjust the phase shift of
the reflected wave [26].

Figure 2.6 shows a typical schematic of a varactor diode, illustrating its internal
structure and Figure 2.7 shows the typical voltage-dependent capacitance variation.
This fundamental behavior is exploited when the varactor is integrated into a RIS unit

cell.

T+ Vg Depletion
e Region

n=well

p—substrate

Figure 2.6.: Schematic diagram of a varactor diode illustrating its voltage-dependent capaci-
tance.

The rapid reconfiguration capabilities provided by varactors are crucial for high-
frequency applications, such as those anticipated in 6G networks, where efficient
control over electromagnetic wave propagation is required to mitigate path loss and
interference. Moreover, their low power consumption compared to other active com-

ponents makes varactors a favorable choice for energy-efficient designs.
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Figure 2.7.: Typical voltage-dependent capacitance variation of a varactor.
2.5. Performance Parameters: S;; and RCS

To evaluate the performance of the unit cell and the overall Reconfigurable Intelligent
Surface (RIS), the main parameters that are going to be analyzed are the reflection
coefficient (511) and the Radar Cross Section (RCS). These parameters provide critical
information on the reflection behavior and scattering characteristics of the unit cell,
which are essential for assessing its effectiveness in beam scanning and beam steering

applications.

2.5.1. Reflection Coefficient (S11)

The reflection coefficient, denoted as S;1, represents the ratio of the reflected power
to the incident power at the input port of the unit cell. It is expressed in terms of

magnitude and phase, and it provides insight into:

* Reflection Amplitude: Indicates the amount of power reflected by the unit cell,
influencing the efficiency of the RIS.

¢ Phase Response: Determines the phase shift introduced by the unit cell, which is

critical for controlling the wavefront.

2.5.2. Radar Cross Section (RCS)

Radar Cross Section (RCS) is a measure of the scattering properties of an object when
illuminated by an electromagnetic wave. For RIS applications, analyzing the RCS is

essential to understand:

«©) UNIVERSIDAD DE VALLADOLID



18 Chapter 2. Theoretical Fundamentals

* Scattering Pattern: Indicates how the incident wave is scattered by the RIS.

* Monostatic and Bistatic RCS: These metrics provide information about the
scattered power in the direction of the incident wave (monostatic) and in other

directions (bistatic).

2.6. Floquet Boundaries

Floquet boundaries are essential in the analysis and design of periodic structures such
as RIS unit cells. They impose periodic boundary conditions that simulate an infinite
array, allowing for an accurate evaluation of the electromagnetic behavior of a single
cell while accounting for its interactions with neighboring cells. This approach helps

to determine:

* Resonance Frequencies: The periodic conditions influence the resonance fre-

quencies of the unit cell.

* Scattering Behavior: The overall scattering parameters are affected, as the bound-
aries define the interaction between the incident wave and the periodic structure.

Radiation Box
—

FSS Loaded with

FR-4 Substrate :
< N lumped resistors

Air-spacer—s

Ground plane

Figure 2.8.: Schematic illustration of Floquet boundaries applied to a unit cell. The periodic
boundary conditions enable the simulation of an infinite array. From "A novel
modified circular ring-based broadband polarization-insensitive angular stable
circuit analog absorber (CAA) for RCS applications" [3]
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CHAPTER 3

DESIGNS AND PRACTICAL
IMPLEMENTATIONS OF RIS

“Stay Hungry,
Stay Foolish.”
— Steve Jobs, 2005.

3.1. Design and Analysis of a 1-Bit RIS Unit Cell with Mechanical Reconfig-
urationat28GHz . . . .. .. ... 20

3.2. A New 1 Bit Electronically Reconfigurable Transmitarray . . .. .. .. 22

In this section, we will examine the operation of specific examples of Reconfig-
urable Intelligent Surface (RIS) antennas to better understand their functionality and
application in modern wireless communication systems. Instead of discussing the
general design principles, we will focus on how these particular RIS antennas work
in practice, analyzing their key features, operational mechanisms, and how they con-
tribute to enhancing communication performance. Through concrete examples, we
aim to provide a detailed exploration of RIS technology in action, shedding light on its
potential and real-world effectiveness.
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3.1. Design and Analysis of a 1-Bit RIS Unit Cell with
Mechanical Reconfiguration at 28 GHz

The first step in designing a reconfigurable intelligent surface (RIS) is the development
of its unit cell, which defines the overall performance and capabilities of the RIS. One
of the implementations described in the literature utilizes microelectromechanical
systems (MEMS) technology for the mechanical reconfiguration of its unit cells. In
particular, the study "Mechanical Design of a 1-Bit Reconfigurable Intelligent Surface
Unit Cell" presents a mechanically tunable RIS unit cell operating at 28 GHz, achieving

a binary phase modulation of 180° through controlled mechanical displacement [13].

The proposed unit cell consists of a metallic cylinder with a reconfigurable end
element that can be moved along the z-axis inside a cylindrical cavity. This movement
modifies the reflected wave’s phase response, enabling two discrete phase states (1-bit),
where the phase difference between them is approximately 180°.

Figure 3.1.: Two implementations of the mechanically reconfigurable RIS unit cell: (a) Conical
shape, (b) Cylindrical shape. Adapted from "Mechanical Design of a 1-Bit Recon-
tigurable Intelligent Surface Unit Cell." [13]

As shown in Figure 3.1, two different geometries for the reconfigurable element
were analyzed: a conical and a cylindrical shape. The study found that the conical
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3.1. Design and Analysis of a 1-Bit RIS Unit Cell with Mechanical Reconﬁgurati%
at 28 GHz

shape provides superior electromagnetic performance, as it extends phase stability

over a broad frequency range (25 to 31 GHz) and mitigates unwanted resonances [13].

To validate performance, simulations were conducted in CST Studio Suite, evaluat-
ing the reflection coefficient (S11) for both designs. Figure 3.2 illustrates the reflection
magnitude and phase shift between the two states of the unit cells, demonstrating the
effectiveness of the conical shape in achieving stable phase variation.

O'-——"- S E == o= 260 C : T ‘ T
—Cone
DL A240 —Cylinder P‘
%b220 —Cube '
5 4 <200 )
= —Cone m =3 mm 'EISO _______ s el
m: ¢~ -Cone m =0 mm 3160 /<
—Cylinder m =3 mm 2
gl -Cylinder m =0 mm = 140 /
"% —Cube m =3 mm
120
- -Cube m =0mm
-10° ‘ : 100 ‘ ' ‘ ‘ '
22 24 26 28 30 32 22 24 26 28 30 32
Frequency (GHz) Frequency (GHz)

Figure 3.2.: Simulated reflection coefficient (S11) of the mechanically reconfigurable RIS unit
cells. (a) Magnitude, (b) Phase shift between states. From "Mechanical Design of a
1-Bit Reconfigurable Intelligent Surface Unit Cell." [13]

For prototyping, 3D printing with stereolithography (SLA) was used for the di-
electric structure, followed by metallization using a conductive spray. A tolerance
analysis demonstrated the robustness of the design against dimensional and con-
ductivity variations. Despite deviations in the cone dimensions or the conductivity
of the metallization, the unit cell maintains adequate performance within the target
frequency band [13].

This implementation demonstrates that using MEMS for the mechanical reconfig-
uration of RIS is a viable alternative, offering good performance at millimeter-wave
frequencies and accessible fabrication through 3D printing and metallization tech-
niques.

=) UNIVERSIDAD DE VALLADOLID




22 Chapter 3. Designs and Practical Implementations of RIS

3.2. A New 1 Bit Electronically Reconfigurable

Transmitarray

Now that an example of the design of a unit cell has been discussed, we will examine
another case from the literature where a new unit cell is used to develop a complete
RIS for beam scanning that can be very useful for several systems, as was said in the
chapter 2. In a recent study, a novel 1 bit electronically reconfigurable transmitarray
that enables two-dimensional beam scanning with high gain and a low-profile design
in the C-band (4-8 GHz) was proposed. Unlike traditional phased arrays that require
complex phase-shifting networks, this design leverages a compact unit cell based on
a Fabry—Pérot (F-P) resonant cavity and integrated PIN diodes for dynamic phase
control [15].

The cornerstone of the transmitarray is its unit cell. As depicted in Figure 3.3, the
unit cell consists of two layers of F4B substrates separated by an air gap. This unit
cell uses two metallic layers with grating structures that form a Fabry-Pérot (F-P)
resonant cavity. These gratings are placed on the top and bottom layers of the unit
cell, oriented orthogonally to each other. The F-P cavity creates constructive and
destructive interferences as the wave bounces between the two gratings. The middle
layer contains a C-shaped structure with circular and two rectangular gaps, oriented at
+45° with respect to the y—axis. Two oppositely oriented PIN diodes (model SMP1340-
040LF) are loaded across the gaps so that one diode is ON while the other is OFF—thus
realizing a 180° phase shift between State 0 and State 1.

by

z |<y Incident wavgfo,

X

Transmitted wave

Figure 3.3.: Structure of the transmitarray unit cell. From "A New 1 Bit Electronically Recon-
tigurable Transmitarray" [15].
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Simulations reveal that in the 4.7-5.3 GHz range, the transmission coefficient (Sy1)
remains high with nearly identical amplitude responses and a constant 180° phase
difference between the two states. Figure 3.4 illustrates the simulated transmission

amplitude and phase responses.
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Figure 3.4.: Simulated (a) transmission (Sy1) and reflection amplitude (S11) and (b) phase
response of the unit cell, demonstrating the 180° phase difference between the two
states. From "A New 1 Bit Electronically Reconfigurable Transmitarray" [15].

Active devices such as PIN diodes require a DC biasing network. To minimize
adverse effects on the electromagnetic performance, a narrow feeding network is
integrated underneath the bottom metal grating using an additional dielectric layer
(Rogers RO4450F). Figure 3.5 shows the optimized bias network layout that supplies
with the required DC without significantly degrading the unit cell’s transmission

performance.

Once the definitive unit cell was designed, a 16 x16 transmitarray was fabricated.
The transmitarray is fed by a horn antenna and in order to achieve two-dimensional
beam scanning, phase compensation must be applied to each unit cell. This is accom-
plished by appropriately setting the phase distribution ¢;,,, which determines the
radiation direction of the beam. The phase distribution for each unit cell is calculated

using the following equation [13]:

(Pmn - _kO (‘Rmn

— 1 -an> + A¢

where:
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F4B

RO4450F
F4B

Figure 3.5.: Design of the unit cell including DC Bias Network. From "A New 1 Bit Electroni-
cally Reconfigurable Transmitarray" [15].

$mn is the required phase distribution for the (m, n) unit cell.
* ko= %\_7; is the free-space wavenumber, with Ay as the wavelength in free space.

o R, is the position vector from the phase center of the feed source to the (m, n)

unit cell.

® 7mn is the position vector from the center of the transmitarray to the (m, n) unit
cell.

® i is the direction vector of the desired transmission beam.
* A¢ is a constant representing the relative transmission phase. In this design,
A¢ = 0 is set for simplicity.

This phase distribution ensures that the signals from all unit cells are coherently
combined in the desired beam direction, enabling precise control over the main lobe

direction in both the azimuth and elevation planes.

Since the transmitarray uses 1-bit phase control, the continuous phase distribution
calculated by the above equation must be quantized into two discrete states (0 or 180

degrees). The quantization is performed using the following coding scheme:

0°, it —90° < ¢ < 90°,
(qun =
180°, otherwise,
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Here, ¢gmn is the quantized phase value applied to the (7, ) unit cell. This coding
scheme effectively reduces the continuous phase distribution into 1-bit digital states
suitable for the PIN-diode-based unit cells, facilitating dynamic beam scanning.

Once the 16 x 16 transmitarray prototype was fabricated, it was tested in an anechoic
chamber to evaluate its performance. The prototype, shown in Figure 3.6, consists
of the mentioned layers, and the necessary control circuitry for dynamic phase ad-
justment. The transmitarray is illuminated by a horn antenna positioned at a focal

distance optimized for ensuring uniform illumination across the array.

»w ’.

Figure 3.6.: Fabricated 16 x 16 transmitarray prototype and experimental setup in the anechoic
chamber. (a) Top layer. (b) Middle layer. (c) Experimental setup. From [15].

The simulated and measured radiation patterns (Figure 3.7 and Figure 3.8) confirm
that the transmitarray achieves two-dimensional beam scanning up to +45° in both
the E- and H-planes.
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Figure 3.7.: Simulated and measured E-plane radiation pattern at 5 GHz for various beam

scanning angles. From "A New 1 Bit Electronically Reconfigurable Transmitarray”
[15].
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Figure 3.8.: Simulated and measured H-plane radiation pattern at 5 GHz for various beam

scanning angles. From "A New 1 Bit Electronically Reconfigurable Transmitarray”
[15].




CHAPTER 4

RIS MODELING AND SIMULATION
USING CST STuUDIO

“We can only see a short distance ahead,

but we can see many things that need to be done.”
— Alan Turing, 1912-1954.

4.1. Introduction to the CST Studio Simulator . . . . ... ... ... ... .. 28
4.2. Unit Cell: design and simulation . . ... ... .............. 29
4.2.1. UnitCell Dimensions . . ... ... ... .. ........... 30
4.2.2. Varactor Model and Equivalent Circuit . . ... ... ... ... 30
4.2.3. Simulation Results in CST Studio . . . . . . ... ... ... ... 31
42.4. Fabrication and Simulation Process (AppendixB) . . .. .. .. 32
4.3. RIS: Simulation and discussion . . . . ... ... ... ..o 0L 32
43.1. Array Dimensions . ... ...................... 32
4.3.2. Coding Employed in the Simulations . . . ... ... ...... 33
433. Excitation . .. ... .. ... 35
434. Results . . . . .. . . . e 37




28 Chapter 4. RIS Modeling and Simulation using CST STudio

4.1. Introduction to the CST Studio Simulator

CST Studio Suite is a comprehensive electromagnetic simulation software widely used
for analyzing a broad spectrum of applications, including antenna design, electromag-
netic compatibility (EMC), and wave propagation. It integrates multiple numerical
methods, such as the Finite Integration Technique (FIT), the Finite Element Method
(FEM), and the Transmission Line Matrix (TLM) method, allowing for precise simula-
tions of complex 3D structures, lossy materials, and intricate electromagnetic environ-
ments. The software is particularly beneficial for antenna and RF design, microwave

component simulation, and electromagnetic interference (EMI) analysis [16].

Figure 4.1.: CST Studio Suite Logo

One of the key features of CST Studio Suite, crucial for this project, is its abil-
ity to simulate unit cells and then assemble them into a Reconfigurable Intelligent
Surface (RIS) array. This capability allows engineers to analyze and optimize the
electromagnetic behavior of individual unit cells before scaling up to full RIS struc-
tures. The software provides accurate simulations of the electromagnetic response of
these elements, enabling the design of advanced metasurfaces for applications such as

beamforming, signal enhancement, and wireless communications.

CST Studio is extensively used across industries such as telecommunications,
aerospace, automotive, and biomedical engineering. It enables engineers and re-
searchers to design and optimize high-frequency systems efficiently by simulating the
interaction of electromagnetic waves with conductors, dielectric materials, and intri-
cate geometries. The software supports time-domain and frequency-domain solvers,
making it suitable for applications like satellite communications, radar systems, and
high-speed electronics.

One of CST Studio’s key advantages is its intuitive graphical user interface, which
simplifies the modeling and visualization of electromagnetic phenomena. Additionally,
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4.2. Unit Cell: design and simulation 29

it offers powerful post-processing tools for analyzing field distributions, antenna
radiation patterns, and scattering parameters. The software also supports automation
and optimization features, enhancing design workflows and enabling users to achieve

optimal performance in their electromagnetic applications.

4.2. Unit Cell: design and simulation

The design of the unit cell for the reconfigurable intelligent surface (RIS) presented
in this work is based on the unit cell proposed in "A 2-bit Tunable Unit Cell for 6G
Reconfigurable Intelligent Surface Application" [22]. The original design consists of
a split-ring resonator (SRR) loaded with a varactor diode, enabling tunability in the
reflection phase response. As a starting point, the structure from [22] was adopted;
however, some modifications have been introduced in this implementation. The most
significant change is the choice of the dielectric substrate: instead of using Rogers
RO3003, this work employs FR4 as the substrate material due to its availability and
cost-effectiveness. While FR4 has a higher loss tangent compared to RO3003, it still
provides adequate performance for the intended application.

P\ Sl Gr. L *“J g
&L =5
Var b ;: "
diode - =

(a) Perspective view (b) Top view

Figure 4.2.: Geometrical design of the 2-bit tunable unit cell. From "A 2-bit Tunable Unit Cell
for 6G Reconfigurable Intelligent Surface Application” [22]
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4.2.1. Unit Cell Dimensions

The dimensions of the proposed unit cell are summarized in Table 4.1. These parame-
ters were optimized to operate around 26.5 GHz, ensuring proper phase shifting and

reflection magnitude.

Table 4.1.: Unit Cell Dimensions

Parameter Value (mm)/(deg)

Periodicity (p) 3.0
Split-ring width (Ws) 0.4
Split width (g) 0.26
Substrate thickness (t) 1.6
Outer radius of SRR (R) 1.28

Angle aq 32.25°

Angle oy 21.52°

4.2.2. Varactor Model and Equivalent Circuit

To achieve the tunability required for the RIS unit cell, this work employs the MACOM
MAVR-000120-1141 varactor diode [11]. This component provides a capacitance tuning
range suitable for achieving a 2-bit quantized phase shift with approximately 90° steps.
The equivalent circuit of the varactor is represented in Figure 4.3, where the capacitance
varies depending on the applied bias voltage. The lumped element model used in the
CST Studio simulation incorporates this values.

Rs (V) C, (V) Ls

Cparasitic

| [
I

Figure 4.3.: Equivalent circuit model of the MAVR-000120-1141 varactor diode.
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The equivalent parameters of the varactor, including series resistance and induc-
tance, are shown in Table 4.2. These values were used to model the lumped RLC
boundary in CST Studio.

Bias Voltage (V) | Series Inductance (nH) | Series Resistance (()) | Capacitance (pF)
0 0.02 1.07 0.9
1.5 0.02 1.06 0.68
3 0.02 1.06 0.54
5 0.02 1.04 0.43
7 0.02 1.01 0.36
10 0.02 0.93 0.29
14 0.02 0.74 0.23

Table 4.2.: Equivalent Circuit Parameters of the MAVR-000120-1141 Varactor

For achieving a 2-bit phase quantization, the capacitance values selected are: 0.9
pE, 0.38 pF, 0.31 pF, and 0.23 pF. These values allow a near 90° phase shift between

quantization levels.

4.2.3. Simulation Results in CST Studio

The design was simulated in CST Studio Suite to evaluate its phase response and
reflection amplitude at 26.5 GHz, slightly shifted from the original 24.5 GHz in [22].
The results indicate that the unit cell provides a nearly 90° phase shift between states

while maintaining a balanced reflection amplitude across all configurations.

S-Parameters [Magntude]

- - Szmax(1),Zmax(1)
SZmax(1),Zmax(1) : 0.70974373 ax(1),Zmax(1)

-} szmax(1),zmax(1) (C_v=2.3e-13) : 0.8921944 [1;-- ; SZmax(1),Zmax(1) (C_v=2.3e-13)

ol S : : I §

24 245 25 25.5 26 26.5 27 27.5 28 28.5 29
Frequency / GHz

Figure 4.4.: Simulated reflection amplitude for different varactor bias voltages at 26.5 GHz.
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S-Parameters [Phase in Degrees]

—— szmax(1),Zmax(1) (C_v=9¢-13)

),Zmax(1) (C_v=3.1e-13)

Figure 4.5.: Simulated reflection phase shift for different varactor bias voltages at 26.5 GHz.

As observed in Figures 4.4 and 4.5, at 26.5 GHz, the reflection amplitude remains
relatively stable across all states, while the phase response exhibits a near 90° shift
between quantization levels. This confirms the effectiveness of the proposed design
for RIS applications.

4.2.4. Fabrication and Simulation Process (Appendix B)

The full process for constructing and simulating the unit cell in CST Studio is detailed
in Appendix B.

4.3. RIS: Simulation and discussion

This section explains the key factors of the complete RIS array and present the results
obtained from the simulations. The full process of the design and simulation of the
RIS in CST Studio is detailed in the appendix B.

4.3.1. Array Dimensions

The RIS array is designed as a 32 x 32 matrix, resulting in a total of 1024 elements. The
overall dimensions of the array are 96 x 96 mm, with the periodicity of the unit cells
set to 3 mm, as derived from the unit cell design.
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To provide a comparison with the wavelength (1), we can calculate the array’s
dimensions in terms of the wavelength at the operating frequency of 26,5 GHz. The

wavelength in free space is given by:

A=

f

where c is the speed of light (3 x 103 m/s) and f = 26,5GHz is the frequency.

Therefore, the wavelength is:

3x108m/s

With this, the total size of the array in terms of wavelength is:

o 96 mm
Array size in terms of A = m ~ 847 A,

This is a reasonable size for RIS arrays, as it allows for efficient beam steering and
control while keeping the array compact enough to ensure manageable computational
load in simulation. Such a size is consistent with other RIS implementations found in
literature, such as [14] or [21], where arrays of similar dimensions ( 9.5 x 9.5 and 6.12 x

6.12 in terms of A, respectively) were employed.

The array’s size is large enough to achieve good performance in terms of beam
steering and signal enhancement, and at the same time, it is small enough to not
exceed the computational capacity of the PC used for simulations.The top and side
views of the RIS array, as designed in CST Studio, are shown in Figures 4.6 and 4.7,

respectively.

4.3.2. Coding Employed in the Simulations
For a beam steering application, it is common to utilize the phase distribution formula

introduced in Section 3.2, which is derived from [24]. Specifically, the required phase
for the (m, n) unit cell is determined by:

4)11111 = _kO (‘ﬁmn

— g T ) + A
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Figure 4.6.: Top view of the RIS array designed
in CST Studio.

where:
® Pun is the required phase distribution for the (m, n) unit cell.
® ko= %\—70[ is the free-space wavenumber, with A as the wavelength in free space.

e Ry is the position vector from the phase center of the feed source to the (11, 1)
unit cell.

® 7un is the position vector from the center of the transmitarray to the (m, n) unit
cell.

® iy is the direction vector of the desired transmission beam.

* A¢ is a constant representing the relative transmission phase. In this design,
A¢ = 0 is set for simplicity.

This formula is implemented to dynamically assign the phase settings to each unit

cell, ensuring accurate beam steering.

Following this, a quantization process should be applied, similar to the approach
used in Section 3.2, but adapted to the four possible states of the unit cell. In this case,
the quantized phase is given by:

0°, if —45° < ¢ < 45°,

90°, if45° < ¢y < 135°,

180°, if ¢y > 135° or ¢y < —135°,
270°, if —135° < ¢y < —45°,

(qun =

2 UNIVERSIDAD DE VALLADOLID



4.3. RIS: Simulation and discussion 35

This quantization allows the phase distribution to be mapped to the discrete states
supported by the 2-bit tunable unit cell, ensuring proper beam steering while main-
taining the simplicity of the design.

However, in this case, as done in some research articles, one of the most common
codings will be applied, and the RIS’s effect on beam steering will be observed exper-
imentally. Specifically, a linear coding scheme is used, where the states alternate by
columns according to the periodicity defined by N, as illustrated in Figure 4.8, 4.9,
410 and 4.11.

Figure 4.8.: Linear Coding with N = 1. Figure 4.9.: Linear Coding with N = 2.

Figure 4.10.: Linear Coding with N = 3. Figure 4.11.: Linear Coding with N = 4.

Experiments will be conducted with N = 1,2, 3, and 4 to analyze how different pe-
riodicities influence the beam steering behavior. This approach allows for an empirical
assessment of the RIS’s effectiveness in modifying the beam direction.

4.3.3. Excitation

In this simulation, the excitation is modeled as a plane wave with linear polarization.
For each coding configuration, three different incidence angles are considered to
simulate various practical scenarios where the RIS could operate. The three angles
of incidence are: normal incidence, an incidence angle of 30° relative to the vertical

axis, and an incidence angle of 60° relative to the vertical axis. These angles represent
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common real-world conditions under which a RIS could be deployed for beamforming

and signal enhancement.

The propagation vectors used for these incidence angles are calculated using the

spherical coordinate transformation:

k = (sinf cos ¢, sin 0 sin ¢, — cos 6)

where:

* 0 is the elevation angle (angle with respect to the vertical axis),
* ¢ is the azimuthal angle,

e kis the propagation vector of the incident plane wave.

For the three considered incidence angles, the corresponding propagation vectors
are:

e Normal incidence: k = (0,0,—-1),
e 30° incidence relative to the vertical axis: k = (0,5,0,—0,866),
e 60° incidence relative to the vertical axis: k = (0,866,0,—0,5).

These vectors are directly related to the angles 0 (the angle with respect to the
vertical axis) and ¢ (the azimuthal angle).

L.

Figure 4.12.: Normal incidence of the planeFigure 4.13.: Incidence at 30° with respect to
wave in CST Studio. the vertical in CST Studio.

As shown in Figures 4.12, 4.13 and 4.14 the plane wave incidence is simulated for

normal, 30° and 60° angles relative to the vertical axis.

UNIVERSIDAD DE VALLADOLID



4.3. RIS: Simulation and discussion 37

z
h
x

Figure 4.14.: Incidence at 60° with respect to the vertical in CST Studio.

4.3.4. Results

The results are presented as the RCS in dB/m?, a crucial parameter for beam steering
applications as introduced in Chapter 2. After simulating and comparing various RIS
arrays already implemented, it was observed that the CST results are as expected, but
an additional main lobe with considerable power appears in the specular direction of
the incident plane wave; hence, for the purpose of evaluating the reflection angle of
the RIS, this lobe is ignored in all simulations.

Below, the results for each coding configuration (N = 1, 2, 3, 4) are shown for three
incidence angles (normal, 30°, and 60°). For each experiment, a 3D RCS plot and a 1D
RCS plot are provided.

Figure 4.15.: 3D RCS for N = 1, normal incidence.
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Bistatic Scattering RCS Abs (Phi=180)
0 — farfield (f=26.5) [pw]
Phi=180 Phi=360
R
/ 120

Frequency = 26.5 GHz
Man lobe magntude =  8.67 dB(m*2)

180 Man lobe drrection = 0.0 deg.
Angular width (3 dB) = 6.1 deg.

Theta / Degree vs. dB(m*2) Side lobe level = -8.6 dB
Figure 4.16.: 1D RCS for N = 1, normal incidence.
dB(m~2)

farfield (f=26.

Figure 4.17.: 3D RCS for N = 1, 30° incidence.

Bistatic Scattering RCS Abs (Phi=180)

— farfield (f=26.5) [pw]

Frequency = 26.5 GHz

Man lobe magntude = 7.12 dB(m”2)
Man lobe drection = 30.0 deg.

Angular width (3 dB) = 6.9 deg.

Theta / Degree vs. dB(m*2) Side lobe level = -1.8 dB

Figure 4.18.: 1D RCS for N = 1, 30° incidence.
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dB(m~2)

farfield (f=26.5) [pw

Figure 4.19.: 3D RCS for N = 1, 60° incidence.

Bistatic Scattering RCS Abs (Phi=180)

0 —— farfield (f=26.5) [pw
phi=180  30_—1 ~30  Phi=360

Frequency = 26.5 GHz

150-,.\ /,/150 Main lobe magntude =  2.75 dB(m”2)

180 Main lobe direction = 4.0 deg.
Angular width (3 dB) = 6.0 deg.
Theta / Degree vs. dB(m”2) Side lobe level = 4.0 dB

Figure 4.20.: 1D RCS for N = 1, 60° incidence.

dB(m*2)
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Bistatic Scattering RCS Abs (Phi=180)

—— farfield (f=26.5) [pw]

Frequency = 26.5 GHz

Main lobe magntude =  8.66 dB(m~2)
Main lobe drection = 1.0 deg.

Angular width (3 dB) = 5.9 deg.

Theta / Degree vs. dB(m”2) Side lobe level = -2.7 dB

Figure 4.22.: 1D RCS for N = 2, normal incidence.

farfield (f=26.5) [pw]
Type Bistatic Scattering
Approximation enabled (kR >> 1)
Component Abs

Output RCS

Frequency 265 GHz

Total ACS -24.98 dB(m~2)
Total RCS -19.97 dB(m*2)
RCSmax 7217 0B(mA2)

Figure 4.23.: 3D RCS for N = 2, 30° incidence.
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Mann bobe drection = 29.0 deg.
Angular width (3 dB) = 6.8 deg.

Theta / Degree vs. dB(m”2) Side lobe level = -1.7 dB

Figure 4.24.: 1D RCS for N = 2, 30° incidence.
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farfield (f=26.5) [pw]
Type Bistatic Scattering
Approximation enabled (kR >> 1)
Component Abs
Output RCS

Frequency  265GHz

Total ACS -27.86 dB(m*2)
Total RCS -2620 dB(mA2)
RCSmax 2112 dB(m"2)

Figure 4.25.: 3D RCS for N = 2, 60° incidence.

Bistatic Scattering RCS Abs (Phi=180)

—— farfield (=26.5) [pw]

Frequency = 26.5 GHz

Man lobe magntude =  2.22 dB(m~2)
Man lobe drection = 24.0 deg.

Angular width (3 dB) = 6.6 deg.
Theta / Degree vs. dB(m*2) Side lobe level = -2.3 dB

Figure 4.26.: 1D RCS for N = 2, 60° incidence.

farfield (f=26.5) [pw]

Type Bistatic Scattering
Approximation enabled (kR >> 1)

Component Abs

Output RCS

Frequency 265 GHz x
Total ACS -2442 dB(m*2)

Total RCS -21.27 dB(m*2)

RCSmax 9.236 dB(m~2)

Figure 4.27.: 3D RCS for N = 3, normal incidence.
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Bistatic Scattering RCS Abs (Phi=180)

farfield (f=26.5) [pw]
Phi=180 Phi=360

Frequency = 26.5 GHz
Main lobe magntude =  8.39 m”~2

180 Main lobe drection = 0.0 deg.
Angular width (3 dB) = 5.9 deg.
Theta / Degree vs. m”2 Side lobe level = -3.0 dB

Figure 4.28.: 1D Linear RCS for N = 3, normal incidence.

dB(m*2)

farfield (F=26.5) [pw]

Figure 4.29.: 3D RCS for N = 3, 30° incidence.

Bistatic Scattering RCS Abs (Phi=180)

0 —— farfield (f=26.5) [pw]
Phi=360

Phi=180

120
Frequency = 26.5 GHz
Main lobe magntude =  5.42 m”2
Man lobe drection = 30.0 deg.
Angular width (3 dB) = 6.7 deg.
Theta / Degree vs. m”™2 Side lobe level = -1.7 dB

Figure 4.30.: 1D Linear RCS for N = 3, 30° incidence.
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farfield (f=26.5) [pw]
Type Bistatic Scattering
Approximation enabled (kR >> 1)
Component Abs
Output RCS

Frequency 265GHz

Total ACS -27.58 dB(m*2)
Total RCS -2620 dB(m*2)
RCSmax 1465 dB(m*2)

Figure 4.31.: 3D RCS for N = 3, 60° incidence.

Bistatic Scattering RCS Abs (Phi=180)

Theta / Degree vs. m*2

— farfield (f=26.5) [pw]

Frequency = 26.5 GHz

Main lobe magnitude = 1.49 m~2
Main lobe drection = 34.0 deg.
Angular width (3 dB) = 7.1 deg.
Side lobe level = -2.2 dB

Figure 4.32.: 1D Linear RCS for N = 3, 60° incidence.

farfield (f=26.5) [pw]
Type Bistatic Scattering
Approximation enabled (kR >> 1)
Component  Abs

Output RCS
Frequency 265 GHz

Total ACS -2444 dB(m*2)
Total RCS -20.77 dB(m*2)
RCSmax 9204 dB(m*2)

Figure 4.33.: 3D RCS for N = 4, normal incidence.
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Bistatic Scattering RCS Abs (Phi=180)

—— farfield (f=26.5) [pw]

Phi=180

Frequency = 26.5 GHz

Man lobe magntude =  9.48 dB(m~2)
Man lobe drection = 1.0 deg.

Angular width (3 dB) = 5.8 deg.

Theta / Degree vs. dB(m”2) Side lobe level = -2.3 dB

Figure 4.34.: 1D RCS for N = 4, normal incidence.
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Figure 4.35.: 3D RCS for N = 4, 30° incidence.

Bistatic Scatterng RCS Abs (Phi=180)

— farfield (f=26.5) [pw]

Frequency = 26.5 GHz

Man lobe magntude =  7.26 dB(m”2)
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Theta / Degree vs. dB(m~2) Side lobe level = -1.0 dB

Figure 4.36.: 1D RCS for N = 4, 30° incidence.
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farfield (f=26.5) [pw]

Type Bistatic Scattering z
Approximation enabled (kR >> 1)

Component Abs

Output RCS

Frequency 265GHz x
Total ACS -27.86 dB(m*2)

Total RCS -26.26 dB(m*2)

RCSMax 1356 dB(m*2)

Figure 4.37.: 3D RCS for N = 4, 60° incidence.
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Figure 4.38.: 1D RCS for N = 4, 60° incidence.
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Table 4.3 summarizes the reflected angle 0 for the different coding configurations
(N) and incidence angles, measured with respect to the vertical axis as shown in Figure
4.39. The reflected angle is obtained by analyzing the main beam direction in the 1D
RCS plots (excluding the specular lobe).

Normal

Incident ray Reflected ray

W

Figure 4.39.: Incidence and reflection angles measured with respect to the vertical axis.

Table 4.3.: Reflected angle 6 for different coding configurations and incidence angles.

N | Incidence Angle (6;) | Reflected Angle (0,)
0° -66°
1 30° -27°
60° -4°
0° -28°
2 30° 3°
60° 24°
0° -19°
3 30° 11°
60° 34°
0° -12°
4 30° 17°
60° 41°

These results demonstrate that a reflective RIS has been successfully designed,
which is effective in covering a wide angular range of reflection with the different linear
encoding configurations and incident waves employed. These findings showcase the
potential for applications in beam steering, where new encoding schemes can be
implemented beyond those currently considered. An important observation is that

the pattern followed by the linear codings used in our experiments shows a consistent
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trend: the reflection angle shifts away from the specular direction in a decreasing
manner with increasing N. In other words, the larger the N, the closer the reflected
angle becomes to the specular reflection. Additionally, the angular distance from
the specular reflection remains relatively stable for each encoding, regardless of the
incidence angle, highlighting the predictable nature of the RIS design for beam steering
purposes.
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CONCLUSIONS AND FUTURE WORK

“There are always things
worth living for.”
— Jests Quintero. 1940-2022.

5.1. Overall Conclusions . . . . . . . . . . . . o . 49
52. Future Work . . . . . . . . 50

5.1. Overall Conclusions

This study has highlighted the critical role of Reconfigurable Intelligent Surfaces
(RIS) in overcoming the challenges of terahertz communications in 6G networks. By
enabling dynamic control of electromagnetic waves, RIS enhances signal strength,
coverage, and energy efficiency, paving the way for more reliable and adaptive wireless

communication systems.

The findings underscore the transformative potential of RIS in optimizing beam-
forming and mitigating propagation challenges inherent to high-frequency bands.
As 6G technology continues to evolve, the strategic implementation of RIS will be
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essential to achieving the goals of ultra-fast data rates, low latency, and seamless global

connectivity.

Throughout this project, a complete design and simulation methodology for a
Reconfigurable Intelligent Surface (RIS) was presented, addressing both the individual
unit cell and the full array configuration. The choice of a 2-bit tunable unit cell allowed
the RIS to demonstrate a broad range of reflection angles, verified through numerical
simulations in CST Studio Suite. Different linear coding schemes were implemented
to explore the beam steering capabilities, showing that the RIS can effectively redirect
the reflected wave under various incidence angles. Additionally, it was confirmed that
increasing the coding parameter N shifts the reflection angle closer to the specular
direction, while the angular difference from the specular reflection remains relatively

stable for each configuration, regardless of the angle of incidence.

The obtained results validate the effectiveness of the proposed RIS design for
applications that require flexible beam control, such as wireless communication and
radar systems. By confirming that the main lobe of the reflected beam can be accurately
steered, this work highlights the potential of RIS technology for next-generation
communication systems, including mm-Wave, 5G and beyond.

5.2. Future Work

Looking ahead, several lines of research and development arise:

* Design and Simulation Including the Bias Network: Incorporating the bias
network into the electromagnetic simulation will provide a more realistic repre-
sentation of the RIS. This includes modeling the varactor diodes bias lines and

ensuring minimal interference with the RF performance.

¢ Fabrication of a Prototype: Building a physical RIS prototype based on the pro-
posed design will enable experimental validation. PCB manufacturing techniques
can be employed, with the commercial varactors and FR4 substrates the costs

would be manageable.

¢ Anechoic Chamber Measurements: Once the prototype is fabricated, measure-
ments in an anechoic chamber with horn antennas (transmitter and receiver)

will allow precise evaluation of the RIS performance. By controlling the angles
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of incidence and reflection, the experimental data can confirm and refine the

simulation results.

¢ FPGA-Based Control: Implementing real-time control of the RIS phase distribu-
tion via an FPGA will enable rapid reconfiguration of the reflection angle. This
setup would be particularly useful for dynamic beam steering scenarios, where

the target user or object moves over time.

¢ Artificial Intelligence for Beam Steering: Integrating Al algorithms to predict
user or object motion could further optimize the RIS reconfiguration. By forecast-
ing changes in position or channel conditions, the system can adapt quickly and
efficiently, enhancing the overall performance and reliability of the beam steering
process.

In conclusion, the proposed RIS design serves as a strong foundation for further
research and development. By extending the work to include bias network design,
prototype fabrication, and experimental validation, the capabilities of the RIS can be
thoroughly tested and improved. Moreover, incorporating advanced control tech-
niques, such as FPGA-based reconfiguration and Al-driven beam steering, opens the
door to even more sophisticated and dynamic applications in next-generation wireless

systems.

UNIVERSIDAD DE VALLADOLID






APPENDIX

SIXTH GENERATION OF MOBILE
NETWORKS. 6G.

The sixth generation of mobile networks, known as 6G, is being developed to address
the limitations of 5G and to meet the demands of emerging applications that require
higher capacity, faster speeds, and improved performance. While 5G has significantly
enhanced network capabilities, some critical applications—such as augmented reality,
autonomous vehicles, telemedicine, and massive Internet of Things (IoT)—require
even greater data rates, lower latency, and higher reliability. These needs exceed the
current capabilities of 5G.

In addition to these technological requirements, 6G is also motivated by the explo-
sive growth in the number of connected users and devices worldwide, as shown in the
Figure A.1. This growth puts immense pressure on existing networks, making it clear
that a new generation of technology is needed to support the increasing demand. 6G
is designed to handle these vast amounts of traffic and to provide the necessary infras-

tructure to ensure reliable, high-speed connections for billions of users and devices

[6].

The motivation for 6G lies in the need to provide more comprehensive global
coverage, integrating not only terrestrial communication but also air, sea, and space-
based systems. The future of communications envisions networks capable of seamless
connectivity across different environments, ensuring that no area is left uncovered.

Moreover, as sustainability and energy efficiency become increasingly important,
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5G subscriptions are forecast to
reach 5.6 billion by the end of 2629.
10 93

sl 5.6

Wsc

M LTE/TD-LTE
I WCDMA/HSPA
W GsM

W TD-SCOMA

W coma

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Figure A.1.: Mobile subscriptions by technology (billion)

6G technologies are focusing on reducing carbon footprints and improving energy

consumption through more eco-friendly solutions.

A.1. Roadmap and Timeline

The development of 6G follows the historical trend of mobile network generations,
with new generations typically emerging every decade. 6G is currently in the pre-
standardization phase, with key developments taking place by the end of 2023. In
March 2024, 3GPP committed to a formal timeline for 6G development, as shown in
the Figure A.2, starting with Release 19, which will focus on use cases and initial re-
quirements. Technical studies will begin with Release 20, and the first 6G specifications
are expected by the end of 2028 in Release 21 [5].

6G SA1 Service
Requirements

Disc. ITU-
IMT- IMT- OGRANSI

2030 2030 Reauirements
* Last decision point for Rel-21

6G* Rel-21

6G Study Specification

5G Adv Rel-20 5G* Adv Rel-21 *First commercial 6G systems

2024 2025 2026 2027 2028 2029 2030 2031

* Indicative timeline Ericsson view

Figure A.2.: 3GPP timeline

The International Telecommunication Union (ITU), which oversees global telecom
standards, has designated 6G as IMT-2030. ITU will define performance requirements
from 2024 to 2026 and will evaluate technology submissions between 2027 and 2029

[5].
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Framework for IMT-2030 and beyond

Figure A.3.: ITU Timeline

The goal is for the first commercial 6G deployments to begin by 2030, aligning with
the ITU and 3GPP timelines.

A.2. Architecture and Key Technologies

The architecture of 6G is expected to go beyond traditional terrestrial networks, in-
corporating a fully integrated communication system that combines terrestrial, aerial,
satellite, and underwater networks, as shown in Fig A.4. This convergence will en-
sure global and ubiquitous coverage, enabling continuous connectivity across diverse

environments.

mmWave Satellite
Communications

)

56

mmWave Massive MIMO
V2X ‘
Communications |, D \ ; L
£

Figure A.4.: Conceptual illustration of the 6G communication network that encompasses the
5G network.

Key enabling technologies for 6G include the use of new frequency bands such as
the THz spectrum, which offers vast bandwidth potential for ultra-fast data transmis-
sion. Additionally, visible light communication (VLC) and the objective of this project,
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Reconfigurable Intelligent Surfaces (RIS) are emerging as breakthrough technologies
that will enhance spectrum efficiency and signal propagation. Artificial intelligence
(AI) and machine learning (ML) will also play a central role in network optimiza-
tion, enabling predictive resource allocation, self-organizing networks, and real-time

decision-making processes.

6G will also integrate sensing capabilities, enabling networks to not only com-
municate but also perceive and interact with the environment. This integration of
communication and sensing will drive new applications in areas such as smart cities,
healthcare, and environmental monitoring.

A.3. Spectrum and Frequency Bands

One of the key differences between 6G and previous generations is the use of higher
frequency bands. While 5G has already started exploring millimeter-wave (mmWave)
frequencies, 6G will push further into the THz range (0.1-10 THz), unlocking sig-
nificantly more bandwidth and supporting data rates up to 1 Tbps. These higher
frequencies, however, come with challenges, such as limited range and penetration
capabilities, requiring new network designs that utilize intelligent surfaces and recon-
figurable materials to direct and amplify signals.

In addition to THz frequencies, 6G will leverage a wide range of spectral resources,
including sub-6 GHz, mmWave, and visible light, to ensure network flexibility and
adaptability. The use of these bands will enable 6G to support a vast array of ap-
plications with varying requirements, from high-speed internet for urban centers to

low-power, long-range connectivity for remote areas.

Spectrum range for future radio access

The essential The complementary
Centimetric range Sub-THz range

% l % l ! }
1GHz 3 GHz 10 GHz 30 GHz 100 GHz 300 GHz

m Current 5G spectrumrange M Possible new 6G spectrum range

Figure A.5.: Spectrum range for 6G
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A.4. New Applications and Use Cases

As we transition from the capabilities of 5G to the transformative potential of 6G,
a myriad of new applications and use cases are emerging that promise to reshape
industries, enhance user experiences, and address global challenges. This evolution
is evident in the progression from 5G’s key service categories—UIltra-Reliable Low
Latency Communication (URLLC), Enhanced Mobile Broadband (eMBB), and massive
Machine Type Communications (mMTC)—to their enhanced versions in 5G Advanced
(5GA) and the revolutionary services enabled by 6G.

The Fig A.6 illustrating the evolution from 5G to 5G Advanced and subsequently
to 6G highlights this shift. While 5G laid the groundwork for high-speed connectivity
and low latency, 5G Advanced introduced enhancements in existing use cases, such
as improved performance for critical applications. As we move into the 6G era, we
can anticipate a broad spectrum of new and innovative applications that leverage ad-
vanced capabilities, such as Al-driven services, critical communications for emergency

response, and immersive experiences that integrate augmented and virtual reality.

Immersive
communication

eMBB+
eMBB Compute-Al
services

Global
broadband

Omnipresent
IoT

Critical
URLLC mMTC services

URLLC+ mMTC+

Spatio-temporal
services

5G 5G Advanced 6G

Figure A.6.: Growing from 5G to 6G

As shown, the advent of 6G will enable a variety of groundbreaking applications,
including:

1. Compute Al-Services: The integration of artificial intelligence directly into the
network infrastructure will enable real-time data processing and decision-making
at the edge. This capability will enhance applications in autonomous systems,
predictive maintenance, and personalized user experiences across various sectors,
including healthcare, manufacturing, and transportation.
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Critical Services: 6G is poised to support a new level of reliability and latency
requirements, crucial for mission-critical applications such as remote surgeries,
autonomous vehicles, and disaster management systems. The ability to provide
deterministic latency and guaranteed reliability will make these services feasible

and safe.

Spatio-Temporal Services: The advancement in spatial and temporal awareness
will enable applications such as smart cities and advanced navigation systems.
By understanding the context of users and devices in real-time, 6G can facili-
tate efficient resource management, traffic optimization, and enhanced urban

planning.

Immersive Communication: With the rise of virtual and augmented reality tech-
nologies, 6G will enable seamless immersive communication experiences. Users
will interact in shared virtual spaces, enhancing remote collaboration, social in-
teraction, and entertainment. This will transform sectors like education, gaming,

and virtual tourism.

. Omnipresent IoT: The expansion of the Internet of Things (IoT) will reach new

heights with 6G, providing connectivity to an unprecedented number of devices.
This omnipresence will enable smart homes, healthcare monitoring systems, and

industrial automation on a global scale, driving efficiency and innovation.

Global Broadband: 6G aims to provide ubiquitous broadband connectivity, bridg-
ing the digital divide in underserved regions. With global coverage, high data
rates, and low latency, 6G will enable access to information and services for

everyone, fostering economic growth and social inclusion.
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APPENDIX B

STEP-BY-STEP SIMULATION IN CST

This appendix provides a detailed overview of the steps followed in CST Studio Suite

to design and simulate the RIS project. The process is divided into several stages:

project creation, unit cell design, simulation setup for the unit cell, and full array

simulation. Below is a step-by-step description of the workflow.

B.1. Project Creation

The design process begins by creating a new project using the appropriate CST tem-

plate:

1.

2.

Open CST Studio and select Project -> New Template.

Navigate to Microwaves & RF/OPTICAL and choose the Periodic Structure tem-

plate (as shown in Figure B.1).
Select the template for FSS, Metamaterial - Unit Cell.

Choose a workflow by selecting Phase Diagram in the Frequency Domain.

. Set the default units (e.g.,, mm, GHz) and define the minimum and maximum

frequency values as shown in Figure B.2.
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Bl csT studio Suite X
Create Project Template

Choose an application area and then select one of the workflows:

\' pree—
“ h Circuit & Components

| ,}t Radar Applications

|
|
|
‘\ Biomedical, Exposure, SAR ‘
|

'mb Optical Applications

Periodic Structures

Next > Cancel

EMC/EM)

Figure B.1.: CST Studio project template selection for a periodic structure.

B csT studio Suite K

Create Project Template
MW & RF & OPTICAL | Periodic Structures | FSS, Metamaterial - Unit Cell | Phase Reflection Diagram | Solvers | Units | Settings | Summary

Please select the Settings

Define using ® Frequency © Wwavelength

Frequency Min.: 24 GHz

Frequency Max.: 29| GHz

Monitors: J g-field L H-field [ Farfield [J Power flow [J Power loss
Define at GHz

Use semicolon as a separator to specify multiple values.
e.g. 20;30;30.1;30.2;30.3

-J Calculate reflectance, transmittance and absorbance

< Back Next > Cancel

Figure B.2.: CST Studio project template selection for a periodic structure.
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B.2. Unit Cell Design

The unit cell is designed using CST’s modeling tools:

1. Access theMaterial LibraryviaModeling -> Material Library -> Load From

Library and select FR-4 for the substrate (see Figure B.3) and copper for the con-
ductive elements (see Figure B.4).

Load from Material Library

X
Material library
@ use filter  Material: FR-4 Type: Attribute: | <Al>
Material / | Type Location

@ FR-4 (loss free) Normal C:\Program Files (x86)\CST Studio Suite 2022\Library

75 o)™ Tomal . ¥ropam e 9)1 S Sute b brary
@ FR-4 (lossy - thermal anisotr Normal C:\Program Files (x86)\CST Studio Suite 2022\Library

Find... Rename Delete
Material to import
Name: FR-4 (lossy)
Type: Normal
Material sets: Default
Attributes: Description:
Material Set = Default EM(HF) properties measured @ 10GHz
Type = Normal
Epsilon =43 ’
Mu =1
Electric tand = 0.025 (Const. fit)
Thermal cond. = 0.3 [W/K/ml

[ Load | Close Help

Figure B.3.: Selection of FR-4 material in CST’s Material Library.

2. Define geometric primitives (bricks, shapes) and assign adequate materials to the
faces and edges. Utilize Boolean operations, bending tools, and other modeling

features as necessary to achieve the final unit cell design, as shown in Figure B.5.

B.3. Simulation Setup for the Unit Cell
Once the unit cell is modeled, the simulation is configured as follows:

)

{5) UNIVERSIDAD DE VALLADOLID




62 Appendix B. Step-by-Step Simulation in CST

Load from Material Library

Find Rename Delete
Material to import
Name: Copper (; led)
Type: Lossy metal
Material sets:  Low Frequency, Default
Attributes: Description:
Material Set = Default Chemical symbol:
Type = Lossy metal | Referred to as 100% IACS (International Annealed
Mu =1 Copper Standard).
Electric cond, = 5.8e+007 [S/m]
Rho = 8930 [kg/m~3]

Thermal cond. = 401 [W/K/m]

Load Close Help

Figure B.4.: Selection of copper material in CST’s Material Library.

Figure B.5.: Final design of the unit cell using geometric primitives and Boolean operations.
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1. Go to Simulation -> Lumped Element and select the relevant edges to choose

the position of the varactor and then create variables for varactor values (see
Figure B.6).

Lumped Network Face Element X
Name: varactor T\
Folder: Folder1 Cancel
Type: RLC Serial
Radius: 0.0 Preview
& Monitor voltage and current Help

Properties

R R_v Ohm

L Lv H

C C.¥ F

30
e relative path
Use local copy only

Location

Type: © Coordinates Wire

X1 Y1 Z1

Q 0.13 0.54300000000( & pi

X2 Y2 Z2

0 0.13 0.54300000000( Jse pick

[_] Invert orientation Use projection on edge Reverse projection

Figure B.6.: Implementation of the Varactor as a Lumped Element in CST

2. Configure the port settings by accessing Port -> Settings for Floquet Boundaries
and graphically setting the distance to the reference plane, as shown in Figure B.7.
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64

Settings for Floquet Boundaries

Properties
Number of
Edit Floquet port:  Zmax Floquet modes: &
Polarization
?:gg:e‘%me 3.4 Jindependentof 0.0
2 scan angle phi:

X

ok |

Cancel

Help

Details >>

Figure B.7.: Configuration of Floquet Boundary Settings and Distance to Reference Plane in

CST.

3. Set up a parameter sweep for the capacitance values of the varactor via Simulation

-> Parameter Sweep, as illustrated in Figure B.8.

Parameter Sweep

Simulation type: Frequency Domain Solver
Sequences

- Sequence 1
. C_v=0.23e-12, 3.1e-13, ..., 0.9e-12 (4, Arbitrary)

=
Parameter Sweep Parameter

oK |

Name:
Type: Arbitrary points Cancel
Points: 0.23e-12;0.31e-12;0.382-12:0.9e-12 Help

Use semicolon as a separator to
define multiple points.
eg.2.33.1:3.233

New Seq. New Par... Edit... Delete

Check
Start
Close
Import...
Result Template...
Options...
Acceleration...

View Logfile...

Help

Figure B.8.: Parameter Sweep Setup for Capacitance Values in CST.

B.4. Unit Cell Results

The simulation results for the unit cell are obtained by:

1. Analyzing the 1D results under S11 to view the amplitude (linear or in dB) and

phase response, as shown in Figure B.9.
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s B D& ™ B2
et [

;;;;;;

Figure B.9.: S11 Results Showing Linear Amplitude and Phase Response.

B.5. Array Simulation

After validating the unit cell, the full RIS array is simulated following these steps:

1. Start a new simulation project by navigating to Home -> Simulation Project ->
Array Task -> Array Properties (as shown in Figure B.10) and create the full

array simulation project.

2. Set up the excitation by selecting Simulation -> Plane Wave -> Plane Wave
Settings. Configure the propagation vector according to the desired incidence
angles (as described in Chapter 4) and ensure the distance to the decoupling
plane matches the Floquet Port’s reference plane, as illustrated in Figure B.11.

3. Use the VBA Macro Editor by selecting Macro -> Open VBA Macro Editor. Open
and run the required files containing the five macros detailed in Appendix C (one
for applying the varactor settings for each encoding and one for assembling the
unit cells into the full array), as shown in Figure B.12.

4. Configure the field monitor by accessing Simulation -> Field Monitor and
selecting the RCS/Far Field Monitor settings, choosing the appropriate frequency

of operation, as shown in Figure B.13.

5. In the Time Domain Solver, adjust the accuracy, mesh type, and source wave
settings. Mesh refinement is disabled due to the large problem size, as illustrated
in Figure B.14.
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Array Properties X

o s

© Detailed specifications () TSV file
Shape: Custom g Help

Bements in X: EHemertsin Y:
32 32

Spacing in X: Spacingin Y:
3 3

Grid angle (degrees):

%

Figure B.10.: Array Properties Setup for Full Array Simulation in CST.

Plane Wave X
oo =)
Type: Olinear OCircular O Elliptical promer
Ref, frequency: 26.5

Apply
Phase difference: -50.0 degrees Help
Axial ratio: 0.0

[_] Automatic detection of decoupling plane

Propagation and electric field settings

Propagation normal in x, y, z:  0.866 0 0.5

Electric field vectorinx, y,z: 0 1 0 Vim
B Use decoupling plane

Plane normal: Ox Qv 0:

Position Z: 3.4

Figure B.11.: Plane Wave Settings for Excitation in CST.
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File Home Modeling Simulation Post-Processing View Macro Edito
—h &5 Open F . A P Step to Cursor [ 3 E
Sullll= 3 > AC @ 0 » [
Ra Cop - NG Sta et
7 Macros EditDialog Run Pause End  Step Step Stes Toggle Quick | Close Macro
a - Bsavens into  Over t ow Next Statement Breakpoint~ ~ Watch~ Editor

Clipboard Macros User Interface Start Macro
Navigation Tree S B rulamy B

= y— Obiect: | (General)

@-Gg Groups
@-0@ Materials
[@ Faces
(@ Curves
8 wcs Sub Main()
@ Anchor Points Dim i As Integer, j As Integer
@ Wires Dim currentName As String
@ Voxel Data Dim baseDielectric String

Dim baseGround As String

[@ Dimensions S
Dim success As Boolean

(g Lumped Elements
5 g Plane Wave
I Plane Wave
(@ Farfield Sources
@ Field Sources
@ Ports

- Exctation Signals

The;

Tri hen
1 sblido base 'diele

-G Field Monitors en (1.1)."
{3 Voltage and Curent Monitors Exit Sub
{@ Probes End If

Solid.DoesExist (baseGround) Then
B o se encontrd el sdlido base 'gnd' en (1.1)."

3D Schematic imul\CST_2022\macro_uniones.bas [£]

Figure B.12.: VBA Macro Editor Interface in CST.

B.6. Array Results

The final simulation results for the RIS array are presented in 1D, 2D, and 3D RCS

plots (in linear scale or expressed in dB), as shown in Chapter 4.

This detailed workflow in CST Studio has enabled the design, simulation, and
analysis of both the unit cell and the full RIS array, providing valuable insights into its

performance for beam steering applications.
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Figure B.13.:

Meonitor

Type
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(O H-Field and Surface current
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B Automatic
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O Frequency
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[CJuse Subvolume
~cordinates:

Structure bounding box
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24

2
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Time Domain Solver Parameters

Solver settings
Start

Mesh type: Accuracy:

Hexahedral v ‘ v ’ dB Close
() Store result data in cache () Run discretizer only Apply
Stimulation settings Optimizer...
Source type: Plane Wave “ Inhomogeneous port

accuracy enhancement Par. Sweep...
Mode: Calculate port modes only
(") Superimpose plane wave Acceleration...
excitation
Spedials...
S-parameter setti
o ! Simplify Model...
Normalize to fixed impedance S-parameter symmetries

50 Ohr S-Parameter List... Help
Adaptive mesh refinement
[ Adaptive mesh refinement Adaptive Properties..
Sensitivity analysis

Use sensitivity analysis Properties...

Figure B.14.: Time Domain Solver Settings in CST.
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APPENDIX C

VBA MACROS FOR CST

This appendix presents the VBA macros developed to facilitate the CST simulations.
A total of five scripts have been implemented. The first macro merges all the dielectric
material and the lower ground plane of the unit cells, thereby reducing the computa-
tional load. The following macros implement a linear coding strategy for the RIS array,
with configurations ranging from N = 1to N = 4.

C.1. Macro 1: Merging Dielectric and Lower Ground

Plane

This macro applies unions between the ground layers and between the dielectric layers
of the different unit cells within the RIS array. Specifically, it merges all dielectric solids
with the base dielectric in the reference element located at position (1,1) and does the
same for the ground solids. This approach reduces the number of separate objects in
the CST model, leading to a lower computational load and faster simulation times.
By unifying these layers, the complexity of the electromagnetic interactions is also
simplified, maintaining the physical accuracy needed for the simulations.

' VBA Macro: Merge Dielectric and Lower Ground Plane
" This macro merges all dielectric solids with the base dielectric in (1,1)

" and all ground solids with the base ground in (1,1) to reduce computational load.
Option Explicit

Sub Main()
Dim i As Integer, j As Integer



10

11
12
13

14
15
16
17
18

19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53
54

72 Appendix C. VBA Macros for CST

Dim currentName As String
Dim baseDielectric As String
Dim baseGround As String

Dim success As Boolean

' Define the base for "dielectric” and "gnd" from the element (1,1)
baseDielectric = "Array/Element (1.1)/MWSSCHEM1/componentl:dielectric"
baseGround = "Array/Element (1.1)/MWSSCHEM1/componentl:gnd"

! Check if the base solids exist

If Not Solid.DoesExist(baseDielectric) Then
MsgBox "Base 'dielectric' solid not found in (1,1)."
Exit Sub

End If

If Not Solid.DoesExist(baseGround) Then
MsgBox "Base 'gnd' solid not found in (1,1)."
Exit Sub

End If

! Merge all "dielectric"” solids with the base dielectric in (1,1)
For i = 1 To 36
For j = 1 To 36
" Skip the base element (1,1)
If Not (i = 1 And j = 1) Then
currentName = "Array/Element (" & i & "." & j & ")/MWSSCHEM1/componentl:dielectric"
If Solid.DoesExist(currentName) Then
success = Solid.AddWithName (currentName, baseDielectric)
If success Then
Solid.Delete currentName
End If
End If
End If
Next j

Next i

' Merge all "gnd" solids with the base ground in (1,1)
For i = 1 To 36
For j = 1 To 36
" Skip the base element (1,1)
If Not (i = 1 And j = 1) Then
currentName = "Array/Element (" & i & "." & j & ")/MWSSCHEM1/componentl:gnd"
If Solid.DoesExist(currentName) Then
success = Solid.AddWithName (currentName, baseGround)
If success Then
Solid.Delete currentName
End If
End If
End If
Next j

Next i

MsgBox "Dielectric and Ground merging completed successfully."

End Sub
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Cédigo Fuente C.1.: Macro 1: Merging Dielectric and Lower Ground Plane

C.2. Macro 2: Linear Coding for N=1

This macro applies a linear coding pattern to the RIS array for a configuration where
N=1. In this case, each row uses a different capacitance value in a repeating sequence
of four.

'

VBA Macro for Linear Coding N=1

" Each row uses a different capacitance value in a rTepeating sequence.

Option Explicit
Sub Main()
Dim elementName As String
Dim success As Boolean
Dim resistance As Double, inductance As Double, capacitance As Double

Dim i As Integer, j As Integer

' Define resistance and inductance
resistance = 1 "1 ohm
inductance = 2e-11 " 0.02 nH

' Define capacitance values for the cyclic pattern
Dim capacitanceValues(3) As Double
capacitanceValues(0) = 0.9e-12 ' 0.9 pF
capacitanceValues(1) = 0.38e-12 ' 0.38 pF
capacitanceValues(2) = 0.31e-12 ' 0.31 pF
capacitanceValues(3) = 0.23e-12 ' 0.23 pF

" Loop over rows i (1 to 32)
For i = 1 To 32
' Determine capacitance value with N=1

capacitance = capacitanceValues(((i - 1) \ 1) Mod 4)

" Loop over columns j (1 to 32)
For j = 1 To 32
" Construct full element name with path
elementName = "Array/Element (" & i & "." & j & ")/MWSSCHEM1/Folderl:varactor"

' Reset element configuration
On Error Resume Next
LumpedElement .Reset

On Error GoTo O

' Set walues before modifying

On Error Resume Next
LumpedElement.SetR resistance
LumpedElement.SetL inductance
LumpedElement.SetC capacitance
LumpedElement .SetName elementName

On Error GoTo O
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" Attempt to modify the element
success = LumpedElement.Modify
Next j
Next i
End Sub

Coédigo Fuente C.2.: Macro 2: Linear Coding for N=1

C.3. Macro 3: Linear Coding for N=2

This macro implements the linear coding strategy for the RIS array with a configuration
of N=2. In this scheme, each capacitance value is repeated for 2 consecutive rows
before moving to the next value.

' VBA Macro for Linear Coding N=2

' Each row uses a different capacitance wvalue in a repeating sequence of two.

Option Explicit
Sub Main()
Dim elementName As String
Dim success As Boolean
Dim resistance As Double, inductance As Double, capacitance As Double

Dim i As Integer, j As Integer

' Define resistance and inductance
resistance = 1 "1 ohm
inductance = 2e-11 " 0.02 nH

' Define capacitance values for the cyclic pattern
Dim capacitanceValues(3) As Double
capacitanceValues(0) = 0.9e-12 "0.9 pF
capacitanceValues(1) = 0.38e-12 ' 0.38 pF
capacitanceValues(2) = 0.31e-12 ' 0.31 pF
capacitanceValues(3) = 0.23e-12 ' 0.23 pF

' Loop over rows i (1 to 32)
For i = 1 To 32
' Determine capacitance value with V=2

capacitance = capacitanceValues(((i - 1) \ 2) Mod 4)

' Loop over columns j (1 to 32)
For j = 1 To 32
" Construct full element name with path
elementName = "Array/Element (" & i & "." & j & ")/MWSSCHEM1/Folderl:varactor"

' Reset element configuration
On Error Resume Next
LumpedElement .Reset

On Error GoTo O

' Set walues before modifying
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On Error Resume Next

LumpedElement.
LumpedElement.
LumpedElement.
LumpedElement.

On Error GoTo

SetR resistance
SetL inductance
SetC capacitance
SetName elementName
0

" Attempt to modify the element

success = LumpedElement.Modify

Next j
Next i
End Sub

Cédigo Fuente C.3.: Macro 3: Linear Coding for N=2

C.4. Macro 4:

Linear Coding for N=3

This macro applies a linear coding scheme for the RIS array with a configuration of

N=3. For N=3, each capacitance value is repeated for 3 rows.

' VBA Macro for Linear Coding N=3

' Each row uses a different capacitance value in a repeating sequence of three.

Option Explicit

Sub Main()
Dim elementName As Str
Dim success As Boolean
Dim resistance As Doub

Dim i As Integer, j As

ing

le, inductance As Double, capacitance As Double

Integer

' Define resistance and inductance

resistance = 1

inductance = 2e-11

' Define capacitance v
Dim capacitanceValues (
capacitanceValues(0) =
capacitanceValues(1l) =
capacitanceValues(2) =

capacitanceValues(3) =

' Loop over rows i (1
For i = 1 To 32

' Determine capac?t

"1 ohm
' 0.02 nH

alues for the cyclic pattern
3) As Double

0.9e-12 0.9 pF

0.38e-12 ' 0.38 pF
0.31e-12 ' 0.31 pF
0.23e-12 ' 0.23 pF

to 32)

tance value with N=3

capacitance = capacitanceValues(((i - 1) \ 3) Mod 4)

" Loop over columns j (1 to 32)

For j = 1 To 32

" Construct full element name with path

elementName =

"Array/Element (" & i & "." & j & ")/MWSSCHEM1/Folderl:varactor"

' Reset element configuration
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On Error Resume Next
LumpedElement .Reset
On Error GoTo O

' Set walues before modifying

On Error Resume Next
LumpedElement.SetR resistance
LumpedElement.SetL inductance
LumpedElement.SetC capacitance
LumpedElement .SetName elementName

On Error GoTo O

" Attempt to modify the element
success = LumpedElement.Modify
Next j
Next i
End Sub

Cédigo Fuente C.4.: Macro 4: Linear Coding for N=3

C.5. Macro 5: Linear Coding for N=4

This macro implements the linear coding approach for the RIS array in the N=4
configuration. This configuration repeats each capacitance value for 4 consecutive

ToOws.

' VBA Macro for Linear Coding N=4

' Each row uses a different capacitance value in a repeating sequence of four.

Option Explicit
Sub Main()
Dim elementName As String
Dim success As Boolean
Dim resistance As Double, inductance As Double, capacitance As Double

Dim i As Integer, j As Integer

' Define resistance and inductance
resistance = 1 "1 ohm
inductance = 2e-11 '"0.02 nH

' Define capacitance values for the cyclic pattern

Dim capacitanceValues(3) As Double

0.9e-12 "0.9 pF

capacitanceValues(1) = 0.38e-12 ' 0.38 pF

capacitanceValues(2) = 0.31le-12 ' 0.31 pF
0.23e-12 ' 0.23 pF

capacitanceValues(0)

capacitanceValues(3)

" Loop over rows i (1 to 32)
For i = 1 To 32
' Determine capacitance value with N=4

capacitance = capacitanceValues(((i - 1) \ 4) Mod 4)
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' Loop over columns j (1 to 32)
For j = 1 To 32

" Construct full element name with path
elementName = "Array/Element (" & i & "." & j & ")/MWSSCHEM1/Folderl:varactor"

' Reset element configuration
On Error Resume Next
LumpedElement .Reset

On Error GoTo O

' Set wvalues before modifying

On Error Resume Next
LumpedElement.SetR resistance
LumpedElement.SetL inductance
LumpedElement.SetC capacitance
LumpedElement.SetName elementName
On Error GoTo O

" Attempt to modify the element

success = LumpedElement.Modify

Next j

Next i
End Sub

Cédigo Fuente C.5.: Macro 5: Linear Coding for N=4
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