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Abstract

Reconfigurable intelligent surfaces (RISs) have emerged as one of the most significant

innovations in wireless communications, offering a novel approach to meeting the escalat-

ing demand for higher data rates, seamless coverage, and energy-efficient connectivity in

next-generation networks. Unlike conventional wireless systems that rely on active and

power-hungry components, RIS leverages nearly passive reflecting elements arranged in a

planar array, whose electromagnetic responses can be dynamically reconfigured. By en-

abling programmable control over the incident wavefront, RIS introduces a new paradigm

in which the wireless environment itself becomes a controllable entity. This capability not

only enhances system performance but also reduces overall power consumption and hard-

ware complexity, positioning RIS as a key enabler for sixth-generation (6G) and beyond

communication technologies.

This thesis provides a comprehensive investigation into the principles, design method-

ologies, and system-level benefits of RIS technology. The research begins with an in-depth

review of the current state of the art, highlighting both theoretical foundations and prac-

tical implementations of RIS. Building on this foundation, the work develops novel design

strategies for reconfigurable unit cells intended for RIS applications. Several geometries are

explored with the goal of achieving tunable reflection phase profiles, wide operational band-

width, and multi-polarization capability. The designs integrate semiconductor switches

and micro-electromechanical systems (MEMS) actuators, demonstrating the feasibility of

programmable reconfigurability while addressing practical fabrication challenges .

To validate the proposed concepts, the designed unit cells are extended into array

structures, where their performance is evaluated through both simulation and experimental

testing. A practical prototype of a 1-bit reflectarray is fabricated and tested in an anechoic
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antenna chamber. The prototype demonstrates the key required functionalities, including

beam steering, wideband operation, and dual-polarization control. These results confirm

the potential of RIS to dynamically manipulate electromagnetic propagation in real-world

scenarios. Furthermore, the thesis addresses critical implementation issues related to the

scalability of RIS, the integration of control circuitry, and the trade-offs between design

complexity and achievable performance.

The findings presented in this research underscore the innovative role of RIS in re-

shaping the architecture of wireless communication systems. By turning the propagation

environment into an intelligent and programmable medium, RIS has the potential to sig-

nificantly improve spectral efficiency, energy utilization, and overall network adaptability.

The contributions of this thesis extend the understanding of RIS operation, provide novel

unit cell structures, and deliver practical insights for prototyping and implementation. In

doing so, this work not only advances academic knowledge in the field but also offers prac-

tical guidelines for industrial adoption of RIS in future wireless systems. Ultimately, this

research highlights the promise of RIS as a cornerstone technology for realizing the vision

of 6G and beyond.
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Chapter 1

Introduction

1.1 Motivation

Mobile networks have progressed substantially from the first generation (1G) to the fourth

generation (4G), with each generation introducing key innovations to meet growing de-

mands for higher data rates, improved reliability, and wider connectivity [1]. 1G, intro-

duced in the early 1980s, supported basic analog voice communication but was limited in

quality, capacity, and security. The 1990s saw the arrival of 2G, which transitioned to

digital communication, offering enhanced voice quality, encrypted transmissions, and ser-

vices like SMS and MMS. 3G introduced packet-switched data, enabling mobile internet,

video calling, and multimedia messaging, with data rates reaching several Mbps—laying

the groundwork for broadband mobility. The emergence of 4G marked a major leap with

its all-IP architecture, delivering significantly higher data rates (up to 100 Mbps on mobile

and 1 Gbps for stationary users), lower latency, and support for HD video streaming, VoIP,

and other high-bandwidth applications, thereby enabling seamless and high-performance
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mobile experiences [2].

With the exponential rise of connected devices, real-time applications, and the need

for ubiquitous connectivity, 5G was developed to address the limitations of previous gen-

erations. It offers three key performance categories: enhanced mobile broadband (eMBB),

ultra-reliable low-latency communication (URLLC), and massive machine-type communi-

cations (mMTC) [3]. 5G supports peak data rates up to 10 Gbps, end-to-end latencies

under 1 ms, and the ability to connect over a million devices per square kilometer. Fea-

tures such as network slicing, beamforming, and edge computing integration further enable

applications in autonomous vehicles, industrial automation, remote healthcare, and smart

cities, representing a paradigm shift toward highly flexible, intelligent, and service-oriented

mobile networks [4].

The next generation of wireless networks, 6G, is envisioned as an innovative leap to-

ward intelligent, ubiquitous connectivity driven by artificial intelligence (AI). Unlike pre-

vious generations, 6G will adopt an AI-native architecture, embedding machine learning

and distributed intelligence throughout all network layers to enable real-time adaptation,

dynamic optimization, and autonomous management [5]. This built-in intelligence will be

essential to support emerging applications such as holographic communication, real-time

digital twins, and ultra-reliable low-latency services. Use cases like augmented reality,

telepresence, remote healthcare, and autonomous systems will impose extreme require-

ments in terms of latency (sub-millisecond), reliability (up to 99.99999%), and data rates

(exceeding 1 Tbps) [6]. Meeting these demands requires integrating disruptive technolo-

gies such as terahertz and visible light communication, full-duplex radios, and 3D network

topologies.

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

cell-less designs that allow fluid transitions across heterogeneous networks. By merging
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Figure 1.1: The evolution of cellular networks toward 6G [6].

communication, sensing, and edge intelligence into a unified framework, 6G aims to func-

tion as a proactive, context-aware platform—effectively serving as the digital nervous sys-

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

Among the promising technologies being considered for 6G networks [8], reconfigurable

intelligent surfaces (RISs) represent a paradigm shift in wireless communication by en-

abling the control and customization of the radio environment itself [9]. Unlike conven-

tional relays or massive MIMO, RIS structures consist of large arrays of low-cost, nearly

passive reflective (or transmissive) elements—typically implemented as metasurfaces—that

can independently adjust the phase, amplitude, and polarization of incident electromag-

netic waves, thereby dynamically shaping the wireless propagation channel. RISs can

be mounted on building facades, indoor walls, or ceilings to create a programmable and

adaptive wireless environment [10]. Critically, because they do not require active radio-

frequency (RF) chains or sophisticated feeding networks, they offer ultra-low power con-

sumption, minimal hardware complexity, and ease of deployment—making them ideal for
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energy-constrained scenarios such as IoT, edge devices, and green 6G networks [11], as

demonstrated in Figure 1.2.

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

RIS is particularly promising in addressing key 6G performance targets such as high

spectral efficiency, ultra-reliable low-latency communication (URLLC), and energy effi-

ciency. In dense urban or high-frequency (e.g., mmWave or THz) networks where signal

blockage is a significant challenge, RISs can intelligently reflect and redirect signals to

extend coverage and maintain line-of-sight conditions [12]. Advanced control algorithms,

potentially aided by AI, can be used to optimize the RIS reflection parameters in real time

for beamforming, interference suppression, or even secure communication through spatial

signal manipulation. However, deploying RIS at scale presents challenges, including accu-

rate channel estimation, efficient control signaling, hardware impairments, and scalability

in dynamic environments. Despite these challenges, RIS is increasingly viewed not just as

a communication enhancer but as a critical enabler of smart radio environments, where

the propagation medium becomes an active participant in end-to-end system optimiza-
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tion—marking a fundamental departure from traditional wireless design philosophy [13].

1.2 Objectives

This research targets reconfigurable intelligent surfaces (RISs) for next-generation wireless

systems—especially non-line-of-sight (NLOS) scenarios that require agile beam steering

and focusing. The overall goal is to propose, implement, and validate RIS building blocks

and arrays that address key features such as beam scanning, wide bandwidth, and polar-

ization diversity. Beam scanning is the fundamental characteristic of any RIS, enabling

dynamic redirection of energy toward desired users or regions. In addition, wide opera-

tional bandwidth is essential for supporting high data rates, accommodating broadband

waveforms, and maintaining stable performance over a wide frequency range, while dual-

polarization capability (polarization diversity) increases achievable data throughput by

exploiting multiple polarization channels and ensures that the RIS can effectively handle

arbitrarily polarized incoming waves. These capabilities are therefore of particular interest

in practical RIS design for future wireless communication systems. The specific objectives

are:

• Propose novel unit cell structures that address core RIS challenges. Reflective

and transmissive unit cells will be developed with electromagnetic responses tailored to

enable reconfigurability, with emphasis placed on wideband operation, dual-polarization

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

• Realize reconfiguration using semiconductor switches and MEMS actuators.

Reconfiguration will be implemented by integrating semiconductor switches (e.g., PIN
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diodes) and MEMS actuators into the unit cells, with bias networks co-designed to

provide reliable and simple control.

• Design and synthesize arrays using the proposed unit cells. Reconfigurable

reflectarrays and transmitarrays (RRA/RTA) will be realized using the proposed unit

cells for beam steering, anomalous reflection, and coverage enhancement, and array-

level issues—including mutual coupling, efficiency, and manufacturing tolerances—will

be addressed.

• Validate through simulation, prototyping, and measurement. Validation will be

carried out through full-wave simulations, prototype fabrication, and anechoic-chamber

measurements of patterns, gain, efficiency, bandwidth, polarization purity, and scanning

performance.

1.3 Thesis Outline

In Chapter 1, the motivation, problem definition, objectives, and overall structure of the

thesis were presented. The literature review is explored in Chapter 2, focusing on recon-

figurable antennas and reconfigurable intelligent surfaces (RISs), with recent approaches

classified and open challenges highlighted. In Chapter 3, a general RIS design methodology

for beam steering and anomalous reflection applications is developed, and practical design

rules and trade-offs are formalized. In Chapter 4, unit cell structures using semiconductor

switches for reconfigurable reflectarrays and transmitarrays are proposed. The proposed

structures address main challenges in reconfigurable array design which are bandwidth and

ability to handle different polarization. A fabricated reflectarray using the proposed cell is

demonstrated with measured validation to verify its functionality. Chapter 5 investigates
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using MEMS actuator in unit cell design to achieve reconfigurability, verified by fabrication

and measurements. Furthermore, reconfigurability and performance of the proposed unit

cell was tested in an array-level simulation. In Chapter 6, key findings and limitations are

summarized, and future directions such as unit cell design with higher phase states (2-bit)

are outlined.
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Chapter 2

Literature Review

2.1 Introduction

The next generation of wireless networks (6G) must meet ambitious targets for capacity,

latency, reliability, and, critically, energy efficiency. Traditional solutions, such as ultra-

dense base station deployment or massive MIMO, improve spectral efficiency but result

in higher infrastructure costs and energy consumption. These designs treat the wireless

propagation medium as an uncontrollable and often hostile part of the system, subject

to multi-path fading, path loss, and interference. However, as pointed out in [14], this

approach becomes increasingly inefficient and unsustainable in high-frequency bands (e.g.,

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

This realization has driven research into reconfigurable intelligent surfaces (RISs), a

technology that enables programmable control over the wireless environment itself. An RIS

comprises a large number of low-cost, nearly passive reflecting elements (e.g., metasurfaces)

that can manipulate incident electromagnetic waves by adjusting their amplitude, phase, or
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polarization. This capability allows RISs to dynamically reshape the propagation channel

in favor of the communication objectives, offering a fundamental shift from traditional

channel modeling to channel reconfiguration [11], [14].

The simplicity and ultra-low power consumption of RISs hardware make them particu-

larly suitable for green wireless systems. Unlike amplify-and-forward (AF) relays, RIS units

do not require RF chains or signal regeneration, significantly reducing energy costs while

offering comparable gains in performance under optimal configurations [3]. As such, RIS-

based architectures have been shown to achieve better energy efficiency than traditional

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

RIS also paves the way toward Smart Radio Environments (SREs), in which the prop-

agation medium is transformed into a controllable and intelligent system component, as

depicted in Figure 2.1. Instead of compensating for the randomness of the environment,

RISs enable systems to exploit and even engineer it. This conceptual shift is supported

by promising theoretical results and is envisioned to play a central role in meeting 6G’s

performance goals [14].

2.2 Reconfigurable Intelligent Surfaces

2.2.1 Engineered surfaces and the generalized law of reflection

and refraction

In classical electromagnetic, wave interactions with material boundaries are governed by

Snell’s law, which dictates the angles of reflection and refraction solely based on the incident

wave’s angle and the refractive indices of the media. This framework assumes that the
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Figure 2.1: Application of RIS in a smart radio environment. [14].

surface boundary is smooth and passive, resulting in specular reflection and conventional

refraction paths. However, such an assumption places inherent limits on wave control,

particularly in complex wireless environments where obstacles, interference, and signal

degradation are prevalent.

To transcend these constraints, researchers have explored engineered surfaces capable

of reshaping the wavefront of incident electromagnetic (EM) waves. A key breakthrough

in this area was the introduction of phase discontinuities at the surface level, which led

to the development of the generalized laws of reflection and refraction. As demonstrated

in [15], when a discontinuity induces abrupt phase changes along a surface, the direction

of reflected and refracted waves deviates from classical predictions. The modified laws are

expressed as:

sin(θt)nt − sin(θi)ni =
λ0

2π

dΦ

dx
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sin(θr)− sin(θi) =
λ0

2πni

dΦ

dx

where dϕ
dx

denotes the spatial phase gradient imposed by the surface, and ni and nt are the

refractive indices of the two media. This formulation allows for anomalous reflection and

refraction, where waves can be directed in arbitrary directions regardless of the incident

angle—paving the way for highly adaptable electromagnetic responses. A more general

derivation was reported in [16] for a two-dimensional phase variation over a reflectarray

surface.

To realize these engineered phase gradients, periodic surface structures are commonly

employed. These are constructed from repeated electromagnetic inclusions—often metallic

or dielectric scatterers—arranged on a planar substrate. The behavior of such structures

depends heavily on the spatial period d relative to the wavelength λ0, and the electro-

magnetic nature (resonant or non-resonant) of the unit cells. According to [17], periodic

structures can be grouped into four broad categories, as illustrated in Figure 2.2. These

categories are:

• Electrically dense non-resonant sheets: These have d ≪ λ0, are highly homog-

enizable, and behave like continuous impedance sheets. Examples include metallic

films and dense wire grids used as reflectors or absorbers.

• Frequency selective surfaces (FSS): With intermediate periodicity (λ0/2 ≤ d <

λ0), FSSs exhibit resonance due to inductive and capacitive interactions in their

geometry. They are used in filtering, reflectarrays, and antenna applications.

• Sub-wavelength resonant arrays: These structures feature very small elements

(d ≈ λ0/10), such as mushroom-type high-impedance surfaces. They resonate due to

strong capacitive coupling and offer localized phase manipulation.
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Figure 2.2: Classification of periodic planar structures [17].

• Diffraction gratings: Designed for d ≥ λ0, these structures intentionally exploit

diffraction and are widely used in optics and beam-steering devices.

Metasurfaces are an advanced form of engineered periodic structures that typically

fall within the first and third categories. Defined as electrically thin surfaces composed of

sub-wavelength scatterers (λ0/30 < d < λ0/2), they enable fine-grained control over ampli-

tude, phase, and polarization. Unlike traditional FSSs or diffraction gratings, metasurfaces

can introduce complex, spatially varying responses across the surface to manipulate the

wavefront with high precision.

2.2.2 Metasurfaces: Definition and Applications

Metasurfaces are the two-dimensional analogues of metamaterials, artificially structured

planar materials composed of sub-wavelength scatterers that are engineered to manipulate

electromagnetic (EM) waves in unprecedented ways. Unlike conventional materials, meta-
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surfaces offer the ability to control the amplitude, phase, and polarization of EM waves

at sub-wavelength resolution and within a thin layer—typically much thinner than the

wavelength of operation [18].

Due to their compact form factor and high degree of tunability, metasurfaces have

emerged as powerful tools in a wide range of applications. These include flat lenses, beam-

steering devices, absorbers, polarizers, holographic plates, and wavefront shaping devices

[19]. Recent advances have also enabled metasurfaces for dynamic applications such as

tunable and nonlinear optics, THz modulation, and surface-wave control, making them

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

It should be noted that the definition of metasurfaces has been extended to include

nonuniform surfaces. In these structures, the distances between adjacent inclusions and

their sizes remain sub-wavelength, while the overall periodicity exceeds the half-wavelength.

As a result, such surfaces may not be homogenizable, and their response must be analyzed

using Bloch–Floquet theory through spatial harmonic expansion. These configurations

are often referred to as metasurface-based gratings, drawing an analogy to conventional

diffraction gratings [17].

2.2.3 From Metasurfaces to Reconfigurable Intelligent Surfaces

Traditional metasurfaces and reflective surfaces are composed of unit cells, which are pe-

riodic structures engineered to manipulate electromagnetic (EM) waves in specific ways.

However, these structures are typically static and optimized for a single, fixed function de-

termined at the time of fabrication. This limitation restricts their adaptability in dynamic

environments or in multifunctional applications.

To overcome this limitation, researchers began incorporating tunable components, such
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as varactor diodes, into metasurface architectures, enabling dynamic reconfiguration of the

local electromagnetic response. By applying external control signals, the phase, amplitude,

or polarization of each unit cell can be modified, allowing the surface to perform multiple

functions without requiring physical redesign [21], [22]. The introduction of digital pro-

grammable surfaces in [23] and [24] marked a significant advancement in this area, offering

a simpler and more scalable approach for realizing reconfigurable functionalities.

These evolutions led to the emergence of reconfigurable intelligent surfaces (RISs),

which generalize the concept of metasurfaces by combining EM wave manipulation with

embedded electronic control and software-defined functionality. RISs are envisioned as in-

telligent, programmable entities that can adapt to their environment and cooperate with

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

2.2.4 Functionalities of RIS: Beyond Passive Reflection

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

• Guided-wave structures: These incorporate an integrated feed or source that

excites the meta-atoms within the surface. By designing each element to achieve

a desired surface impedance or phase shift, the RIS can radiate energy into space

with specific beam patterns. Examples include leaky-wave antennas and holographic

antennas.

• Reflective/refractive structures: In this configuration, the RIS is illuminated

by an external wave, either a plane wave or a spherical wave, depending on the

distance between the source and the surface. Each element on the RIS imposes a

programmable reflection or transmission phase shift, enabling dynamic beam steering,

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

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

Figure 2.3: Different functionalities of reflective/refractive structures [14].

• Reflection: RIS can redirect incident waves toward arbitrary directions by impos-

ing a desired phase-shift profile, enabling both specular and anomalous reflection

behaviors.

• Refraction: Similar to reflection, RIS can tailor transmitted wave directions by

engineering a spatial phase gradient, effectively generalizing Snell’s law for trans-

mission. Transmitarrays are practical implementations of this functionality, offering

transmission control along with beam steering.

• Absorption: Through impedance matching and surface-loss engineering, RIS can

absorb incoming EM waves, minimizing reflected or transmitted energy, which is

useful for stealth and energy-harvesting applications.
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• Focusing: By applying a phase distribution across the surface, RIS can converge

plane waves to a focal point. Reflectarray antennas serve as classical examples of this

application in reflective configurations.

• Polarization Control: RIS structures composed of anisotropic meta-atoms can

transform the polarization of EM waves, enabling dynamic polarization conversion

and control.

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

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

• Analog Processing: RIS can perform analog computation directly in the EM do-

main, such as convolution or correlation, by engineering the spatial structure to

emulate mathematical operations.

• Collimation: By appropriately adjusting the surface phase profile, RISs can trans-

form diverging spherical waves into parallel plane waves, enhancing beam focusing.

Reflectarrays also exemplify this functionality, especially when used to convert spher-

ical wavefront into directive beams.

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

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

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

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

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

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

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

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

2.3 Recent Advancements in RIS Design

2.3.1 Beamforming applications

Reconfigurable antenna arrays offer a promising solution for achieving versatility and

adaptability in current and next-generation communication systems [28]. Beamforming

is one of the key functionalities of reconfigurable intelligent surfaces (RISs) and mainly

includes focusing and collimation. In focusing applications, an RIS transforms an incom-

ing plane wave into a converging wavefront that concentrates energy at a specific point,

similar to how a parabolic reflector focuses incoming plane waves onto its focal point. In

collimation applications, an RIS converts a diverging spherical wave, typically radiated by

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

With advancements in PCB technology, reflectarrays have emerged as a practical alter-

native, offering benefits such as low cost and ease of fabrication [29]. However, traditional

reflectarrays are typically designed for fixed-beam applications. Recently, reconfigurable re-

flectarrays and transmitarrays have been developed, enabling dynamic and programmable

radiation patterns and thereby enhancing the flexibility of wireless systems.

The fundamental component of any reflect/transmit array design is the unit cell. In

conventional designs, each unit cell is assigned a specific reflection phase, enabling the

array’s radiation beam to be directed at a certain angle. To achieve reconfigurability,

the reflection phase of each unit cell must be adjustable, which can be accomplished by

integrating it with tunable materials or elements. Various methods have been considered,

such as using liquid crystal [30], [31], varactor diodes [32], PIN diodes [33], [34], and

MEMS switches and actuators [35], [36]. The choice of method largely depends on the

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

In [38], varactor diodes were integrated with patch-type unit cells to achieve reconfig-

urability by changing the resonance frequency (Figure 2.5). The fabricated reflectarray

shows a maximum gain of 12.5 dBi with a 3-dB gain bandwidth of about 200 MHz at 5.5

GHz (3.6%) for all scanned angles. Designing the bias network is often the most challenging

aspect of implementing reconfigurable structures, especially in large arrays. To mitigate

this complexity, many systems employ discrete reflection phase states, achieved using RF

switches such as PIN diodes and MEMS switches, instead of continuously tunable phase

control. While this approach may lead to some degradation in radiation performance,

including reduced array efficiency and increased sidelobe levels (SLL), it significantly sim-

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

Several research studies have investigated reconfigurable reflectarrays (RRAs) employ-

ing discrete reflection phase states at the unit-cell level. In [41], a 12 × 12 RRA was

fabricated using 1-bit unit cells (two phase states), each consisting of a slotted patch in-

tegrated with a PIN diode. The fabricated array demonstrated a maximum gain of 19.2

dBi at 5 GHz, with a 1-dB gain bandwidth of 8% and a radiation efficiency of 15.5%. It is

also capable of beam scanning up to 60◦. The authors in [42] proposed a wideband RRA

by employing a multilayer stacked structure forming a double-resonance behavior. The

16× 16 fabricated RRA shows a gain of 21.6 dBi, with a 22.5% 1-dB gain bandwidth and

25% aperture efficiency (Figure 2.6-(a)). MEMS switches have been used in some proposed

structures [43], [44]. In [44], a four-leg unit-cell structure was loaded with ohmic MEMS

switches, enabling reflection phase variation by switching them ON or OFF. The proposed

design supports both x- and y-polarizations, which is a valuable feature for certain ap-

plications. However, the concept was not experimentally validated in a fabricated array

(Figure 2.6-(b)).
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(a) (b)

Figure 2.6: (a) Proposed structure in [42]. (b) Proposed unit cell using MEMS switches

in [44].

To obtain better radiation efficiency, unit-cell designs with four phase states (2-bit)

have been considered in various research works. In [45], the proposed unit cell consists

of a defected split-ring slot patch loaded with two PIN diodes and a cross-shaped hollow

ring loaded with four PIN diodes. By combining the states of these PIN diodes, different

current paths are obtained to achieve 2-bit phase quantization. A passive prototype with

a high aperture efficiency of 35.1% was fabricated. The authors in [46] proposed a dual-

polarized unit cell for the sub-6 GHz frequency band, which includes an aperture-coupled

patch, two perpendicular slots, and two microstrip delay lines. Each delay line has only

two PIN diodes, and all four states of the two PIN diodes are fully utilized to achieve 2-bit

phase resolution. The 16× 16 fabricated RRA shows a maximum measured gain of 23.11,

with 40.5% radiation efficiency (Figure 2.7).
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Figure 2.7: The proposed 2-bit unit cell in [46].

2.3.2 Anomalous reflection

As discussed previously, anomalous reflection refers to changing the reflection angle of an

incident wave using the concept of the generalized Snell’s law of reflection and refraction.

In contrast to beam focusing, the incident wave is a plane wave from a source that is

located in the far field of the array. In [47], a reflectarray was utilized to improve a

non-line-of-sight (NLOS) radio channel by redirecting the received signal from the base

station to a certain angle and mitigating building blockage. The work in [48] presents an

RIS prototype for adaptive beamforming, evaluated through both indoor and outdoor field

trials. The proposed unit cell consists of a metallic patch integrated with varactor diodes as

the tuning elements, enabling continuous phase control by adjusting the bias voltage. This

configuration allows beam steering toward desired directions, and experimental results show

significant improvements in received signal strength across various environments (Figure
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2.8-(a)). Similarly, [49] reports the design and implementation of a sub-6 GHz RIS for

real-world demonstrations. Its unit cell employs a square patch loaded with varactor

diodes and a dedicated biasing network to achieve continuous phase shifts. Measurements

and simulations confirm effective beam-steering capability, with notable enhancements in

coverage and signal quality in practical scenarios.

In [50], NTT DOCOMO and AGC developed a transparent dynamic metasurface at

28 GHz that can switch between full penetration, partial reflection, and full reflection of

radio waves by shifting a movable glass layer. It maintains optical transparency, scales to

large sizes, and is suitable for windows, vehicles, billboards, and secure indoor areas. Trials

showed successful mode switching without attenuation, with future versions targeting high-

speed actuator control and frequencies beyond 5G.

(a) (b)

Figure 2.8: (a) Proposed RIS in [48]. (b) Proposed RIS in [49].
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Similar to what was presented in beamforming applications, discrete reflection phase

has been employed in structures with anomalous reflection, especially through the introduc-

tion of digital metamaterials and coded metasurfaces in [23] and [24], respectively. Despite

their discrete nature, coded metasurfaces have demonstrated strong capabilities in elec-

tromagnetic field manipulation. Coding can be applied not only to the reflection phase,

but also to parameters such as amplitude, polarization, and orbital angular momentum

(OAM), enabling a wide range of field-control functionalities [51].

(a) (b)

Figure 2.9: (a) Proposed RIS by NTT DOCOMO in [50]. (b) Proposed RIS in [52].

The authors in [52] designed and implemented an RIS using a patch-based unit cell with

an integrated PIN diode in a 160-element array. Their field measurements demonstrate

improved communication performance, with significant signal-to-noise ratio (SNR) gains

when the RIS is deployed compared with the case without RIS. In [53], different func-
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tionalities of a coded metasurface were demonstrated by integrating a PIN diode into a

patch unit cell. A programmable metasurface containing 1600 individually controlled unit

cells was fabricated to demonstrate the dynamic manipulation of electromagnetic waves.

By applying a binary coding matrix, genetic algorithm, and inverse fast Fourier transform

(IFFT) technique, various scattering and focusing functionalities were obtained.

The authors in [54] proposed a 1-bit unit cell operating at 9.2 GHz. By applying

different phase distributions over the array surface, the reflected beam direction is changed.

It was also shown that the direction of the reflected wave in 1-bit coded metasurfaces

changes when different lattice sizes are used. A 2-bit structure was proposed in [55] using

two pairs of metallic trapezoidal and rectangular patches integrated with two PIN diodes.

Each PIN diode is independently controlled by a DC bias line, which results in four phase

states for the two diodes. The fabricated array was illuminated by a plane wave source,

and beam steering was verified for different phase patterns.

2.4 Summary

Reconfigurable intelligent surfaces (RISs) have emerged as a promising technology for con-

trolling electromagnetic wave propagation in next-generation wireless networks. By inte-

grating tunable elements such as varactor diodes or RF switches into periodic unit cells,

RISs can dynamically adjust reflection phase, amplitude, and polarization to shape the

wavefront as desired. Two primary applications are evident in the literature: beamforming

and anomalous reflection.

In beamforming applications, RISs enable wavefront transformation from an incident

plane wave to a focused or steered beam, enhancing coverage and signal quality. Examples

include 1-bit PIN-diode-based reflectarrays and varactor-tuned prototypes that achieve
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(a) (b)

Figure 2.10: (a) 1-bit array implemented in [54]. (b) 2-bit array proposed in [55].

wide scanning angles, dual-polarization operation, and demonstrated adaptability in real-

world field trials. In anomalous reflection, RISs are designed to redirect incident waves

toward non-specular directions, enabling precise control of reflection angles for coverage

optimization and interference management. Coding metasurfaces, including 1-bit and 2-bit

designs, have been widely employed to achieve such effects, with capabilities extended to

manipulate amplitude, polarization, and orbital angular momentum.

These developments show that RIS technology, when applied to beamforming and

anomalous reflection, enables new possibilities in adaptive wireless environments, improv-

ing indoor coverage and enhancing outdoor links through transparent integration on build-

ing surfaces and vehicles.
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Chapter 3

Design Methodology of

Reconfigurable Intelligent Surfaces

(RISs)

3.1 Introduction

Engineered electromagnetic surfaces — encompassing metasurfaces, frequency-selective

surfaces (FSS) and diffraction grating surfaces- are artificially structured interfaces de-

signed to manipulate electromagnetic (EM) waves in ways not achievable with natural ma-

terials. By controlling the amplitude, phase, polarization, or direction of incident waves,

they enable applications ranging from wireless communications and radar stealth to imag-

ing and sensing. At the heart of these surfaces lies the unit cell, the sub-wavelength building

block whose geometry and material composition dictate the local EM response. Further-

more, the periodicity between adjacent units determines the proper design method [17].
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When arranged periodically or quasi-periodically, these unit cells form a surface with tai-

lored dispersion and wave manipulation properties.

Generally, two main perspectives have been utilized for design of reflective surfaces,

ray optics and wave optics, as shown in Figure 3.1. In the ray optics method, waves are

assumed as rays in which their phases increase by path length. Therefore, a phase will be

defined for each element on the array. The phase of reflected wave is related to the incident

wave phase and unit cell reflection phase. In wave-optics, the interaction between incident

wave and material is modeled by equivalent theorems like love’s equivalence and surface

equivalence theorems. Desired scattered wave is obtained by proper wave transformation by

the surface [11]. Ray optics is a simplified model in RIS design compared to wave optics, but

it has some disadvantages. In this method, interaction between elements is not considered

which may lead to difference in fabrication results compared to simulation results. This

is an important point which must be considered in RIS design. In what follows, the basic

design procedure of RIS for beamforming and anomalous reflection applications will be

discussed.

3.2 RIS Design for Beamforming Applications

3.2.1 Ray optic approach

In beamforming applications, one of the receiver or transmitter is positioned in the near

field of the array. This will enforce the design process to bring the spatial phase delay into

calculation. This design procedure is well-explained in reflectarray design.

Like typical array structure, to direct the radiation beam to a certain direction, a

progressive phase is needed for array elements. The main procedure is the same for reflect-
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(a) (b)

Figure 3.1: Two main perspective in reflective surface design. (a) Ray optics. (b) Wave

optic. [11].

arrays, however spatial phase change due to distance from elements to the source should

be considered [29]. Figure 3.2 shows a geometrical view of a reflectarray with the source

position. The array elements are in the far-field of the source, and they are illuminated by

a spherical wave with a certain angle. The emanated field from the source originates from

the phase center and has a spatial phase delay. This phase delay should be compensated

by array elements. Spatial phase delay is given by

ϕspd = −k0Ri (3.1)

where Ri is the distance between the ith element and the phase center, and k0 is the

wave number at the center frequency. The required progressive phase distribution on the
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reflectarray to produce a beam in (θ0, ϕ0) is represented as

ϕ(xi, yi) = −k0 sin θ0 (xi cosϕ0 + yi sinϕ0) (3.2)

Figure 3.2: Geometry of reflectarray with source position .

where (xi, yi) is the coordinate of the ith element. On the other hand, the phase of the

reflected wave on each element is the summation of spatial phase and the phase introduced

by the element, which can be expressed as

ϕ(xi, yi) = −k0Ri + ϕR(xi, yi) (3.3)

where ϕR(xi, yi) is the reflection phase introduced by the unit cell. From Equations (3.2)

and (3.3), the required reflection phase of each element is calculated as

ϕR(xi, yi) = k0 [Ri − sin θ0 (xi cosϕ0 + yi sinϕ0)] + ∆ϕ (3.4)
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where ∆ϕ is a phase offset which is added to all the array elements. Figure 3.3 shows

the required reflection phase of a 21 × 21 array at 13 GHz to collimate the beam to

(θ0 = 0◦, ϕ0 = 0◦) and (θ0 = 30◦, ϕ0 = 0◦) directions respectively.

(a) (b)

Figure 3.3: Required phase distributions for two directions. (a) (θ0, ϕ0) = (0◦, 0◦). (b)

(θ0, ϕ0) = (30◦, 0◦).

This analysis is only on a phase basis, and it does not discuss radiation characteristics

of a reflect array. To address this issue, a full wave analysis should be done based on

far-field analysis of electric field on the array aperture which is related to reflected wave

from array elements. It will be discussed in the later section.
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3.2.2 1-bit array design

As mentioned in the literature review, recent designs utilizes discrete reflection phase in

reflectarray due to less complexity in bias and control system. In a 1-bit RRA design, the

continuous reflection phase in Equation 3.4 should be quantized into two states, which can

be implemented in various schemes. The 1-bit quantized phase can be expressed as

φ1−bit =


0◦, ϕm,n ∈ [0◦, −180◦]

−180◦, ϕm,n ∈ [−180◦, −360◦]

(3.5)

in which the two states are chosen as 0◦ (state 1) and −180◦ (state 2). The corresponding

quantized reflection phases of the array shown in Figure 3.3 are demonstrated in Figure

3.4. As explored in [56], the use of different quantization schemes will result in different

radiation performance, which can be used as a useful parameter in the RRA design.

According to Equation 3.4, ∆ϕ does not change the required phase difference between

elements and does not affect the radiation angle of the array. However, it changes the ab-

solute required reflection phase of each element, which may impact the overall performance

of the array, especially in arrays employing resonant-type unit cells. In array design using

discrete phase states, altering this parameter will impact the ON/OFF states of the PIN

diodes and consequently the required phase distribution. In general, the constant phase

offset is advantageous for improving radiation efficiency [57]. Using these design keys is

useful in mitigating the radiation performance degradation due to phase quantization.
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(a) (b)

Figure 3.4: Required quantized phase distributions for two directions. (a) (θ0, ϕ0) =

(0◦, 0◦). (b) (θ0, ϕ0) = (30◦, 0◦).

3.2.3 Wave optic approach

The wave optic approach is a useful method to evaluate radiation characteristics of the

array including directivity, gain and the side lobe level (SSL).The incident field on the

array is determined using the feed antenna pattern. By calculating the electric field on

the array surface and applying a two-dimensional Fourier transformation over the array

surface, the radiation parameters can be obtained. Figure 3.5 illustrates the geometry of

a reflectarray illuminated by a horn antenna as the source.

The horn antenna is assumed to have a symmetric pattern in both the E-plane and

H-plane. Therefore, its pattern can be modeled as a cosq(θ) function. For an ideal feed,

the radiated electric field can be expressed as [29]:
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Figure 3.5: Geometry of reflectarray with a horn antenna source [29].

x-polarized feed: EFx(θ, ϕ) =
jke−jkr

2πr

[
θ̂CE(θ) cosϕ− ϕ̂CH(θ) sinϕ

]
(3.6)

y-polarized feed: EFy(θ, ϕ) =
jke−jkr

2πr

[
θ̂CE(θ) sinϕ+ ϕ̂CH(θ) cosϕ

]
(3.7)

where F denotes fields in the feed coordinate system, and CE and CH correspond to

the feed pattern in the E-plane and H-plane, respectively, and are defined as:

CE(θ) = cosqE(θ), CH(θ) = cosqH (θ) (3.8)

For a symmetric feed pattern, qE = qH = q. In the next step, the radiated field

at each reflectarray unit cell should be expressed in the reflectarray coordinate system
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(XR, YR, ZR), as shown in Figure 3.5. Using Equation 3.7 and Equation 3.8, the electric

field at the center of each element is calculated. It is converted to Cartesian components

by:


ER

x

ER
y

ER
z

 =


sin θ cosϕ cos θ cosϕ − sinϕ

sin θ sinϕ cos θ sinϕ cosϕ

cos θ − sin θ 0




0

EF
θ

EF
ϕ

 (3.9)

After this transformation, the Cartesian field components are transformed from the

feed coordinate system (F ) into the reflectarray coordinate system (R). Let A be the

transformation matrix performing this conversion. The electric field on each unit cell is

then:

ERC = AEFC (3.10)

Once the incident field on each unit cell is determined, the reflected wave can be ex-

pressed as:

Eref
x

Eref
y

 =

Γxx Γxy

Γyx Γyy

Einc
x

Einc
y

 (3.11)

Since the reflected wave from each unit cell is known, the radiation characteristics

of the reflectarray can be determined using either the angular spectrum method or the

current distribution approach on the surface, both of which are thoroughly discussed in

the literature [29]. Although this formulation may appear complex, it provides accurate

predictions of radiation characteristics and is especially useful for identifying sources of

discrepancies between theoretical analysis and experimental measurements.
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Figure 3.6: The 1-bit array structure illuminated with a plane wave source.

3.3 RIS Design for Anomalous Reflection Applica-

tions

In anomalous reflection, the array is excited with a plane wave source which is positioned

far away from the array surface. In this case, the spatial phase delay is the same for all

array elements while it was different in beamforming applications. Figure 3.6 represents a

1-bit array which is illuminated by a plane wave source.

The reflection amplitude is assumed to be unity due to the perfect reflection of the

coding particle, and thus the electric field on the metasurface can be expressed in the

cartesian coordinate system as [58]:
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Em,n(x
′, y′) = eiϕ(m,n) (3.12)

where ϕ(m,n) represents the reflection phase of the coding particle (m,n), which is either

0 or π for a 1-bit unit cell with two phase states. The local coordinates x′, y′ are limited

to the size of a coding particle:

−Px

2
< x′ <

Px

2
, −Py

2
< y′ <

Py

2
. (3.13)

Using the spectral analysis technique and asymptotic phase approximation, the far-field

scattered electric fields for a 1-bit array can be calculated using following formulation: [59]

E(r, θ, ϕ) =
jke−jkr

2πr

[
θ̂ (Fx cosϕ+ Fy sinϕ) + ϕ̂ cos θ (−Fx sinϕ+ Fy cosϕ)

]
(3.14)

where Fx and Fy are the two dimensional Fourier transform of the electric field over the

array surface for x-polarized and y-polarized incident waves respectively.

Fx =

∫ MPx

2

−MPx

2

∫ NPy

2

−
NPy

2

Ex(x, y) e
jk(x sin θ cosϕ+y sin θ sinϕ) dx dy (3.15)

Fy =

∫ MPx

2

−MPx

2

∫ NPy

2

−
NPy

2

Ey(x, y) e
jk(x sin θ cosϕ+y sin θ sinϕ) dx dy (3.16)

For a y-polarized incident wave, the far-field scattered electric field is expressed as

E(r, θ, ϕ) =
jke−jkr

2πr

[
(θ̂ sinϕ+ ϕ̂ cos θ cosϕ)Fy

]
(3.17)
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To evaluate the Fy, the integral in Equation 3.16 is transformed to to the unit cell

intervals.

Fy =

∫ Px

2

−Px

2

∫ Py

2

−
Py

2

Em,n(x
′, y′) ejk(x sin θ cosϕ+y sin θ sinϕ) dx′ dy′ (3.18)

x′ = x−
(
m− M − 1

2

)
Px (3.19)

y′ = y −
(
n− N − 1

2

)
Py (3.20)

where x′ and y′ and local coordinates within the unit cell. By doing integration over

Equation 3.16, they results will be

u = sin θ cosϕ, v = sin θ sinϕ, k0 =
2π

λ
. (3.21)

Fy(u, v) = K PxPy sinc

(
k0uPx

2

)
sinc

(
k0vPy

2

) M−1∑
m=0

N−1∑
n=0

exp
(
j ϕ(m,n)

)
exp

(
jk0 [umPx + v nPy ]

)
.

(3.22)

K = exp

(
−j

k0u(M − 1)Px

2

)
exp

(
−j

k0v(N − 1)Py

2

)
. (3.23)

By evaluating Equation 3.22, the far-field scattered electric field is obtained using Equa-

tion 3.17. Different radiation patterns are produced by changing the phase distribution

over the array surface. Figure 3.7 shows various applied phase distributions with their cor-

responding radiation patterns. It is observed that the direction of the main beam changes
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Figure 3.7: Different phase distributions over the array surface with corresponding radia-

tion pattern.

when different sequences of rows with the same phase state are applied, as illustrated in

Figure 3.7 (a)–(d). It is worth mentioning that a 1-bit reflective surface radiates two main

beams when it is excited by a plane-wave source, as discussed in detail in [60]. It was shown

by the authors that single-beam patterns can be achieved by introducing a fixed prephase

distribution with two values over the 1-bit array. Another solution is to employ unit cells

with higher phase resolution (2-bit, 3-bit, etc.) to address this issue. The above analysis

was repeated for a 2-bit unit cell with four reflection phase states (0◦, 90◦, 180◦, 270◦). The

results show single-beam radiation and beam steering for two different applied patterns,

as demonstrated in Figure 3.8.
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Figure 3.8: Single-beam radiation and beam steering obtained by applying different pat-

terns on a 2-bit array.
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Chapter 4

Reconfigurable Arrays Using

Semiconductor Switches

4.1 Introduction

The growing demand for multifunctional, adaptable, and spectrum-efficient wireless sys-

tems has driven antenna technology beyond conventional fixed designs. In modern appli-

cations ranging from cognitive radio and 5G/6G communications to satellite payloads and

advanced radar, antenna systems must support higher data rates, broader bandwidths, and

enhanced polarization diversity to improve link reliability and spectral efficiency. Dual-

polarized reconfigurable reflectarray antennas are particularly attractive for their ability to

transmit and receive orthogonal polarizations simultaneously, effectively doubling channel

capacity and improving system throughput.

Reconfigurable reflect/transmit array antennas have emerged as a powerful solution,

capable of dynamically altering key radiation characteristics such as beam direction in
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real time. The integration of semiconductor technologies, including PIN diodes, varactor

diodes, RF MEMS switches, and CMOS-based circuits, lies at the heart of this adaptability.

These active components serve as control nodes, enabling fast and precise tuning of the

unit cell or array, which in turn supports phase control, beam steering, and polarization

switching.

This chapter presents the design, analysis, and realization of a wideband dual-polarized

reconfigurable reflectarray (RRA) and transmitarray (RTA) by employing semiconductor

switches. The chapter begins with the design of a wideband dual-polarized RRA at the Ku

frequency band. All steps of the unit cell design will be discussed. Simulation and exper-

imental results are provided to validate the proposed design, demonstrating its ability to

combine wideband performance with dual-polarization reconfigurability. Moving forward,

the design of a wideband dual-polarized RTA will be discussed.

4.2 Wideband Dual-Polarized RRA Design

With the growing demand for higher data rates and broader bandwidth in modern commu-

nication systems such as satellite communications, radar, and wireless networks, wideband

antennas have become indispensable. At the same time, polarization diversity enhances sig-

nal quality, improves link reliability, and can double channel capacity. In particular, dual-

polarized reconfigurable reflectarray antennas are particularly attractive for their ability

to transmit and receive orthogonal polarizations simultaneously, effectively doubling chan-

nel capacity and improving system throughput. While each of these capabilities, namely

wideband operation and dual polarization, has been extensively studied, their combined

implementation in a reconfigurable reflectarray remains challenging.

Enhancing the bandwidth of reflectarray antennas has been a primary focus in many
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studies, given the increasing demand for high data-rate applications. In most of recon-

figurable architectures, phase tuning is accomplished by shifting the unit cell’s resonance

frequency, which inherently results in a narrow operational bandwidth due to the fact that

the unit cell structure is the main limiting factor of the array bandwidth [61]. To over-

come this limitation, various techniques have been proposed. For example, [42] employs a

multi-resonance configuration to achieve a 1-dB gain bandwidth of 22%, while [62] utilizes

a magneto-electric dipole in the unit cell design, resulting in 22.5% 1-dB gain bandwidth.

A different approach was proposed in [63] by using polarization rotation technique. The

reflected wave is rotated by −90◦/+90◦ relative to the y-polarized incident wave, providing

a 180◦ phase difference between states and achieving a 1-dB gain bandwidth of about 12%.

In parallel, other studies have focused on enabling dual-polarization capability, which

enhances link reliability and spectral efficiency through the use of orthogonal polarizations.

In [44] and [64], dual-polarized unit cells were proposed using MEMS switches and PIN

diodes, respectively. However, these designs were not validated at the array level and lack

practical implementation in array fabrication. A more complete approach was presented

in [65], where a dual-polarized reflectarray was fabricated and experimentally verified.

Nevertheless, these designs often involve trade-offs among bandwidth, the number of tuning

elements, fabrication complexity, and control network design. These limitations underscore

the need for further research to improve both the radiation performance and practical

feasibility of reconfigurable dual-polarized reflectarrays.

Although wide bandwidth and dual polarization have been extensively studied individ-

ually, achieving both simultaneously in a reconfigurable reflectarray remains a significant

challenge. Only a few studies have addressed these features together. In [66], a ”receiving-

phase shift-transmitting” unit cell was introduced, offering 1-bit phase resolution through

polarization rotation and achieving a 15.4% 1-dB gain bandwidth. However, the use of
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PIN diodes mounted on the ground plane and a non-integrated DC bias circuit with stamp

vias complicated the fabrication process. In [67], polarization twisting was realized using

two pairs of PIN diodes, achieving a 180◦ phase shift between two states and a 12% 1-dB

gain bandwidth for both polarizations. Despite this, the design required four PIN diodes

per unit cell, increasing the power consumption of the array. These prior works, while

promising, involve significant trade-offs between performance, complexity, and fabrication

practicality, highlighting the need for more efficient wideband, dual-polarized reflectarray

solutions.

To address these limitations, the proposed structure offers a wideband dual-polarized re-

configurable reflectarray based on a novel unit cell design. Wideband operation is achieved

by using a polarization rotation technique instead of altering the resonance frequency of

the unit cell, which inherently results in a narrow bandwidth. The unit cell achieves a

stable phase difference of 180◦ ± 2◦ between two states across a wide bandwidth (10 GHz

- 15 GHz) using only two PIN diodes per unit cell, of which only one PIN diode is active

in each state for both polarizations. This configuration allows dual-polarization control

through a single control line, significantly simplifying the biasing network. In addition, the

unit cell supports circularly polarized incident waves, enhancing its applicability. By com-

bining wideband operation with handling dual-polarization, the proposed structure offers

a practical and efficient solution for modern reconfigurable reflectarray applications, with

reduced fabrication effort and fewer tuning elements. In what follows, the detailed design

process will be discussed.
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4.2.1 Primary proposed structure

Unit cell design

The primary design objective of the proposed unit cell is to support both polarizations.

To achieve dual-polarization operation, a square patch antenna capable of supporting both

polarizations is employed. A second design objective is wideband performance, which

requires the unit cell to maintain a stable 180◦ phase difference between its two states over

the intended frequency range. This is accomplished using a polarization rotation technique

that converts an incoming y-polarized wave to an x-polarized wave, and vice versa, while

realizing two distinct phase states. The procedure described in what following explains

how these goals are achieved.

Figure 4.1: The electric field distribution of the patch dominant modes.

In a square patch antenna, the TM01 and TM10 modes are orthogonal and can exhibit

identical resonance frequencies. This characteristic is a key feature of square patch antennas

and is commonly utilized in dual-polarization designs. The electric field distributions of

these modes are characterized by nulls along the patch centerline and out-of-phase behavior

across either side, as illustrated in Figure 4.1. The proposed unit cell leverages these

properties to realize two distinct phase states by exciting and converting these orthogonal

modes together.
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To achieve this, the square patch unit cell is configured within a multilayer structure

comprising three dielectric substrates and is designed to operate at 12 GHz. Two RTDroid

5880 substrates (thicknesses of 0.208 mm and 0.82 mm) with low dielectric permittivity

(εr = 2.23), which is desirable for achieving higher bandwidth, are used. A RO4003

substrate with εr = 3.55 and a thickness of 0.508 mm is employed in the bottom layer to

achieve a more compact feeding network

Both the TM01 and TM10 modes are excited independently by y-polarized and x-

polarized incident waves respectively, using unit cell boundary condition in the CST mi-

crowave studio software. To enable the mode conversion, and achieving distinct phase

states accordingly, two independent excitation mechanisms are required to ensure selective

excitation and enable simultaneous mode conversion. For this purpose, two metallic vias

placed along the y-axis and penetrating through the ground layer are employed for TM01

excitation, while a L-probe oriented perpendicular to the x-axis is used for TM10 excitation.

as shown in Figure 4.2 (a). The L-probe feeding is chosen for its ability to provide good

bandwidth in multilayer structures [68], which will be required later when implementing

the polarization conversion mechanism.

Due to their orthogonal nature, the excitation mechanism for one mode does not sig-

nificantly disturb the other. Specifically, the addition of the L-probe when TM01 mode

is excited, or the addition of vias when the TM10 mode is excited preserves the original

electric field distribution of each mode, as shown in Figure 4.2 (b). This can be observed

in the reflection magnitude and phase of the unit cell under x-polarized and y-polarized

incident waves, as shown in Figure 4.2 (c) and Figure 4.2 (d). These responses remain

nearly unchanged after introducing the excitation method for the other mode, confirming

the independence of the two excitations.
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(a) (b)

(c) (d)

Figure 4.2: (a). The square patch unit cell with two excitation mechanism. (b) Field

distribution of each mode with and without the other mode excitation mechanism. (c)

Reflection magnitude/phase under y-polarized incident wave (related to TM01). (d) Re-

flection magnitude/phase under x-polarized incident wave (related to TM10).

To enable the joint conversion of these modes and achieve two discrete phase states, a

microstrip line is used on the bottom layer of the RO4003 substrate to connect the vias

and the L-probe. Figure 4.3 (a) illustrates this switching configuration for both states,

along with the incident and reflected wave behavior for both polarization.
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(a) (b)

Figure 4.3: (a) The process of achieving two states. (b) Incident and reflected waves in

two states for both polarizations.

For state 1, when the patch is excited with a y-polarized incident wave, the TM01 mode

of the patch is excited and vias along the y-axis will be excited by 180◦ phase difference,

as indicated by the relevant positive and negative signs in Figure 4.3 (a). This is due to

the out-of-phase characteristic of electric filed in TM01 mode. By connecting the positive

via along the y-axis to the L-probe by a microstrip line, the TM10 mode will be excited,

causing radiation back in x-polarization. Therefore, the y-polarized incident wave will be

radiated back in x-polarization. Concurrently, an x-polarized incident wave will excites

TM10 mode, and it converts to the TM01 mode, causing radiation back in y-polarization.

In state 2, the negative via along the y-axis is connected to the L-probe. Consequently,

the y-polarized incident wave will be radiated back in x-polarization with 180◦ phase dif-

ference compared to state 1. For the x-polarized incident wave, the connection to the lower

via along the y-axis results in excitation of the patch in the opposite direction, leading to

a 180◦ phase difference compared to state 1. In summary, the operational mechanism in-
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volves the conversion of the y-polarized incident wave to an x-polarized reflected wave with

two distinct phase states, and vice versa. To evaluate the process, the reflected electric field

of each state are depicted in Figure 4.3 (b) at one instant in the constant z-plane above

the unit cell (z= 5mm). The unit cell is illuminated with both x and y-polarized incident

waves. The reflected electric fields clearly show that for each incident wave, the reflected

electric field for both states have 180◦ phase difference, as expected from the principles of

operations.

Regarding the operating principles explained above, the structure shown in Figure 4.4

is proposed. It comprises three substrates, namely RTDroid 5880 (10 mil and 61 mil)

and RO4003 (20 mil), and four metallic layers. A square patch is used as the receiv-

ing/transmitting element, with its dimensions chosen to operate at 12.5 GHz. It is also

loaded with four parasitic patches that are used to increase the bandwidth. Two vias in

the y direction are used for y-polarization excitation, and L-probe feeding with a twin

geometry is used for x-polarization excitation. The middle via, which connects the square

patch to the ground layer, provides a DC current path for the diodes to the ground. Since

the electric field is zero at the center for both modes, this via does not affect the unit cell’s

electromagnetic characteristics. Two diodes, D1 and D2, are used to switch between two

states. For each state, only one diode is active for both polarizations. In addition, only one

control signal is used to turn the diodes on and off, which considerably simplifies the design

of the control system. To prevent the DC pad from interfering with RF performance, a

radial capacitor with a quarter-wavelength line designed at center frequency (13 GHz) is

used. The dimensions of microstrip line and twin L-probe feed (width and length) are

optimized through full-wave simulation to achieve the desired response. Table 4.1 shows

the optimized design parameters of the proposed structure.
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(a) (b)

Figure 4.4: The proposed unit cell structure. (a) 3-D view. (b) Layer description

Table 4.1 Dimensions of the proposed unit cell.

Parameter P Wp D Dvia S Ls Ws L1 W1 L2 W2

Value (mm) 13 6.9 1.7 0.4 0.25 5.4 0.8 1.97 0.5 2.6 0.75

Parameter d1 Gap1 Gap2 W3 Wpad Ldc d2

Value (mm) 2.9 2.2 1.3 1 0.8 3.5 1.2

To simulate the proposed structure, CST Microwave Studio software is used with unit-

cell boundary conditions. The proposed structure is illuminated with TE (y-polarized)

and TM (x-polarized) plane waves at normal incidence. To incorporate the diode into the
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simulation, its equivalent circuit model is employed. The MACOM MADP-00097-1402

PIN diode, known for its good performance within the desired frequency band, is used.

According to the manufacturer’s datasheet, an RL equivalent circuit (R = 5 Ω, L = 30 pH)

is used for the ON state, while an LC equivalent circuit (C = 25 fF, L = 30 pH) represents

the OFF state.

As discussed earlier, the upper and lower y-axis vias experience a 180◦ phase difference

in excitation. When D1 is active (state 1), the upper y-axis via is connected to the L-probe

through an x-axis via. Therefore, a y-polarized incident wave will be radiated back in x-

polarization, and vice versa. When D2 is active (state 2), the lower y-axis via, which has a

180◦ phase difference, connects to the L-probe. This results in a y-polarized wave radiating

back with a 180◦ phase difference. For an x-polarized incident wave, the lower y-axis via,

excited in the opposite sense compared to state 1, causes the radiated y-polarized wave to

differ by 180◦ in phase compared to state 1.

Figure 4.5 (a) shows the simulation results of polarization conversion for the proposed

structure. TE/TE (TM/TM) represents the reflected wave from a y-polarized (x-polarized)

incident wave. Accordingly, TM/TE (TE/TM) represents polarization conversion. The

reflection coefficient for TE/TE (TM/TM) is less than -10 dB within the 11.2 GHz to 14.2

GHz frequency range, with TE/TM (TM/TE) conversion loss less than 1 dB. This indicates

good polarization conversion within the specified frequency range. The introduced loss is

mainly related to the ohmic loss of the connection path and the PIN diode loss. The two

phase states and their difference are shown in Figure 4.5 (b). It is observed that the phase

difference between the two states is 180◦ ± 2◦ over the entire 11.2 GHz to 14.2 GHz band.

Simulation results show a relative bandwidth of around 25% for both polarizations, which

is a considerable achievement.
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(a) (b)

Figure 4.5: (a) S-parameters of the proposed unit cell. (b) Phase difference between two

states.

Array simulation

To evaluate the proposed unit cell performance, it was utilized in an 11 × 11 elements

array structure. Figure 4.6 (a) shows array structure in CST using proposed unit cell.

The required phase distributions shown in Figure 4.6 (b)-(c) were calculated at 12 GHz to

collimate the beam to (θ0,φ0)=(0◦,0◦) and (θ0,φ0)=(30◦,0◦) directions respectively, using

the Equation 4.1.

φ1−bit =

 0◦ −180◦ < ϕR ≤ 0◦

−180◦ −360◦ < ϕR ≤ −180◦
(4.1)

where ϕR is the continuous reflection phase expressed in Equation 3.4. The array is illu-

minated with a square waveguide which supports two excitation modes. The F/D which

affects the array efficiency is set to 0.8.
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(a)

(b)

(c)

Figure 4.6: (a) Array structure. (b) Required phase distribution for (θ0, ϕ0) = (0◦, 0◦). (c)

Required phase distribution for (θ0, ϕ0) = (30◦, 0◦)).

The radiation patterns in XoZ plane (ϕ0 = 0◦) is demonstrated in Figure 4.7 at θ0 = 00

and θ0 = 300 angles for both polarizations. Simulation results show good 1-dB gain band-

width over 11 GHz - 13.5 GHz frequency range with 20% relative bandwidth for both

polarizations. Simulated gain at 11 GHz is 17 dBi for both polarizations. There is a de-

viation around 5° from the designed beam direction in y-polarization at 11.5 GHz. This

may relate to the phase distribution regarding the fact that for each frequency, phase

distribution should be calculated individually. In this simulation only one phase distri-

bution was used for the entire frequency band because only overall unit cell evaluation
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was intended. As presented in simulation results, the proposed structure shows acceptable

radiation performance in the desired frequency range.

(a) (b) (c)

(d) (e) (f)

Figure 4.7: (a) Radiation pattern at θ0 = 00, x-polarization. (b) Radiation pattern at

θ0 = 00, y-polarization. (c) 3-D radiation pattern at θ0 = 00. (d) Radiation pattern

at θ0 = 300, x-polarization. (e) Radiation pattern at θ0 = 300, y-polarization. (f) 3-D

radiation pattern at θ0 = 300.
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4.2.2 Modified proposed structure

Unit cell design

The primary design which is a multi-layer structure consisting of three substrates and four

metallic layers achieved 20% 1-dB gain bandwidth for both polarizations. However, despite

the substantial gain bandwidth, the structure required a complex and costly fabrication

process due to the use of blind vias. Furthermore, the array performance was not verified by

fabrication and measurement. The current design simplifies the structure, aiming to reduce

fabrication complexity and cost. Additionally, the array simulation results have been

validated through measurements. Figure 4.8 illustrates the proposed unit cell structure.

This structure features two substrates and three metallic layers. The utilized substrates

are RTDroid 5880 (0.82 mm) and RO4003 (0.508 mm) which are laminated together with

a RO4400 (0.1 mm) prepreg layer.

Figure 4.8: The proposed modified structure.
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Table 4.2 Dimensions of the modified proposed unit cell.

Parameter P Wp D Dvia S Lslot Wslot

Value (mm) 11 6.3 2.1 0.4 0.3 3.8 1.1

Parameter X offset Gap L1 W1 L2 W2 Larc

Value (mm) 2.6 1 4 1.2 3.5 0.8 1.8

n the top layer, the square patch loaded with parasitic strips serves as the trans-

mit/receive element, as in the primary proposed structure. Instead of L-probe feeding, a

bowtie-shaped slot, oriented perpendicular to the x-axis and optimized to maximize polar-

ization conversion bandwidth, is employed for x-polarization excitation. For y-polarization

excitation, two vias along the y-axis are used, which extend through the ground plane and

connect to the bottom layer, similar to the primary structure. As in the primary design,

two PIN diodes are used as switches in the bottom layer, with a single DC bias line. By

applying a positive or negative DC voltage, only one diode is activated in each state for

both polarizations. The middle via, which connects the square patch to the ground layer,

provides a DC current path to the ground. As previously mentioned, this via does not

affect the unit cell’s electromagnetic characteristics, as the electric field is zero at the cen-

ter for both modes. The dimensions of the microstrip line that provides the connection

between the two excitations are optimized to achieve acceptable matching for polariza-

tion conversion. Table 4.2 presents the optimized dimensions in the modified proposed

structure.

In State 1, Diode 1 is activated with a positive voltage bias, connecting the microstrip
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line to the upper via along the y-axis. This configuration reflects a y-polarized incident

wave back as an x-polarized wave through the slot, and vice versa. In State 2, a negative

voltage activates Diode 2, causing the y-polarized wave to reflect back as an x-polarized

wave with a 180◦ phase shift relative to State 1. Similarly, an x-polarized incident wave

reflects back as a y-polarized wave with a 180◦ phase shift, achieved by exciting the lower

via along the y-axis in the opposite sense compared to State 1. The proposed unit cell was

simulated in CST using the same boundary conditions and excitation. The circuit model

parameters of the MACOM MADP-00097-1402 PIN diode were used for the ON and OFF

states.

The reflection performance of the unit cell is demonstrated in Figure 4.9 (a)-(b), show-

ing polarization conversion under both normal and oblique incidence. As explained ear-

lier,TE/TE (TM/TM) shows reflection from the y-polarized (x-polarized) incident wave.

Accordingly, TM/TE (TE/TM) represents transformation of the y-polarized (x-polarized)

incident wave to the x-polarized (y-polarized) reflected wave. Under normal incidence,

the reflection coefficient remains below –10 dB within the 11.8 GHz to 14 GHz frequency

range, with an insertion loss of less than 1.6 dB across the entire band, corresponding to

a relative bandwidth exceeding 15%. Under oblique incidence, while the performance de-

grades, the unit cell still maintains acceptable characteristics, with the reflection coefficient

remaining below –7 dB across the entire frequency range and the maximum insertion loss

increasing to 2.8 dB at an incident angle of 50◦. Figure 4.9 (c)-(d) demonstrates the phase

of two states and the difference between them, which is 180◦ ± 2◦ for normal incidence

and reaches 180◦ ± 6◦ for oblique incidence within 10 GHz-15 GHz frequency range. It

shows stable and accurate phase difference between two states over a wide frequency range,

which is achieved by using the out-of-phase characteristic of the electric field in the patch

dominant mode. The limiting factor is the polarization conversion bandwidth, which can
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be increased by improving the matching network or using structures with more layers, as

discussed in primary design.

(a) (b)

(c) (d)

Figure 4.9: S-parameters of the proposed unit cell at (a) normal incidence and (b) oblique

incidence. Phase difference between two states at (c) normal incidence and (d) oblique

incidence.
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Array design and fabrication

By employing the proposed unit cell, a 10 × 10 elements RRA with an aperture size of

11cm× 11cm (4.7λ0 × 4.7λ0) is designed and simulated to evaluate its beam steering per-

formance. Figure 4.10 (a) shows the array structure in CST software which is illuminated

by a WR75 waveguide source. The location of the feed plays a crucial role in the efficiency

of a reflectarray. As discussed in [69], the aperture efficiency (ηa) is related to spillover

efficiency (ηs), and illumination efficiency (ηi). A trade-off exists between these param-

eters, which should be optimized by adjusting the focal-to-diameter (F/D) ratio, where

F represents the focal point, and D is the side length of the array. In this design, the

F/D ratio set to 0.9, and the waveguide source is placed in a normal position to the array

on dielectric fixture. The required phase distributions shown in Figure 4.10 (b)-(d) are

calculated using Equation 4.1 at 13 GHz for three desired directions which are θ0 = 00,

θ0 = 300 and θ0 = 500 respectively in the XoZ plane (ϕ0 = 0◦).

To validate the design of the reconfigurable reflectarray (RRA), a 10× 10 element ar-

ray was fabricated, along with the associated DC bias circuit, using printed circuit board

(PCB) technology. The fabricated array consists of RTDroid 5880 (thickness = 0.82 mm)

and RO4003 (thickness = 0.508 mm) substrates, which are bonded together by an RO4400

prepreg layer. Two PIN diodes are soldered onto the bottom layer of each unit cell, as

demonstrated in Figure 4.11 (a). To excite the array, a WR-75 waveguide source is posi-

tioned normal to the structure. For measurements of both polarization states, the waveg-

uide source is rotated by 90◦ . Figure 4.11 (b) shows the fabricated prototype mounted on

a 3D-printed fixture.

The DC bias circuit contains 100 identical DC units to control each unit cell in the

array individually, as shown in Figure 4.11 (c). Each DC unit is fed by two positive and
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Figure 4.10: (a) 3-D view of the modified array. Required phase for (b) θ0 = 00. (c)

θ0 = 300. (d) θ0 = 500

negative bias lines, connected to a SPDT switch. These bias lines are common for all DC

units. The DC unit output is connected to the specified unit cell in the array section by
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(a) (b)

(c)

Figure 4.11: (a) Top and bottom layers of the fabricated array. (b) Fabricated prototype.

(c) The DC circuit board of the array.
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a wire connection. By changing the switch configuration, two different phase states are

obtained. To identify the active state for each unit cell, two light emission diodes (LED)

are used as indicator in each DC unit.

(a) (b)

Figure 4.12: Antenna under test (AUT) in the anechoic chamber. (a) Front view. (b) Back

view.

Figure 4.12 (a) shows the fabricated RRA placed in the anechoic chamber for far-field

measurement. Different phase distribution applied to the array to tilt the beam toward the

specified direction, as demonstrated in Figure 4.12 (b). The yellow LEDs indicate state 1

(0◦), while the blue ones indicate state 2 (−180◦). The radiation pattern was measured

for three different radiation angles. For each angle, the measurement was done for several

frequency points ranging from 12 GHz to 14 GHz.

The simulated and measured radiation patterns for both polarizations at three radiation
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(a) (b) (c)

(d) (e) (f)

Figure 4.13: Simulated and measured radiation pattern for three arrays. (a) θ0 = 0◦,

x-polarization. (b) θ0 = 0◦, Y-polarization. (c) θ0 = 30◦, x-polarization. (d) θ0 = 30◦,

y-polarization. (e) θ0 = 50◦, x-polarization. (f) θ0 = 50◦, y-polarization.

angles in the XoZ plane are shown in Figure 4.13 (a)–(f). These results demonstrate

that the proposed RRA achieves effective beam steering, with radiation pattern directed

towards the desired angles. The simulated and measured patterns align well across the

entire operating frequency range of 12 GHz to 14 GHz. There is a deviation in the radiation

angle of about 2◦ for θ0 = 30◦, and 6◦ for θ0 = 50◦, observed at the lower and upper bounds

of the frequency range, respectively. This discrepancy is primarily attributed to the phase

distribution being calculated at the center frequency. Considering (3.4), the reflection phase
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is frequency dependent. In narrow-band RRA design, the required phase distribution is

calculated at the center frequency of operation. However, for wideband arrays, the phase

distribution can vary significantly across different frequencies within the band. To achieve

optimal performance, it is better to assign distinct phase patterns for different frequencies.

In this design. Despite using a single phase pattern across the frequency band, the RRA

demonstrates stable performance over a wide bandwidth. More accurate radiation angles

could be achieved by optimizing the phase distribution for different frequencies.

The highest measured side lobe level (SLL) is -8 dB. It is observed that employing

a discrete phase distribution can degrade the array’s radiation characteristics, including

the SLL. Additionally, feed blockage effects should be taken into account. Although the

measured SLL is relatively high, improvements may be achieved by increasing the aperture

size or enhancing the number of phase states [39]. Furthermore, implementing offset feeding

or improving the directivity of the illuminating source can effectively reduce the SLL.

The measured gain of three radiation angles for both polarizations at 13 GHz are shown

in Figure 4.14 (a)-(b). The measured maximum x-polarized gain is about 12.6 dBi, 13.8 dBi

and 12.2 dBi for θ0 = 0◦, θ0 = 30◦, θ0 = 50◦ respectively, while the corresponding simulated

values are 13.2 dBi, 14.5 dBi and 12.8 dBi. The observed gain reduction is likely attributed

to feed blockage and measurement setup effects, which were not accounted for in the

simulation. Furthermore, the measured cross-polarization levels remain below -13 dB across

all radiation angles for both polarizations, confirming effective polarization conversion.

Furthermore, under broadside radiation ( θ0 = 0◦), the simulated cross-polarization level

in the ϕ0 = 45◦ plane is approximately –13 dB across the operating band. This diagonal

plane is important for assessing polarization purity, as it represents a mixed-polarization

direction. The –13 dB level demonstrates that the design provides reasonable polarization

isolation even in off-axis planes, supporting effective dual-polarized operation.
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(a) (b)

(c) (d)

Figure 4.14: (a) Measured gains for x-polarization. (b) Measured gains for y-polarization.

(c) Gain vs.frequency for x-polarization. (d) Gain vs.frequency for y-polarization

To analyze the bandwidth characteristics of the proposed RRA, the gain response over

the 12 GHz to 14 GHz frequency range was evaluated, as shown in Figure 4.14 (c)-(d)

at three beam directions for both polarizations. The measured 1-dB gain bandwidth of
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the array is 13.7% (12.2 GHz–14 GHz), demonstrating good agreement with the simulated

results. Since the proposed array can simultaneously control both polarizations with a

single bias line, it is well-suited for applications involving circularly polarized (CP) inci-

dent waves. For instance, a right-hand circularly polarized (RHCP) incident wave will

be reflected as a left-hand circularly polarized (LHCP) wave, and vice versa. Figure 4.15

presents the simulated radiation pattern of the array under an RHCP incident wave for

both θ0 = 0◦ and θ0 = 30◦ angles. The results were obtained by combining both modes

during post-processing in CST software. The patterns confirm that the RHCP incident

wave is effectively radiated back as LHCP, with reconfigurable beam control achieved as

accurately as for linear polarization.

The observed discrepancies between the measured and simulated results can be at-

tributed to several factors, including fabrication tolerances and the influence of measure-

ment setup components such as cables and fixtures, which were not accounted for in the

simulation. To simplify the fabrication and measurement process, a waveguide source

was employed in this setup. However, due to the relatively small aperture of the array, the

waveguide source introduces significant blockage, as evident when comparing the measured

gain with other works featuring similar aperture sizes. Additionally, the waveguide source

exhibits asymmetric radiation patterns in the E-plane and H-plane, resulting in uneven

amplitude excitation across the array surface in the x- and y-directions. This asymmetry

likely contributes to further degradation in the array’s radiation performance.
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(a) (b)

Figure 4.15: Simulated radiation pattern under RHCP incident wave. (a) θ0 = 0◦. (b)

θ0 = 30◦

The comparison between the proposed RRA and several prior 1-bit RRA designs is

summarized in Table 4.3. Compared to [66], the proposed design significantly reduces

fabrication complexity by incorporating an integrated DC bias circuit, in contrast to the

non-integrated approach used in that work, while achieving a comparable 1-dB gain band-

width (13.7% vs. 15.4%). Furthermore, the proposed unit cell shows a more accurate and

stable phase difference between two states. Relative to [67], it delivers improved bandwidth

performance using only half the number of PIN diodes per unit cell and features a simpler

structural design. On the other hand, the proposed structure exhibits slightly lower aper-

ture efficiency, primarily due to gain reduction caused by feed blockage. This limitation

can be addressed by employing a higher-gain feed source or using an offset feeding scheme

to minimize blockage. Compared to the other referenced works, which focus on addressing

either wide bandwidth or dual polarization individually, the proposed design effectively
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integrates both features, offering a practical and efficient solution for reconfigurable reflec-

tarray applications.

Table 4.3 Comparison between the proposed RRA and related works

Ref. [42] [65] [67] [66] This work

Frequency (GHz) 12.5 7.45 13.5 12.5 13

Number of

array elements
16× 16 20× 20 10× 10 16× 16 10× 10

Number of

PIN diodes
1 4 4 2 2

Polarization LP DP/CP DP/CP DP/CP DP/CP

Peak gain (dBi) 20.1 22 17.3 18 13.8

Aperture

efficiency (%)
24 16.35 12.5 15 8.9

1-dB gain

bandwidth (%)
22.3 <6 12 15.4 13.7

Fabrication aspects

• Three sub-

strates

• Integrated DC

bias circuits

• Two substrates

• Integrated DC

bias circuits

• Three sub-

strates

• Non-integrated

DC bias circuit

• Three sub-

strates

• Non-integrated

DC bias circuit

• Two sub-

strates

• Integrated

DC bias cir-

cuit

Array simulation under plane wave excitation

The designed and fabricated array was considered in reflectarray mode, which is for beam-

forming applications. As discussed in the literature review, in beamforming applications

the source is in the near field of the array, and the spatial phase delay from the source to

67



the array should be taken into account for beam collimation, as discussed in the analysis.

In anomalous reflection applications, the array is excited with a plane wave, which is lo-

cated far away from the array. In this case, the spatial phase delay is not considered, since

all array elements will approximately receive the same wavefront.

Figure 4.16: The proposed unit cell in an array under plane wave excitation.

Herein, the proposed unit cell was employed in a 16× 16 array, and two different phase

distributions were applied over the array surface. The array was excited with a plane

wave source normal to the array, as demonstrated in Figure 4.16. Two distinct phase

distributions are applied to achieve different radiation patterns. As shown in Figure 4.17,

the direction of the beam changes by applying distinct phase distributions. The radiation

pattern is symmetric, which means the reflected wave has two main beams. This is a

natural characteristic of 1-bit reflective arrays when they are excited with plane waves, as

discussed in [60].
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Figure 4.17: The far-field pattern of the array with two different phase distributions.

4.3 Wideband Dual-Polarized RTA Design

Reconfigurable transmitarrays (RTAs) have emerged as a promising approach for achieving

high gain along with pattern reconfigurability. These structures offer beam-scanning capa-

bilities similar to RRAs while eliminating feed-blockage effects, particularly in millimeter-

wave frequency bands [70]. As discussed in the literature review, refraction is one of the

main desired functionalities of RIS, which can be realized using transmitarrays. There

are two main approaches to transmitarray design. The first approach utilizes multi-

layer frequency-selective surfaces (FSS) to achieve the required phase for beam steering

by adjusting the length or shape of each layer. The second approach employs a re-

ceiver–transmitter (Rx–Tx) structure with a transmission mechanism between them. In

this method, the phase shift can be introduced in each component, typically by using tun-

able elements. The second approach generally offers superior performance for wideband
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array design [71].

Several studies on reconfigurable transmitarray design have been reported in the liter-

ature [72], [73]. In [74], an RTA was proposed using a combination of two magneto-electric

(ME) dipole antennas as the receiving and transmitting components. This design exhibited

a wide gain bandwidth due to the use of ME dipoles. Considering polarization diversity,

few works have addressed dual-polarized RTA designs because of various challenges. The

unit cell introduced in [75] utilized two square ring patches for receiving and transmitting.

These patches are excited by two orthogonal U-shaped transmission lines loaded with PIN

diodes, enabling independent dual linear polarization and 1-bit phase tuning. The design

presented in [76] offers a 1-bit dual-polarized element; however, the two polarization modes

cannot operate simultaneously. In [77], a novel 1-bit dual-polarized RTA was proposed,

employing asymmetric dipoles for both polarizations, and the design was verified through

fabrication and measurements.

The aim of this section is to propose a unit cell structure that provides dual-polarization

control with wideband operation. The design incorporates a magneto-electric (ME) dipole

antenna as the transmitting element, fed by a square patch acting as the receiving element.

Two distinct phase states are achieved using PIN diode switches. To validate the design

concept, a transmitarray employing the proposed structure was simulated, and its beam-

steering capability was evaluated.

4.3.1 Unit cell design

To address the design requirements of wide bandwidth and dual-polarization operation,

magneto-electric (ME) dipoles are utilized in the proposed structure. A magneto-electric

dipole antenna provides wide bandwidth by incorporating both electric and magnetic
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(a) (b)

Figure 4.18: (a) 3D view of the ME-dipole structure. (b) Electric and magnetic currents

resulting from the excited electric field on the aperture.

dipoles with simultaneous excitation in a single configuration. Figure 4.18 (a) shows an

implementation of an ME-dipole structure proposed in [78], which consists of two strips

short-circuited to the ground by a vertical metal strip with a quarter-wavelength height.

By exciting the electric field in the aperture, both electric and magnetic currents are gen-

erated as shown in Figure 4.18 (b), resulting in wideband operation. To handle both

polarizations, the structure is modified as demonstrated in Figure 4.19. By exciting the

appropriate electric field in the corresponding apertures, the structure can radiate both

polarizations. This configuration is used in the proposed structure to achieve the design

goals.

The proposed structure, illustrated in Figure 4.20, consists of receiving and transmitting

components. The transmitting part is a dual-polarized ME dipole, which comprises four

square metallic patches connected to the ground layer through four sets of vias. It also
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Figure 4.19: Dual polarized ME-dipole antenna.

includes three substrate layers: Rogers RO4003 with thicknesses h1 = 1.57 mm, h2 =

0.82 mm, and h3 = 0.508 mm, respectively. These heights are chosen to approximate a

total height of one-quarter wavelength(λg/4), enabling the implementation of a vertically

placed quarter-wave shorted patch at center frequency (13.5 GHz) [79]. The receiving

component is a square patch antenna, capable of receiving both polarizations, and placed

on a RTDroid 5880 substrate with a thickness of 1.57 mm, designed to operate at 13.5 GHz.

The unit cell periodicity P is set to be less than λ0/2 at the center frequency. Two pairs of

through vias along the x- and y-axes pass through the ground layer, connecting the square

patch to the ME-dipole antenna. These vias establish a conductive path between the

receiving and transmitting components for both polarizations, with the ON/OFF states of

the PIN diodes controlling the connection. The optimized design parameters are shown in

Table 4.4.

To control the PIN diodes, a DC bias line is connected to the center of the square

patch through a blind via. Since the electric field at the center of the patch is zero for

both polarizations, connecting the DC bias line does not affect the patch’s electromagnetic
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(a) (b)

Figure 4.20: The proposed TR unit cell. (a) 3-D view. (b) Layer description.

Table 4.4 Dimensions of the proposed unit cell.

Parameter P Ldipole S Wpad Wp D Dhole d1 d2

Value (mm) 11 5.5 2 0.8 6.5 3 1.2 0.4 0.2

performance. The DC voltage is applied to the PIN diodes through the vias, as they are

connected to the square patch. The other terminals of the PIN diodes are located on

the metallic patches of the ME dipoles. Consequently, the DC return path to the ground

is provided by the grounded vias. This configuration significantly simplifies the biasing

circuit, addressing one of the major challenges in transmitarray structures. Moreover, all

PIN diodes are controlled using a single DC bias line, which greatly reduces the complexity
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of the control system.

(a) (b)

Figure 4.21: Active PIN diodes for both polarizations in (a) State 1 with positive DC bias,

and (b) State 2 with negative DC bias.

When the patch is excited by a y-polarized incident wave, the pair of through vias

along the y-axis is activated. Because the electric field in the dominant mode of the patch

is zero at the center and out of phase on either side, each pair of vias is excited with a

180◦ phase difference. As a result, they function as a balun feed to excite the ME dipole

antenna. For each polarization, four PIN diodes are used. In State 1, D1 and D3 are

activated by applying a positive DC bias, connecting the through vias along the y-axis

to the x-polarized ME dipole, as illustrated in Figure 4.21. Consequently, the y-polarized

incident wave is transmitted as x-polarization. When a negative DC bias is applied, D2

and D4 are activated, and the transmitted wave experiences a 180◦ phase shift relative to

State 1 due to current reversal. The same mechanism applies for an x-polarized incident
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wave, with D5 and D7 activated in State 1, and D6 and D8 activated in State 2. The

proposed unit cell was simulated using CST software under periodic boundary conditions

(PBC) and excited by both y- and x-polarized incident waves. The equivalent circuit model

of the MACOM MADP-00097-1402 PIN diode was incorporated into the simulation.

(a) (b)

Figure 4.22: Simulation results of the proposed unit cell under y-polarized incident wave.

(a) Transmission magnitude. (b) Transmission phase.

The simulation results of the unit cell performance are presented in Figure 4.22 for a y-

polarized incident wave. In Figure 4.22 (a), Txy and Tyy represent the transformation of the

y-polarized incident wave into x-polarized and y-polarized transmitted waves, respectively.

Accordingly, Γyy shows the reflection due to the y-polarized incident wave. The results

indicate that the y-polarized incident wave is converted into an x-polarized transmitted

wave with a loss of less than 2 dB over the entire 11.8 GHz to 15.8 GHz frequency range,

demonstrating a bandwidth of more than 25%. The achieved wide bandwidth is a key

feature of the ME dipoles used in the structure. The phase difference between the two

states, shown in Figure 4.22 (b), demonstrates 180◦± 2◦ across the entire frequency range,
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indicating a stable and accurate phase difference over a wide frequency range. For an

x-polarized incident wave, same results are expected.

4.3.2 Array simulation

To evaluate the performance of the proposed unit cell, a 10×10 transmitarray was simulated

using CST software. Figure 4.23 illustrates the array structure incorporating the unit cell,

along with the required phase distributions to steer the beam to θ = 0◦ and θ = 30◦ in

the XoZ plane. The phase distributions were calculated at 14 GHz following the design

procedure described in [71].

The simulated radiation patterns for both x- and y-polarizations are presented in Fig-

ure 4.24 (a)–(d). The results indicate peak gains of 17.2 dBi at θ = 0◦ and 16 dBi at θ = 30◦,

with a 1-dB gain bandwidth covering 12.5 GHz to 15.5 GHz (20% relative bandwidth).

The cross-polarization level is below −20 dB for both scan angles and both polarizations,

confirming good polarization purity and satisfactory overall performance.

As discussed earlier, the proposed structure offers a significantly simplified biasing

mechanism compared to previously reported designs. A single bias via controls all PIN

diodes on the top layer, enabling dual-polarization operation through only one control

line. In addition, the structure provides a wide 1-dB gain bandwidth. Although the

simulation results demonstrate good performance, a complete comparison with recently

published works should be conducted after fabrication and measurement under real-world

conditions.
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(a)

(b)

(c)

Figure 4.23: (a) The array structure in CST. (b) Required phase for θ0 = 0◦. (c) Required

phase for θ0 = 30◦.

4.4 Conclusion

In this chapter, two wideband, dual-polarized reconfigurable antenna array designs were

developed and validated: a reconfigurable reflectarray (RRA) and a reconfigurable trans-

mitarray (RTA). The proposed RRA unit cell exploits the out-of-phase characteristic of the

patch’s dominant mode to realize two distinct phase states, maintaining a stable 180◦ ± 2◦

phase difference over the 10 GHz to 15 GHz band using only two PIN diodes, with one active

per state for both polarizations. This configuration enables simultaneous dual-polarization

control through a single bias line, significantly simplifying the biasing network. A fab-
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(a) (b)

(c) (d)

Figure 4.24: Simulated gain of the array. (a) θ = 0◦, x-polarization. (b) θ = 0◦, y-

polarization. (c) θ = 30◦, x-polarization. (d) θ = 30◦, y-polarization.

ricated 10 × 10 prototype demonstrated beam steering with measured radiation patterns

closely aligned with simulations, achieving a 13.7% 1-dB gain bandwidth while supporting

both linear and circular polarization.

The proposed RTA unit cell integrates a magneto-electric dipole and a square patch
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to form the receiving and transmitting elements, achieving a transmission loss below 2 dB

from 11.8 GHz to 15.8 GHz. When employed in a transmitarray, the design provided a

1-dB gain bandwidth from 12.5 GHz to 15.5 GHz (20% relative bandwidth). Similar to the

RRA, both polarizations are controlled through a single bias signal, simplifying practical

implementation. Together, these designs deliver efficient, wideband, reconfigurable, and

polarization-diverse array solutions with reduced complexity, making them strong candi-

dates for modern high-performance beam-steering applications.
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Chapter 5

Reconfigurable Arrays Using MEMS

Actuator

5.1 Introduction

Micro-Electro-Mechanical Systems (MEMS) actuators have emerged as a promising tech-

nology for realizing reconfigurable unit cells in reflective surfaces and reflectarrays. Un-

like traditional approaches relying on PIN diodes, varactors, or liquid crystals, MEMS-

based tuning mechanisms offer several unique advantages, including low insertion loss,

excellent linearity, high power handling capability, and minimal parasitic effects at mi-

crowave and millimeter-wave frequencies. MEMS actuators enable precise mechanical ad-

justments—such as modifying the physical position, orientation, or gap spacing of metallic

elements within a unit cell—which in turn dynamically alters the phase response or polar-

ization characteristics of the reflected wavefront. This capability facilitates the development

of agile beam-steering and polarization-reconfigurable surfaces with enhanced performance
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and reliability. Furthermore, MEMS technology supports monolithic integration with pla-

nar fabrication processes, allowing the realization of compact, low-profile reconfigurable

reflectarrays suitable for emerging applications in satellite communications, radar systems,

and 5G/6G networks. As a result, MEMS actuators are increasingly being investigated

as a versatile and scalable solution for the next generation of intelligent electromagnetic

surfaces.

5.2 Unit Cell Design Using MEMS Actuators

MEMS switches have been employed in reconfigurable array design due to their potential

applications in higher frequency bands. Despite issues related to reliability and switching

speed, they have special characteristics like low power consumption, high linearity, and

monolithic integration, making them an attractive option [80]. Similar to PIN diodes,

MEMS switches are used in applications where discrete reflection phases are needed. A

1-bit dual-polarized unit cell using ohmic MEMS switches was proposed in [44], demon-

strating low loss at X-frequency band. The authors in [81] employed MEMS switches to

design a beam switching array at Ka-frequency band. Most of the works presented in the

literature focus on using MEMS switches.

While designing unit cells for discrete reflection phases simplifies the bias and control

systems, there are still intriguing applications for dynamic reflection phase control [48].

It renders the use of MEMS actuators an interesting option to achieve dynamic reflection

phases, alongside other solutions such as varactor diodes and liquid crystal. In addition,

MEMS actuators can be employed to obtain discrete phase states by using them in different

actuation states. In the literature, different movable structures were used utilizing piezo-

electric actuators [82], magnetic tuning [83], and micro motors [84]. Compared to these
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methods, using MEMS actuators becomes even more interesting for high frequency applica-

tions, where future generation of communication systems are intended to operate [85], [86].

(a)

(b)

Figure 5.1: Typical topologies using MEMS actuators. (a) MEMS actuators utilized as

unit cells. (b) Fixed unit cells integrated with MEMS actuators.

Generally, MEMS actuators are proposed in two main topologies, demonstrated in

Figure 5.1. In the first topology, the movable actuator itself constitutes the unit cell,

altering the reflection phase by moving up and down. In the second topology, the unit

cells are fixed in one layer, and a MEMS actuator layer is integrated with the unit cell

layer to provide reconfigurable reflection phase. Considering the first topology, the authors

in [87] proposed a patch unit cell with variable height to achieve reconfigurability. However,

neither experimental results nor details about the MEMS actuator were provided. From
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fabrication point of view, the first topology may face different challenges since all the

fabrication process should be done on the same layer. A high impedance surface (HIS)

was proposed at W-band, using a movable membrane in [88], which encountered various

fabrication and measurement challenges. The second topology, which is considered for the

proposed unit cell here, seems to be less challenging due to the fact that actuator layer has

separate fabrication from the unit cell layer.

5.3 The Proposed Unit Cell Structure

5.3.1 Design and simulation

The proposed structure consists of two main parts: electric-LC resonator (ELC) and MEMS

actuator. As depicted in the Figure 5.2 (a), ELC resonator is a capacitor-like structure

which is connected to two inductive loops. The ELC resonator is known as electric coun-

terpart of split ring-resonator, which couples to an incident electric field [89]. A notable

advantage of the ELC resonator, which makes it a suitable choice in reflectarray design,

is its ability to maintain invariant reflection phase characteristics over a wide range of

incident angles [90]. Consequently, they have been utilized in different reflect array de-

signs [91], [92]. Considering the lumped element model in Figure 5.2 (b), the resonance

frequency can be expressed as:

f0 =
1

2π

√
2

LC
(5.1)

where f0 is the resonant frequency, L is the equivalent inductance, and C is the equivalent

capacitance.

83



Figure 5.2: Schematic of an ELC resonator with lumped element model.

To change the resonance frequency and, consequently, the reflection phase, either the

inductance or the capacitance can be adjusted. To achieve capacitance variation, a MEMS

actuator is employed. Figure 5.3 illustrates the proposed structure. A commercial sub-

strate, RO4003, with a permittivity of 3.55 and a thickness of 20 mil (0.508 mm), is used.

To model the actuator’s movement, an ideal metal plane mounted on a silicon substrate,

capable of vertical motion, is used. Two vias connect the middle strip on the top layer to

two pads on the bottom layer, which are isolated from the ground plane by a slot. These

pads form a variable capacitance with the actuator plane. An alumina substrate contain-

ing the DC bias lines is included to account for their effects in the simulation. These DC

bias lines are connected to the actuator’s DC pads via wire bonds. Both substrates are

integrated with the resonator by a support section, which can be made of either metallic

or non-metallic material, as it does not affect the results. In this design, a plastic material

is used for the support section. When the actuator plate moves toward the via pads, the

capacitance between them changes, causing a corresponding change in the reflection phase.

Table 5.1 presents the design parameters of the proposed structure.
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Figure 5.3: The proposed unit cell structure using MEMS actuator.

Table 5.1 Dimensions of the proposed unit cell.

Parameter P L1 W1 Gap1 Gap2 Lact Wact Hact

Value (mm) 10 5.5 0.5 1 0.2 2.2 1.8 0.05 - 0.5

The proposed unit cell was simulated using CST software and excited by a y-polarized

incident plane wave under periodic boundary condition (PBC). The actuator is capable

of moving upward to the maximum height defined by Gap1, which is set to 1 mm. It is

anticipated that the maximum change in resonance will occur when the actuator is in close

proximity to the bottom layer. Therefore, the actuator’s movement is restricted within the

range of 0.45 mm to 0.95 mm. Figure 5.4 illustrates the reflection phase and magnitude
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for various actuator movements. It demonstrates that as the actuator moves towards

the bottom layer, the resonance frequency will change, leading to a change in reflection

phase. At 13.2 GHz, the reflection phase changes about 3000 and reflection magnitude

shows maximum loss around 2.5 dB for entire frequency band. As anticipated, the most

significant resonance change occurs when the actuator is in close vicinity of the bottom

layer. To observe the effect of actuator, electric fields at two frequencies are demonstrated

in Figure 5.5, with actuator height set to 0.1 mm. It shows a strong electric field between

via pads and the actuator at 13 GHz, which is the resonance frequency at this height.

(a) (b)

Figure 5.4: Simulated reflection magnitude and phase of the proposed structure. (a)

Reflection magnitude. (b) Reflection phase.
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(a) (b)

Figure 5.5: . Electric field strength at Hact=0.1mm. (a) 12.6 GHz. (b) 13 GHz.

The periodic boundary condition (PBC) used to obtain the reflection phase of the

unit cell assumes an infinite array of unit cells with a plane wave excitation. In practical

applications, using waveguide measurement set up is one of the methods to measure the

reflection phase of the unit cell. This approach is an efficient and simple way to evaluate

the performance of the unit cell. One or a few unit cells are fitted and excited by the

dominant TE10 mode of the waveguide, which can be decomposed to two plane waves with

incidence angles derived as [29], [93]:

θinc = cos−1

√
1−

(
fc
f

)2
 (5.2)

Where fc is the cutoff frequency of the waveguide dominant mode, and f is the operating

frequency. Based on Equation 5.2, the incident angle of this plane wave varies with changes

in the operating frequency. Consequently, the results of this method may differ slightly

from those of the PBC method, as the unit cell’s reflection phase is influenced by the change

in incident angle. In this case, the incident angle will be θinc ≤ 36◦ for the frequency range
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of 11 GHz to 14 GHz. As noted in [94], reflection phase variations are generally minimal

for incident angles up to θinc = 40◦, indicating that waveguide measurement setup is a

reliable approach for evaluating unit cell functionality. Additionally, the proposed unit

cell demonstrates stability across incident angles in this range, which further improves the

accuracy of the evaluation.

(a)

(b)

(c)

Figure 5.6: (a) Waveguide simulation set up. (b) Reflection magnitude. (c) Reflection

phase.
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A WR-75 waveguide is used for excitation in this simulation, covering the desired

frequency band. Figure 5.6 (a) depicts the proposed unit cell in the waveguide simulation

set up. To establish a connection between the ground plane and the waveguide flange,

the top layer is covered by a series of vias that are connected to the ground plane. As

demonstrated in Figure 5.6 (b)-(c) , although a slight shift in the resonance is introduced,

the waveguide simulation shows the same range for the reflection phase at 13.2 GHz.

5.3.2 Fabrication and Measurement

To evaluate the performance of the proposed unit cell, a prototype was fabricated and

measured. The ELC resonator part, shown in Figure 5.7 (a)-(b), was fabricated on a

RO4003 Rogers substrate. As mentioned above, the top and bottom layers are connected

with a series of vias, which enable the connection between ground plane and waveguide

flange for measurement. It will not affect the results because it is covered by waveguide

flange.

The MEMS actuator was fabricated using PolyMUMPs process, a three-layer micro-

machining process [95]. The basic unit of the actuator is a bimorph made of gold and poly

silicon, which exhibits deflection after thermal plastic deformation assembly treatment.

To achieve required out-of-plane displacement, several bimorph units are connected in a

zig-zag manner, as discussed with details in [96]. Figure 5.7 (c)-(d) shows the fabricated

actuator with its scanning electron microscopy (SEM) picture. These structures usually

consume more power compared to other structures like electrostatic actuators, but they

offer larger displacement.

To provide DC bias for the actuator, it was assembled on an alumina substrate contain-

ing DC bias lines, as demonstrated in Figure 5.8 (a). The actuator DC pads are connected
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to the bias lines via wire bonds. The assembled actuator and the ELC resonator are at-

tached to the waveguide set up shown in Figure 5.8 (b) with a support section, made with

plastic material using 3D-printing.

(a) (b)

(c) (d)

Figure 5.7: (a) Top layer of the ELC resonator. (b) Bottom layer of the ELC resonator.

(c) Fabricated MEMS actuator. (d) SEM picture of the MEMS actuator.
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(a) (b)

Figure 5.8: (a) Fabricated MEMS actuator on the alumina substrate. (b) Waveguide

measurement set up.

The measured reflection magnitude and phase are shown in Figure 5.9, indicating ap-

proximately 260◦ change in reflection phase at 13.2 GHz as the applied voltage changes

from 0 V to 7 V. The maximum incurred loss is about 5 dB at this frequency. The major

source of loss is related to the unit-cell structure. The aperture etched in the ground plane

to achieve variable capacitance increases the reflection loss, as a portion of the wave leaks

through the aperture. In addition, part of the loss may be attributed to the connection

between the waveguide flange and the resonator top layer. Using a metal support can help

to tighten this connection and subsequently reduce the loss. As observed in the measure-

ment results, the reflection phase exhibits a significant change when the actuator is in close

proximity to the bottom layer of the resonator. This is a positive aspect, as it can reduce

the actuator design complexity by decreasing the required displacement. A comparison

between several reported works and the proposed structure is provided in Table 5.2, show-

ing an acceptable phase range for the proposed design. Compared to [87], which presents
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a similar application, the proposed structure demonstrates improved performance verified

by measurement.

(a) (b)

Figure 5.9: Measured (a) reflection magnitude and (b) reflection phase of the proposed

structure.

5.4 Array Simulation

To explore the functionality of the proposed unit cell, an 11×11 reflectarray was simulated

using CST software. Figure 5.10 shows a general view of the array, which consists of the

unit cells, the MEMS actuator layer, and the support section. Each actuator is connected

to the DC bias lines via wire bonds. These bias lines can be fed by DC feed-through passing

through holes in the support. A WR-75 waveguide with a y-polarized incident wave is used

for excitation.
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Table 5.2 Performance comparison with related works

Ref. Freq. (GHz) Technology Control Method Phase Range

[84] 4.8 Motor Manual 324◦

[83] 5.8 Magnetic tuning Analog 190◦

[82] 13 Piezoelectric actuator Analog 178◦

[87] 5.2 MEMS actuator Analog 200◦

This Work 13.2 MEMS actuator Analog 260◦

To evaluate the array performance more precisely, 1-bit and 2-bit phase quantization

are applied alongside the analog phase distribution to investigate their effects on the ra-

diation characteristics. Different schemes can be employed for phase quantization. In the

following design, the schemes shown below are used for 1-bit and 2-bit phase quantization,

respectively.

φ1-bit =

0, −180◦ < ϕR ≤ 0◦

−180◦, −360◦ < ϕR ≤ −180◦
(5.3)

φ2-bit =



0, −90◦ < ϕR ≤ 0◦

−90◦, −180◦ < ϕR ≤ −90◦

−180◦, −270◦ < ϕR ≤ −180◦

−270◦, −360◦ < ϕR ≤ −270◦

(5.4)

where ϕR is the continuous reflection phase expressed in Equation 3.4.
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(a)

(b)

(c)

Figure 5.10: (a) Array structure usign the proposed unit cell. Discrete movement of

actuators for (b) 1-bit phase distribution and (c) 2- bit phase distribution.

To implement the required analog phase distribution, the actuators move continuously

within the 0.45 mm–0.95 mm range to provide the required reflection phase for each unit

cell. For the 1-bit and 2-bit phase distributions, the actuators move in discrete steps, as

depicted in Figure 5.10(b)–(c). The array is designed at a center frequency of 13.2 GHz

to radiate at two different angles: θ0 = 0◦ and θ0 = 30◦ in the x–z plane. For each angle,
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three different phase distributions are used. The required phase distributions and the

corresponding radiation patterns for each design are shown in Figure 5.11 and Figure 5.12,

respectively.

Simulation results show that the radiation pattern is directed to the specified angle in

all cases. The gain in the beam direction is 17.8 dBi, 16.5 dBi, and 14.3 dBi for the analog,

1-bit, and 2-bit phase distributions, respectively. As expected, phase quantization reduces

the gain and increases the side-lobe level (SLL). At both angles, the 1-bit and 2-bit phase

distributions exhibit degradation in both gain and SLL. Beam steering itself also degrades

the radiation characteristics, which can be observed by comparing the radiation patterns

at the two angles for each phase distribution individually.

5.5 Discussion and Conclusion

The proposed unit cell presented in this chapter effectively demonstrates the potential of

using MEMS actuators in reconfigurable reflective antenna design. Alongside other tuning

techniques, MEMS actuators can be employed to achieve dynamic reflection phase control,

which is required in various applications. At higher frequency bands in particular, they

can address limitations associated with semiconductor-based tuning elements.

Using the actuator in a distinct layer, rather than integrating it directly within the

unit-cell layer or employing it as a movable unit cell, simplifies the fabrication process and

reduces potential issues related to single-layer manufacturing. Furthermore, the proposed

structure is capacitively coupled to the unit-cell layer without direct contact, which helps

mitigate issues related to contact reliability.

From a practical point of view, 1-bit and 2-bit array designs utilizing MEMS actuators
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(a) (b) (c)

(d)

Figure 5.11: (a) 1-bit phase distribution. (b) 2-bit phase distribution. (c) analog phase

distribution. (d) Simulated radiation patterns for θ0 = 00.
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(a) (b) (c)

(d)

Figure 5.12: (a) 1-bit phase distribution. (b) 2-bit phase distribution. (c) analog phase

distribution. (d) Simulated radiation patterns for θ0 = 300.

are of interest. In a typical 2-bit array design using PIN diodes, numerous issues arise,

such as control system complexity, the impact of DC bias on RF characteristics, and

implementation challenges. Although MEMS actuator fabrication and reliability still face

challenges, the above array design shows that different phase states can be obtained simply

by altering DC voltages.

Despite the promising results, several challenges remain. The current consumption
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of the actuator is relatively high due to the nature of bimorph structures, which require

substantial DC current for actuation. In this design, the actuator consumes 10 mA at a

maximum voltage of 7 V. The choice of this actuator was primarily to demonstrate the

concept. However, for large arrays, a more efficient actuator structure may be required.

Additionally, while the design demonstrates the feasibility of using MEMS actuators, issues

related to their fabrication and long-term reliability require further investigation.

Future work can focus on optimizing the actuator design to reduce power consumption

and improve efficiency. Investigating the application of this technology at higher frequency

bands, such as millimeter-wave and sub-terahertz, where traditional semiconductor-based

tuning elements are less effective, is another promising direction. These advancements

could pave the way for more versatile and efficient reconfigurable antenna array designs in

the next generation of communication systems.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

Reconfigurable Intelligent Surfaces (RISs) have emerged as a key enabling technology for

the next generation of wireless systems, offering passive and low power control of the prop-

agation environment. Conceptually, an RIS is a programmable metasurface composed of

sub-wavelength unit cells that impose spatially varying reflection or transmission coeffi-

cients (phase, amplitude, and polarization), thereby engineering the boundary conditions

experienced by an incident electromagnetic wave. This capability enables a wide range

of functions, including passive beam steering, beam shaping, anomalous reflection and re-

fraction, near field focusing, blockage mitigation, interference suppression, and coverage

enhancement. Such functionalities are particularly valuable at mmWave and THz frequen-

cies, where path loss and shadowing are severe. Beyond communications, RIS technology

supports localization and sensing, enables joint communication and sensing (JCAS), and

improves energy efficiency by avoiding additional active RF chains at the aperture. Com-
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mon tuning mechanisms include semiconductor switches, varactors, MEMS actuators, and

phase change materials, each offering different trade offs in loss, bandwidth, linearity, and

power consumption.

This thesis investigated RIS unit cell and array design using semiconductor switches

and MEMS actuators in order to achieve dual polarization control, wideband operation,

and practical pathways toward fabrication and measurement. The work began with the

development of a wideband dual polarized reflective unit cell that achieves two phase states

with a stable 180◦ ± 2◦ separation while sharing a single control signal for both polariza-

tions, which significantly reduces biasing complexity. The unit cell was integrated into a

reflectarray that was fabricated and experimentally characterized. Measurements demon-

strated beam steering up to θ0 = 50◦, with a 1 dB gain bandwidth of 13.7% (12.2 GHz to

14 GHz), showing good agreement with simulation.

A wideband dual polarized transmissive 1-bit unit cell was then introduced for transmi-

tarray applications. Its performance was verified through array level full wave simulations,

demonstrating its suitability for refractive RIS implementations. Finally, a MEMS actu-

ated reflective unit cell was developed to explore its potential in beam steering and RIS

design. Measurements of the fabricated prototype showed a 260◦ reflection phase tuning

range at 13.2 GHz. Array level simulations further verified the beam steering capability.

MEMS actuators are particularly attractive for mmWave applications because of their low

loss and high linearity, and because semiconductor technologies face limitations at higher

frequency bands.

Contributions. The main contributions of this thesis are as follows:

1. A dual polarized wideband reflective unit cell with two robust 1 bit phase states and a

simplified single line biasing network, experimentally validated through a fabricated
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reflectarray [34], [97].

2. A dual polarized wideband transmissive unit cell suitable for refractive RIS applica-

tions, verified at array level through full wave simulations.

3. A MEMS actuated reflective unit cell that demonstrates large analog phase tun-

ing and beam steering capability, indicating a path toward RIS design at mmWave

frequency bands [36].

Collectively, these contributions advance RIS unit cell and array technologies toward

practical, scalable, and polarization diverse implementations.

6.2 Future Work

While significant progress has been made, several extensions can further improve perfor-

mance, practical implementation, and system readiness.

6.2.1 New unit cell structure design and development

There is always room to improve unit cell characteristics in terms of bandwidth, miniatur-

ization, polarization diversity, and control system design. Therefore, employing different

techniques and topologies in unit cell design is of great interest to achieve further improve-

ments.
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6.2.2 Higher order phase quantization and analog control

Extending the unit cell beyond 1 bit to 2 bit (four states) or higher resolution phase control

can reduce quantization lobes, improve beam fidelity, and lower scan loss. Future work

will focus on designing 2 bit unit cells that increase array efficiency, improve beam control

accuracy, and remove the symmetric radiation pattern that appears when the array is used

for anomalous reflection applications.

6.2.3 Fabrication and measurement of the transmitarray (RTA)

The proposed RTA has been validated in array simulation but has not yet been fabricated.

A natural next step is to realize a prototype panel, including feed integration, mechanical

stack up, and low loss bias routing, followed by anechoic chamber characterization (gain,

efficiency, radiation patterns, polarization, and bandwidth) to verify agreement between

simulation and measurement.

6.2.4 Scaling to larger apertures and anomalous reflection

Deploying the proposed unit cells in larger arrays for anomalous reflection applications

will demonstrate their capability in a more robust way. Key aspects include the ability to

change the direction of far field incident waves, the range of beam manipulation, and the

achievable array bandwidth.

6.2.5 Fabrication of MEMS based arrays

Building on the MEMS unit cell concepts, full array fabrication should be pursued. Pri-

orities include wafer level packaging, environmental sealing, bias network co design, and
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reliability testing (lifetime cycling, shock and vibration, humidity, and temperature). Met-

rics such as actuation voltage, switching speed, linearity, and RF loss should be measured

and balanced against control complexity.

6.2.6 Application driven demonstrations

Finally, system level demonstrations relevant to 6G, such as indoor coverage enhancement,

vehicular links, satellite to terrestrial relays, and wireless power transfer, should be pursued

using the proposed RIS, reflectarray, and transmitarray platforms. These studies can link

array level performance to end to end system metrics such as link reliability, throughput,

and latency.
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