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Abstract

The use of the millimeter wave (mmWave) spectrum and further exploration of sub-
mmWave has led to a new era in wireless communication, as the need for higher
data rates grows. High frequencies, on one hand, incur a higher path loss, requiring
an increase in antenna gain requirements. Metasurfaces, which emerge as a promis-
ing technology for mitigating path loss effects by utilizing 2D arrays of engineered
meta-atoms resembling metamaterials that control the surface’s electromagnetic re-
sponse has been introduced. Currently, they are primarily considered as passive
reflecting devices in wireless communications, assisting conventional transceivers
in shaping propagation environments. The work herein presents an alternative ap-
plication of metasurfaces for wireless communications as active reconfigurable an-
tennas for next generation transceivers. A framework that demonstrates the design
process of a metasurface antenna structure is introduced and further used to design
a4 x4 array and its reconfigurable counterpart. In contrast to conventional array an-
tennas, a reconfigurable metasurface (RMS) antenna does not require phase-shifters
and amplifiers, hence, leading to a reduction of costs. Instead, each individual ele-
ment achieves reconfigurability by shifting the resonating frequency using semicon-
ductor devices such as PIN diodes. The proposed metasurface antenna is designed
to operate at a frequency of 28 GHz and 40 GHz. The work achieved a return loss of
-18.57 dB and -22.0 dB, which indicates good impedance match between transmis-
sion line and antenna. In addition, an increase in gain and directivity is observed
when diodes are added to the metasurface antenna array. However, as a result of
diode losses, the radiation efficiency of the metasurface array decreased. Future di-
rections have been explored that may pave way to present the full potential of active

metasurface antennas in upcoming wireless communications.
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Chapter 1

A Review of Reconfigurable

Metasurfaces

This chapter presents an introduction of the thesis and its objectives.

1.1 Introduction

The rapid growth of smart terminals and emerging new applications (e.g. real-time
and interactive services), has drastically increased wireless data traffic. This has
affected existing cellular networks, including the ongoing fifth-generation (5G), as
it cannot completely match the increasing technological demand [4]. In an attempt
to address the challenges brought about by increased traffic demands, 5G utilizes
technologies such as multiple-input multiple-output (MIMO) and mmWaves [5].
As a result, 5G has demonstrated its potential for ultra-high speed, high capacity,
ultra-low latency, and high reliability [6,7]. However, there are other crucial issues
that have not been resolved such as high propagation losses which limit the range

of communication [8].

As indicated in [9], it is impossible for all the requirements of the 5G applications to
be supported by a single enabling technology hence why these crucial issues are still

pending. In accordance with the launch of 5G, further research is being conducted
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by industries, academia, and government in order to develop the 6G mobile com-
munication system to attain higher system capacity, data rates and improved quality
of service (QoS) [5,10-14]. 6G is structured to incorporate 3 major aspects, i.e, mo-
bile ultra-broadband, super internet of things (IoT) and artificial intelligence (AI),
where typical use cases are anticipated for each aspect [10]. For this reason, new
use cases, user requirements and networking trends for 2030 and beyond may bring
more challenging communication engineering problems, which necessitate radically
new communication paradigms in the physical layer [10]. Nevertheless, under the
United Nations sustainable development goals (UN SDG), it is intended for 6G to
introduce a new phase of “Internet of Intelligence” through which people will be
intelligently linked with things [15]. Some of the 17 UN SDGs aim to apply 6G tech-
nologies on issues such as climate change, inequality and poverty with the aim to

sustain world economies.

All the generations preceding to 5G and 6G have been focused on the improvement
and optimization of hardware and software of the transmitter and receiver side. In
order to improve the QoS wireless communications, there has been a rising urgency
in controlling the unpredictable random characteristics of the wireless propagation
environment [16]. This can be done via metasurface technology which is commonly
used to design and control the two-dimensional (2D) distribution of the scattering
characteristics [5,17-19]. Among technologies envisaged for 6G, metasurfaces ap-
pear to be a promising technology for forthcoming wireless communication network
systems especially in reconfiguring the wireless propagation environment [20-24].
The literature uses several terms interchangeably to describe metasurface technolo-
gies, such as intelligent reflective surface (IRS), reconfigurable intelligent surface
(RIS), large intelligent surface (LIS) and reconfigurable metasurface (RMS). Despite
their similarities, each of these terminologies emphasizes a different aspect of the
smart surface [11]. Authors in [3] presented a comparison of such various terms in

Table 1.1.
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TABLE 1.1: Different terms used in metasurface technologies [3].

Surface Term

Explanation

Intelligent reflecting surfaces (IRS)

Focuses on the reflective properties of the smart

surface.

Large intelligent surfaces (LIS)

Considers a large surface length or an immense

number of antennas.

Passive intelligent surfaces (PIS)

Underlines the powerless passive reflection

properties

Reconfigurable intelligent surfaces

(RIS)

Highlights the ability to reconfigure the smart

surface for incident signals.

Reconfigurable metasurfaces (RMS)

The metallic pattern through which the surface
is engineered is highlighted. The focus is on

how the structure is designed.

Software-defined surfaces (SDS)

Analyzes the software-defined interaction be-

tween incoming waves and the surface.

Software-defines metasurfaces (SDM)

Both the metallic pattern and the software-

defined function are highlighted.

Large intelligent metasurfaces (LIM)

Analyzes metasurfaces asymptotically using a

massive number of antennas.

Smart reflect-arrays (SRA)

Emphasizes on the reflection function.

This thesis proposes the design of a frequency reconfigurable metasurface operating

in the mmWave frequency band therefore the term “Reconfigurable Metasurfaces”

will be used.

1.2 Background

The concept of “reflection” was mimicked from our everyday mirror objects which

reflect an image thus making them an example of reflecting surfaces. A brief overview
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of what makes up the RMS technology is provided in this section.

1.2.1 Metamaterials: Concept

In recent years, scientists have embarked on research regarding the use of artificial
materials which generate significant benefits and introduces various applications.
Metamaterials are among these artificial materials as they are composed of closely
spaced sub-wavelength meta-atoms which resonantly couple to both the electric
or magnetic components of the incident electromagnetic fields, thereby exhibiting

properties that are not found in nature as shown in Figure 1.1 [25-27].

Sub-wavelength

Metamaterial

FIGURE 1.1: From meta-atoms to metamaterials

Consequently, they have physical properties that are largely determined by their
structures rather than their individual attributes. Furthermore, different structures
influence the categorization of metamaterials according to their electrical permittiv-
ity and magnetic permeability denoted as € and y values respectively [28]. Authors
in [29] made it possible to classify these materials in four different classes as shown

in Figure 1.2.
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FIGURE 1.2: Metamaterial classifications based on permittivity and
permeability values.

The first quadrant from Figure 1.2 is characterized by the existence of both positive
€ and yp values. Such materials are known as double positive (DPS). These can be
found in nature, for example, in dielectric materials where EM waves propagate.
The second quadrant consists of materials that are represented by a plasma and are
known as epsilon negative medium (ENG) due to €<0 and p>0 values [30]. The third
quadrant is of interest being that both € and y values of materials are negative and
not found in nature, hence why it is called the double negative medium (DNG). Fur-
thermore when plane waves propagate in metamaterials, the electric field, magnetic
field and wave vector adopt the left-hand rule hence why they are referred to as
left-handed materials [31]. The fourth quadrant is called the mu negative medium
(MNG) represented by magnetic materials as it entails positive € and negative y val-
ues. From Figure 1.2, it is observed that the majority of waves propagate through

two mediums namely; region I and III.
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FIGURE 1.3: Creating DNG metamaterials by combining wires and SRR

Presently, most metamaterials are being designed with two basic types of structures:
dense arrays of thin wires (the electric dipoles) and arrays of split-ring resonators
(SRRs) (the magnetic loops) [32]. In order to attain DNG mediums, ENG and MNG
mediums are combined as shown in Figure 1.3. This thesis will focus on the third

quadrant as they give metamaterials the phenomenon to control EM waves.

DNG Metamaterial

The combination of MNG and ENG mediums not only meets the requirement of
€<0 from a wire medium and u<0 from an SRR, their strong resonance properties
are able to influence the frequency (Drude-Lorentz models) [33]. As a result, the
generated DNG metamaterials depend on frequency, so that the refractive index n

is reformatted as follows:

n = neg(w) = \/Geff(w)#eff(w), (1.1)

where €q(w) and peg(w) are the frequency-dependent effective permittivity and
permeability respectively [30]. According to [30,34], Drude-Lorentz dispersion mod-
els characterizes these material parameters, which have the form shown in equation

(1.2) and (1.3)

2 2
C(Jep - (er

eeff(w) =1- (12)

2 o 2 . 4
W= — w5y + jwd,
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2

2
Wiy — W

m0
, 1.3
w2 — w2+ jwbp (1.3)

,ueff(w) =1-
where
* w is the frequency of the propagating EM wave
* wep and wy,y are the electric and magnetic plasma frequencies respectively
* w,p and wy,p are the electric and magnetic resonant frequencies respectively

* /. and 6, are the electric and magnetic damping frequencies respectively

1.2.2 Evolution of Metamaterials

As a 2D counterpart to metamaterials, metasurfaces are a semi-periodic arrange-
ment of apertures or scatterers that allow for certain engineering properties [35,36].
As a periodic (or aperiodic) structure, metasurfaces have individual elements (scat-
terers) with thickness and periodicity much less than the wavelength of operation.
Alternatively, metasurfaces can be defined as a symmetric or asymmetric array of
resonant scatterers that control the surface’s electromagnetic response [37]. Fur-
thermore, according to [38], the term metasurface refers to an electromagnetic dis-
continuity, which in practice is an electromagnetic structure that is sub-wavelength
in thickness, electrically large in transverse size, and consists of scattered particles
with ultra-small features. In [39], authors described metasurfaces as simply 2D ar-
rays of sub-wavelength metallic or dielectric particles that change electromagnetic
waves in different ways. They further mentioned that the physical arrangement of
the scattering particles (e.g., full or slotted patches, straight or curved strips, various
types of crosses) determines how the metasurface transforms an incident wave into

a specified reflected or transmitted signal [40].

A metasurface does not necessarily have the same angles of incidence and reflection
as a conventional surface. When an incident wave d; arrives on a reflective surface at

an angle 0;, it bounces off on the surface at the same angle but in opposite direction
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[41,42]. It is then called the reflected (scattered) wave d, at an angle of 6,. This

phenomenon is called Snell’s law of reflection as depicted in Figure 1.4,

Material
boundary

FIGURE 1.4: Snell’s law of reflection

where 6; and 6, represent the angle of incident and reflection, respectively. The an-
gles of reflection and refraction are only dependent upon the material properties at
either side of the boundary as well as the angle of incident EM waves. However, EM
waves cannot be steered in any other direction between the two materials due to the
boundary between them. In contrast, when an appropriately designed metasurface
is placed between the two materials, the EM wave’s behavior can be more easily

controlled.

By modifying their permittivity and permeability values, metamaterials can control
the propagation of light, but they still rely on the propagation effect to manipulate
electromagnetic waves [37]. On one hand, metamaterials manipulate a wave over an
extremely thin layer, which results in relatively bulky structures [43]. On the other
hand, metasurfaces are less bulky and provide lower loss structures due to their 2D
nature [35]. Metamaterials are also complex to fabricate because of their 3D nature,
however, metasurfaces are a promising alternative as the planar structure allows for
their easy fabrication [26]. In addition, the planar fabrication process is highly cost-

effective when compared to the creation of complex 3D metamaterials. Recently, the
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scientific community has shown a keen interest in metasurfaces due to their various
advantages over metamaterials. Therefore, metasurfaces have allowed for applica-
tions such as controllable “smart” surfaces, miniaturized cavity resonators, novel
wave-guiding structures, compact and wide-angle absorbers, impedance-matching

surfaces.

1.3 Problem Statement

Due to the demand for uninterrupted connectivity and quality of service to users
and devices, connected objects in harsh propagation environments has increased
usage of the mmWave bands. Furthermore, the use of high frequencies for high
data rates also increases path losses, which leads to increased antenna gain require-
ments. Therefore, there is a need for wireless communication antenna hardware that
enables wireless communications to adapt to changes in radio environment in order

to maximize system performance.

1.4 Research Objectives

Given the current literature review, it is evident that there is lack of a well docu-
mented process in the design of reconfigurable metasurface antenna which is one
of the key processes needed in the current research where metamaterials have been
identified as enablers for better antenna gain. The objective of this thesis is to design

and implement a reconfigurable metasurface antenna by

* Proposing a framework demonstrating the design process of a metasurface

antenna structure.

¢ Evaluating the proposed framework by proposing a frequency reconfigurable

metasurface antenna for mmWave applications at 28 GHz and 40 GHz.
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¢ Comparing and evaluating the performance of the proposed reconfigurable

metasurface antenna against non reconfigurable.

1.4.1 Contributions

The contribution of this thesis is mainly on the design and simulation of a 4 x 4
frequency reconfigurable metasurface antenna using the proposed methodology for
mmWave band applications. This contribution is supported by the following publi-

cation.

¢ B. K. Ledimo, P. Moaro, R. Ramogomana, M. Mosalaosi and B. Basutli, “De-
sign Procedure of a Frequency Reconfigurable Metasurface Antenna at mmWave

Band.” Telecom 2022, 3, 379-395. https://doi.org/10.3390/ telecom3020020.

1.5 Thesis Outline

This thesis explores reconfigurable metasurface antennas with potential applica-
tions in the next generation of mobile communications. The rest of the thesis is

organized as follows.

Chapter 2 presents a review of existing implementation methods of RMS structures
and the technology applications. The purpose of this chapter is to introduce the
basic concepts and working principles of tunable, programmable, and intelligent

metasurfaces. Additionally, design considerations of RMS structures are discussed.

Chapter 3 describes the existing theoretical analysis of designing square and circular

split ring resonators which are the building blocks of metasurface structures.

Chapter 4 introduces a design concept of square split resonators which was used to
implement a 4 x4 metasurface antenna array. Furthermore, diodes were added to
the array structure in order to achieve frequency reconfigurability. Parameters such
as the reflection coefficient, bandwidth, reflection phase, gain, and directivity of the

proposed design was analyzed.
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Chapter 5 presents the conclusions of this thesis, projected future work, and possible

uses of the developed reconfigurable metasurface antenna.

1.6 Conclusion

Metasurfaces are 2D metamaterials that have electromagnetic properties that are not
found in nature. Over the past two decades, much research has been conducted on
metamaterials and metasurfaces, which are capable of exhibiting fascinating elec-
tromagnetic properties that cannot be achieved with naturally occurring materials.
Due to demand for uninterrupted connectivity, these properties can be used to im-
prove wireless communication networks by controlling the wireless propagation

environment.
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Chapter 2

Electromagnetic Manipulation: An

Evolution

The goal of this chapter is to highlight the development of tunable, programmable,
and intelligent metasurfaces, focusing on their basic concepts and working princi-
ples. The research opportunities associated with the integration of RMS and other
emerging technologies is discussed. RMSs are electromagnetically thin sheets with
tunable EM capabilities [44]. An important feature of this technology is to have a

material whose EM properties can be altered by external stimuli.

2.1 Introduction

Over the course of developing metasurfaces, the limitations of fixed response meta-
surfaces in realistic applications, that is, limited working bandwidths and fixed
wave manipulation capabilities were realized [45]. As a result, many efforts have
been devoted to developing tunable/reconfigurable metasurfaces that can actively
control EM waves with external tunings. Figure 2.1 shows a structure commonly
used to implement a reconfigurable or tunable metasurface. The structure is made
up of small rectangular metal patches close together on a thin dielectric substrate
and on the other side of the substrate is the ground plane. The dielectric substrate

through the patches of Figure 2.1 is connected to the ground plane.
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B Metal patches
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FIGURE 2.1: Top and side view of metasurface structure

With the capability of dynamically tuning the metasurface properties, either to make
it conform to a specific input wave or to change its output functionality, many new
applications for tunable/reconfigurable metasurfaces were soon found, yielding a
great deal of potential [2,43,46]. A greater understanding of tunability towards
reconfigurable and programmatically controlled metasurfaces arose opportunities
to the development of artificial intelligent sheet materials. These can dynamically
shape electromagnetic fields, which can have a great impact on imaging, communi-

cation, and sensing applications.

2.2 RMS design considerations

In different locations, reconfigurable metasurfaces can be designed to work as re-
flecting /refracting between the base station and the user, or as waveguide operat-
ing at the basestation. They can be passive-lossy, passive-lossless, or active, based on
their energy consumption which determines performance capabilities [1]. However,

due to their inherent ability to be configured, RMSs cannot be completely passive.
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According to authors in [47-49], RMSs are either waveguide, refractive and reflec-
tive. The RMS converts and radiates a wave (either induced by an incident wave
or fed by a waveguide) into a desired propagating wave in free space. Authors in
[47] presented an analysis of waveguide-fed metasurfaces. In their implementation,
each of the elements was modeled as an uncoupled magnetic dipole, and its mag-
nitude was proportional to the reference wave and its polarizability. With the meta-
surface antenna, beamforming can be performed by tuning the polarizability. As a
result, every element on a metasurface serves as a micro antenna and by modifying
the polarizability, the metasurface antenna can perform beamforming. Compared
to conventional antenna arrays, the compact waveguide metasurface occupies less

space and transmits a wide range of radiation patterns [47].
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FIGURE 2.2: Parameters to consider when designing RMSs [1]

In [48], theoretically refracting metasurface was designed. In order to optimize the
tangential field components at the two sides of the metasurface, the authors used
an equivalent impedance matrix model. The authors demonstrated that the passive

metasurface can achieve either arbitrary transmission or reflection by using only the
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surface electric and magnetic reactance. According to [49], reflecting metasurfaces
entails varactor diodes with a tunable bias voltage in each element. Each element
can then perform discrete phase shifts and achieve beamforming for the reflected
wave by pre-designing several digitized biasing voltage levels. Figure 2.2 gives a
brief summary of the different types of RMS. The utilization of reconfigurable meta-
surfaces as active antennas is a relatively new area of research, in contrast to re-
flective/refractive metasurfaces that have received considerable attention recently.
Additionally, the metasurface antenna leverages the phase advance of the waveg-
uide mode, eliminating the need for phase-shifting circuits that can add cost and
complexity to the system [1,50-53]. Therefore this thesis will focus on waveguide

RMSs.

2.3 Implementation of RMS

Metasurfaces can be tuned by adding materials or components (e.g., lumped elec-
tronic elements) whose electromagnetic properties can be modulated by external
stimuli [20,54]. The way the driving signal is applied depends on the material /element
that is being used, such as through a low-frequency electric or magnetic field, through
a laser or voltage source, or through changing the ambient temperature [2]. In order
to control the electromagnetic response of a metasurface, the externally modulated
signal is applied to change its electromagnetic properties such as permittivity or
conductivity of a material, which will lead to a modification in the effectivity of the
electric and/or magnetic response [55]. There are different physical tuning mecha-
nism employed, such as optical, electro-optical, thermal, magnetic or voltage-based

tuning. This section will focus on the aforementioned mechanisms in depth.

2.3.1 Optical Tunable Metasurfaces (OTMs)

The fastest modulation technology involves ultrafast optical pulses, which are highly

efficient in creating active metasurfaces in which optically sensitive materials are



Chapter 2. Electromagnetic Manipulation: An Evolution 16

used as meta-atoms [43]. Metasurfaces that contain light-sensitive materials can
also be made tunable by illumination. It has been shown that semiconductors have
conduction carriers (and in turn, dielectric constants) that are greatly influenced by
external optical pumping, which is one of the reasons they are commonly used to
generate active meta-devices ranging from terahertz (THz) to the visible wavelength
range [56,57]. A photoconductive semiconductor material is a prime candidate for
implementing light-tunable metasurfaces, with the most noticeable examples being

silicon (Si) and gallium arsenide (GaAs).

In 2006, authors in [58] reported the first OTM, a copper SRR array which was en-
graved on a semi-insulating GaAs substrate [59]. Under ultrafast (50 fs pulse width)
light pumping at 800nm, the authors tested the effect of photoexcitation induced
conductivity on metallic SRR gaps, this resulted in a strong modulation on the trans-
mission amplitude at 0.56 THz. The authors concluded that SRR terahertz switches
can be turned off by optical excitation, demonstrating their potential. Alternatively,
semiconductor materials can also be used to fabricate resonance meta-atom inclu-
sions. The carrier photoexcitation modified the geometry of the resonator: the semi-
conducting section switched between a dielectric-like and a conductor-like state ac-
cording to the pump fluency [60]. In addition to SRRs, Si-connected patches were
also proposed for transitioning from a cut-wire array (exhibiting Lorentz resonant

response) to a wire-grating geometry (exhibiting Drude response) [2].

According to authors [61], the honeycomb-like structure of graphene creates an ex-
traordinary surface with electrical, optical, and mechanical properties as it can be
biased by DC gates to change its Fermi level and associated charge carrier den-
sity dramatically. By modulating the conductivity, the concentration and distribu-
tion of energy within the graphene was altered [62, 63]. Thus, the integration of
graphene with passive metasurfaces or structured graphene can improve beam en-
gineering dynamics. A survey by [64] concluded that intensity modulation was the

fundamental building block of graphene metasurfaces and over the years, the phase
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modulation of waves for wavefront shaping and polarization control has received
considerable interest, with a variety of theoretical designs and experimental break-
throughs. Authors in [65] demonstrated THz switching by using graphene as a
material and hexagonal metallic meta-atoms as electrodes. The graphene layer with
tunable loss provided a surrounding medium for meta-atoms as they worked in the
low THz range. By increasing the conductivity of the graphene layer, charge carri-
ers accumulated at the hexagon’s edges and leaked into neighboring elements. Due
to this, the resonance was weaker and slightly shifted as the biasing voltage was
applied from the charge neutral point (CNP) [65]. According to [66,67], a graphene
patch or ribbon as a phase shifter will only provide a dynamic phase range of 180°
around the plasmonic resonance by varying the Fermi level, which is determined
by the Lorentz-shaped electric dipole resonance. In [68-70], graphene metasurfaces
with proper biasing voltage, multiple polarization states was switched "ON" and
"OFF" in one structure with high modulation speeds, making these devices highly
demanding for polarization encoding and multiplexing. Recent years have seen
an increase in the use of tunable graphene metasurfaces with optical stimulation.
Amongst them are distributed Bragg resonators for lasing and amplification of ra-
diation, parity-time symmetric sensing systems, and a flat magnetic absorber based

on graphene with ultrafast modulation [63,71,72].

Voltage-controlled tuning of a lumped element

For microwave applications, tunable lumped electronics, where the output impedance
is controlled by a DC voltage signal (biasing), prove an incredibly effective method
for realizing tunable metasurfaces. These components have typical characteristics
such as variable resistors, PIN switch diodes, and P-N varactor diodes [2]. In or-
der to accomplish tunable metasurfaces, lumped elements are incorporated in the

meta-atom configuration and are addressed with proper bias signals.
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There are two states of a PIN switch diode, "ON" (conducting) and "OFF" (insu-
lating), which can be accessed by forward bias and reverse bias, respectively. For
the "ON" state, PIN diodes are modelled as a series RL circuit and combination of
series-parallel RLC circuit for "OFF" state [73]. In [74], a reconfigurable frequency
selective surface (RFSS) was designed and implemented, it is a planar periodic struc-
ture which consists of basic elements depicted on a dielectric substrate. PIN diodes
were incorporated on the metal connection parts of every surface element which
were switched "ON" and "OFF" by an external bias [16,75,76]. Most impinging en-
ergy passed through the FSS when the bias of the diode was set to reverse bias and
its reflected when diode was set to the forward bias. Authors in [2] also incorporated
P-N varactor diodes in metasurfaces. Their reactance was adjusted (with relatively
small changes in resistance) by altering the reverse bias voltage and vice versa over
time. Authors in [77] proposed a metasurface which switched between total absorp-
tion and full reflection by adjusting the bias voltage. It was discovered that when the
diode is in a state of match (total absorption) or mismatch, the surface impedance
of the metasurface changed. In [78], there was a modification of both scattering and
polarization properties. During the "ON" state of the diodes, the wave that was im-
pinging on the metasurface was reflected while retaining the same polarization. As
a result, the incident wave for an "ON" state was perfectly polarized, but the inci-
dent wave for an "OFF" state was lost in transmission. Tunable perfect absorption is
one of the most actively investigated functions. Modifying the reverse biasing volt-
age of the varactors results in a shift of the resonance frequency and, consequently,
the spectral position of perfect absorption [79]. According to [2], a few pico Farads
(pF) of capacitance (0.5 to 5 pF) were usually required for this purpose and can be
achieved with diodes using moderate reverse bias voltages of the order of 0-15 V

which are readily available in the market today.

Authors in [80] obtained a reconfigurable system with the use of a varactor-tuned

resonator which was programmed in software. In this work, resonant frequency
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of available patches was changed by electronically tuning the unit cells instead of
modifying resonator dimensions to increase the usable frequency range. A tun-
able phase shift was attained by modifying the bias voltage applied to the varactor
with the intention of evolving its capacity [16]. A tunable capacitor was intergrated
with each metasurface unit which allowed EM response of the patch elements to be
changed by using micro-controllers [16]. Unlike in [81], authors in [82] controlled
a 6 x 6 transmit-array varactor diodes to investigate its beamforming capabilities
at an operating frequency of 5 GHz. A 22 x 22 reconfigurable metasurface array
controlled by PIN switches and varactor diodes operating at 11.5 - 13.5 GHz was
implemented by [83] to achieve a 180° phase difference. Although GHz range is
mainly the domain for voltage controlled lumped elements, they are the preferred

tuning mechanisms for coding and software-defined metasurface implementation.

In [84], the authors examined the dynamic multi-functional properties of a digitally
controlled metasurface with a relatively large aperture. The authors demonstrated
the dynamic manipulation of EM waves using a programmable metasurface con-
taining 1600 controllable unit cells. Each unit cell contained one PIN diode, allowing
for binary coding of an individual polarization to achieve reconfigurable polariza-
tion conversation. An inverse fast Fourier transform (IFFT) along with a binary cod-
ing matrix and genetic algorithm were then combined and applied to the relatively
large metasurface for different scattering and focusing results. The authors then
demonstrated directed beams, steering beams, and shaped beams for a point source
illumination and confirmed these functionalities via measurements of a practical
prototype comprised of five identical sub-metasurfaces controlled via a field pro-
grammable gate array (FPGA). Authors in [17] used a a high-speed transmission-
type 1-bit coding metasurface to create an essentially broadband transmission-type
coding system. This design had multiple layers instead of a single reflection type,
which ensured good amplitude transmission, and sufficient phase response without

altering incident polarization. The 10-bit states were represented by coding particles
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of two types, each with a phase shift of 180 °, between 8.1 and 12.5 GHz. As a result
of these coding particles, the authors achieved wideband beamforming function to
estimate the performance, in which high-directivity pencil beams were generated
in the far field, enhancing the bandwidth characteristic of transmission-type cod-
ing metasurfaces [17]. Furthermore, the authors arranged coding particles in the
sequence 010101... to radiate two symmetrical deflecting beams in the large range
of 30°- 50.5° and thus proving to be more efficient at radiating than conventional
leaky-wave metasurfaces. A majority of the designs have been experimentally vali-
dated at microwave frequencies in [85,86], with some demonstrations also occurring

at THz frequencies [17,87].

In addition, reconfigurable and programmable metasurface functionality can even
be further enhanced by converting the actuators (e.g., diodes in typical microwave
implementations) into “controllers” with additional functionality. As a result, a
smart network of interconnected controllers can sense the impinging wave, com-
municate with each other, and process information. Through the use of a “gate-
way” based on standard communication protocols (e.g., wiFi, ethernet, bluetooth),
this intra-metasurface communication can be controlled and reconfigured by ordi-
nary people, even by non-specialists [2]. Figure 2.3 illustrates the concept of ac-
tuating, sensing, and processing information using software-defined metasurfaces
in a networked environment. This concept comprises of one or more metasurface
switches which are controlled by a network of miniaturized controllers. As a result
of a switch status changing, different switch configurations were dictated, which
modified the atom structure of the meta-atom and subsequently altered its elec-
tromagnetic functions [88]. Then through a master-slave setup, the input gateway

connects the network of controllers with external networking devices.
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FIGURE 2.3: System concept that combines software-defined metasur-
faces with an embedded network of controllers that allows actuation,
sensing and processing of information by [2].

Since SDM components are vulnerable to permanent failures, authors in [88] pro-
posed two fault adaptive routing scheme for network controllers. In simulations
conducted on a custom-built simulator, the fault adaptiveness of the two algorithms
was evaluated based on their success ratios for packet delivery and coverage ratios,
i.e., how many nodes are accessible when implementing the routing algorithm. In
addition to evaluating the performance characteristics of the two proposed algo-
rithms, the authors simulated the number of message hops any packetized message
had to traverse on its way to its destination. On the other hand, authors in [89] de-
veloped a wave sensing approach that does not require specialized hardware and
instead makes use of the SDM networking capabilities. In this work, nano-networks
embedded within the SDM automatically adjusted its energy dissipation to fully ab-

sorb the waves, and thus indirectly measuring the attributes of the surface.

Thermal tuning

According to authors in [2], tunable metasurfaces can also be stimulated by heat.
Furthermore, materials with strong sensitivity to temperature variations would make

the best meta-atoms or substrates for thermally tunable metasurfaces. By utilizing
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such sensitivity, the metasurface response can be tuned by observing the electro-
magnetic change as the temperature varies. When the structural or electronic phase
changes across a critical temperature, phase change materials (PCMs) show near-
uniform refractive index change [90,91]. There are at least two phases of PCMs,
often referred to as amorphous and crystalline and these occur when the crystal
structure of the material changes [92,93]. While most other materials also exhibit
these two phases, PCMs have a unique structure which causes them to have a sig-
nificant change in refractive index [91]. Silicon dioxide (5iO;), for example, ex-
ists both in the amorphous and crystalline phases, but since they share the same
crystal structure, their refractive indices are insignificant [91,92]. As a result, sil-
icon dioxide is not considered a PCM. In contrast, octahedral amorphous germa-
nium-antimony-telluride/ GeTe-Sb,Te3 (GST) transitions to rhombohedral once
it becomes crystalline, which results in considerable refractive index changes [94].
Several types of phase change materials such as chalcogenides and transition metal
oxides have been used in optical and photonics applications [92].

A chalcogenide is a compound created by combining a chalcogen element (such
as sulfur, selenium, tellurium, and polonium) with a metal. GST, a typical chalco-
genide PCM, comes in several varieties depending on the concentration of con-

stituent elements, but GST-225 is the most useful as seen in Figure 2.4 [95,96].
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FIGURE 2.4: Ge-Sb-Te phase diagram illustrating important pseudo-
binaries

According to authors in [97-99], GST is not the only chalcogenide PCM available;
there are also GeTe, SbyTe, and AgsInsSbeoTesp (AIST). The crystal structure of these
materials exhibits strong resonance bonding, which is why their optical properties
differ considerably from those of the material in question [100]. The GST, GSST,
Sb,Tez share small electro-negativities, which account for their covalent bonding. At
room temperature, both phases are non-volatile, which is advantageous for memory
devices, as well as few electronic applications [92,101].

In [92,100], authors reviewed some device demonstration using GST, noting that
Ge;Sb;yTes are low loss PCMs. Additionally, these PCMs are commonly used due to
their fast crystallization speed, large optical contrast, and good reversibility between
amorphous and crystalline states [102]. In addition to having advantageous optical
properties, GST alloys and other PCMs based on chalcogen have similar chemical
properties. The process involves forward crystallization and backward amorphiza-
tion, which is a reversible process of phase transition. According to authors in [102],
the temperature was the determining factor for phase change. Due to this, laser
pulses were designed to heat materials above their melting points, but below their
crystallization temperatures. The atoms then arranged themselves after slow cool-

ing, as opposed to amorphization, which results in crystalline material. As soon
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as the material had reached its melting point, it was rapidly cooled to room tem-
perature to achieve the amorphous state. Due to structural re-arrangement, the
electronic densities and transition matrix elements of the two states were differ-
ent. Aside from the optical properties, the thermal properties are also taken into
consideration since Ge;Sb,Tes has thermal conductivities ranging from 0.14 to 1.76
W/(mK) [102,103]. Low thermal conductivity results in less energy being consumed

in both crystallization and amorphization, which enhances optical properties [103].

According to authors in [92,102, 104], transition metal oxides that undergo Mott
transition (also known as correlated materials) rank second among PCMs. The con-
ductivity of Mott insulators such as vanadium dioxide (VO,), is dependent upon
temperatures since they transit from insulator to conductor as the temperature rises.
VO3 is a typical example of a PCM showing a metal-to-insulator transition (MIT)
with a phase transition temperature of around 68° which is quite close to room tem-
perature [2,100]. MIT temperatures may be further lowered by compressing the
material or by doping it with tungsten [100]. A phase change in VO, induced op-
tically also offers a great deal of potential for compact device structures to achieve
high speeds and optical modulation. In contrast to using silicon’s weak electro-optic
properties, VO, is easily fabricated on silicon, and its ultrafast switching capabilities
can be used to adjust the effective index of ring resonators [105,106].

Authors in [92] mentioned that modulators and switches can be produced from ar-
tificially micro/nanostructured metasurfaces using PCMs. Phase change materials
are often present in the microstructures of such devices. Authors in [106] stated
that on-chip modulators built from vanadium dioxide have existed for quite a while
compared to GST-based devices and they consist of a ring resonator containing a
patch of VO,. When the temperature changes, the phase of VO, changes, resulting

in a change in resonant frequency.
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Magnetic Tuning

Materials and structures that are magnetically responsive have also attracted re-
search interest since they can respond almost instantly, and in a contactless manner,
to external magnetic stimuli [2]. In the microwave regime, one of the most well es-
tablished methods of magnetic tuning involves ferro magnetic resonance (FMR) in
ferrite materials such as yttrium iron garnets (YIG) [107,108]. In the presence of ex-
ternally applied static or slowly varying magnetic fields, ferrite materials can exhibit
Lorentz-type resonance in their effective permeability [2]. As opposed to previous
works that focused on electrically tunable metasurfaces, authors in [109] presented
a device comprised of ferrite rods and metallic foils that can be made magnetically
tunable. They concluded that when the thickness of the ferrite rod and the magni-
tude of the magnetic field increases, the amplitude and phase of the transmission
wave decreases. Also, phase gradient was obtained by tuning the thickness of the

ferrite rods as shown in Figure 2.5.
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FIGURE 2.5: Schematic diagram of magnetic tunable metasurface

Furthermore, as the rod thickness gradient increased, the metasurface deflection an-

gle increased and deflection angle decreases with increasing magnetic field strength,
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which exhibited the property of being magnetically tunable. In [107], a ferrite-
dielectric metamaterial composed of dielectric and ferrite cuboids was designed.
As a result of applying certain magnetic fields, two resonance frequency dispersion
peaks appeared and the effective permittivity peaked. The authors showed that it
was possible to adjust the applied magnetic field to tune the metamaterial’s per-
mittivity, resulting in a magnetically tunable dielectric property. Authors in [107]
presented a new method to fabricate positive refractive index metamaterials, which
are more suitable for microwave applications. A study by [108] used a ferrite-based
metamaterial structure to prepare tunable metamaterial bandstop filters. From this
study, broad bandwidth was obtained by examining the dependence between FMR
frequency and ferrite rod size. By adjusting the size of the ferrite metamaterials,
the stopband frequency of the designed filter was tuned, which made it suitable for
practical applications in tunable microwave devices.

There are a number of metasurfaces that use ferrites as tuning elements, most no-
tably for tunable perfect absorption, with the resonant frequency controlled by an

external magnetic field [110,111].
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2.4 Applications of reconfigurable metasurfaces

Research contributions have demonstrated that RMS-enhanced wireless networks
are capable of obtaining tuned antenna gains, improved QoS, and enhanced cov-
erage range. In the context of wireless communication, Figure 2.6 illustrates the
application of RMSs as either a nearly passive reflective/refractive surface or a
waveguide metasurface antenna. From Figure 2.6a, the addition of a reconfigurable
metasurface between the user and base station allows the system to overcome non
line-of-sight conditions and improve coverage without any power amplification and
baseband signal processing [112]. Unlike reflective/refractive RMSs, waveguide

RMSs usually act as active antennas at base stations as shown in Figure 2.6b [53].

In the context of wireless communication, reconfigurable metasurfaces are mostly
considered passive reflecting devices used to shape the propagation environment
[18,113-115]. As an alternative, works in [112,116] presented an application of RMSs
as massive MIMO active reconfigurable antennas with developed analog signal pro-
cessing capabilities for next generation transceivers. The authors further mentioned
that the analog beam pattern can be controlled for transmission and reception by
tuning the EM properties of the RMS elements. The application leverages their abil-
ity to fabricate planar, compact, and low-cost massive antenna arrays that can be

used in current and future base stations and access points [116].

According to authors in [117], with higher data rate requirements for RF wireless
communications, new types of RF switch matrix multiplexers are needed. There-
fore, the authors proposed a reconfigurable metasurface for spatially multiplexing
and modulating RF signals. The proposed concept involved feeding multiple data
signals into a multiplexing signal matrix to control the phase distribution across
the RMS [117,118]. Phase shift keying (PSK) was performed directly by the meta-
surface using electronic phase tuning of its individual unit elements. Authors in
[118] mentioned that RMS antennas can also perform frequency shift keying (FSK),

spatial code modulation (SCM), and spatial shift keying (S5SK) signal modulation
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techniques in addition to PSK.

All mobile devices, climate science, and autonomous vehicles require advanced mi-
crowave antennas for imaging, radar, and wireless communication [119,120]. Addi-
tionally, antennas rely on electronic beamsteering to function effectively. Therefore,
authors in [121] proposed a waveguide-fed RMS structure which enabled electronic
beamsteering at 10 GHz. The authors concluded that RMS antennas provide simi-
lar performance as conventional array antennas while avoiding phase shifters and
amplifiers. Based on this characteristic, the authors further concluded that realistic
path towards constellations of satellites can be created for Earth observation and
wireless communications [121,122].

The applications of metasurfaces in radar include far-field and near-field systems
[118]. Authors in [123] investigated RMS antennas applications for synthetic aper-
ture radar (SAR) in far-fields. The authors concluded that electronically tuned RMSs
can generate steerable and directive beams for SAR imaging. As a consequence, the
hardware architecture of the SAR system is simplified. In the context near-field ap-
plications, RMSs are commonly applied in MIMO radar imaging [124]. Works in
[125,126] presented a method for reconstructing images obtained by using a RMS
antenna. The authors further demonstrated that range migration algorithms (RMA)
could be compatible with the metasurface architecture, which enabled fast Fourier
transforms to be used during image reconstruction. The combination of the RMS an-

tenna algorithm could result in a system that was less complex and more efficient.

2.5 Conclusion

From previous works [2,43,46,127], metasurfaces proved to have moved beyond
the early demonstrations of fixed, static electromagnetic responses and entered the
realm of being tunable, reconfigurable, and programmable. In tunable metasur-

faces, the electromagnetic waves were manipulated without changing the physical
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structure of the elements. The implementation of reconfigurable metasurfaces de-
pends on the frequency of operation; tuning schemes, design strategies, and the
limitations change with each frequency regime. The applications of RMSs are de-
pendent on whether they are designed as passive reflective/refractive surfaces or
active waveguide metasurface antennas. As a passive reflective/refractive surface,
RMSs are placed between the user and base station to allow the system to overcome
non line-of-sight conditions and improve coverage without any power amplifica-
tion and baseband signal processing. Unlike reflective/refractive RMSs, waveguide
RMSs usually act as active antennas at base stations.

In comparison with the conventional phased array or electrical scanned antennas,
RMS antennas have the ability to provide comparable performance with extreme

low cost and complexity [112,121].
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Chapter 3

Design Procedure of Metasurface Unit

Cell

The previous chapters highlighted on ways to implement RMSs. Further areas of ap-
plication were discussed. Reconfigurable metasurfaces are made from SRRs, there-
fore this chapter introduces the existing design procedure of a square and circular

shaped SRR.

3.1 Introduction and Related Works

There is a new paradigm in modern science with the rise of metamaterials and in
particular left-handed metamaterials, which enable development of new microwave
components with advantageous properties. Metamaterials are designed using split
ring resonators as a structure to produce the desired magnetic response to an ap-
plied EMF [128-132]. The split ring is a basic geometry for designing sub-wavelength
magnetic metamaterial resonators. It typically consists of two metal rings that are ei-
ther square or circular, etched or carved onto dielectric materials as shown in Figure
3.1 [128]. Both geometries from the figure have a copper strip width w and spacing
between the rings d. The gaps between the inner and outer rings are denoted by g1
and g1, respectively. When magnetic fields are applied, an electromotive force that

induces currents that flow from one ring to another ring through the gaps g; and
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g2 is created. Consequently, the structure behaves as an LC circuit with resonance

frequency f,.
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FIGURE 3.1: Geometry of SRR

Authors in [133] proposed an analytical model for predicting the charge and poten-
tial distributions in the fundamental mode of a 3D SRR with square cross section.
In this model, the authors derived the equivalent capacitance formulae and reso-
nance properties was determined at any frequency. Authors in [134] designed and
experimentally validated a square co-planar waveguide with stop band character-
istics for filter applications. Its small size made it more suitable for applications at
lower microwave frequencies. They presented a simplified formulation for estimat-
ing the resonant frequency of the employed square SRR. They further concluded
that this formulation can be used to design SRRs for obtaining precise stop bands
in co-planar waveguides and similar applications. In [135], the authors analyzed
the SRR of different geometrical shapes (i.e square, circular and hexagonal) using
simple equivalent circuits. The authors concluded that circular SRRs resonate at
higher frequencies than square SRRs, despite having similar dimensional parame-
ters. Additionally, there was a comparison between the various split ring resonator
shapes, including circular, square, hexagonal, and triangular in [136] for energy har-

vesting applications. Authors in [137] exploited the symmetry properties of split
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ring resonators to implement novel sensing devices. It consisted of a co-planar
waveguide that had movable SRRs attached to its back surface. The authors con-
cluded that between circular and square shaped SRRs, the square geometry was
necessary to enhance the sensitivity of the structures. Additionally in [138], the au-
thors developed novel printed microwave elements based on square and circular
SRRs. They concluded that as an alternative to originally proposed circular SRRs,
square shaped ones can be used to enhance coupling of the structures. In [139],
the comparative analysis between the two geometries showed that the square SRR
yielded more bandwidth than the circular one. The square shaped structure is the

most commonly studied variant of SRR since it has more design flexibility.

In previous literature, once relevant inductances and capacitances were known, the
resonant frequency of the SRR which depended on its geometrical parameters was
determined [140-]. Despite this, a complete theoretical formulation of the SRR unit
cell dimensions was not presented. Authors in [147] employed the simple analytical
model for SRR in order to obtain preliminary line guides for the actual design, which
was numerically performed via Computer Simulation Technology Microwave Stu-
dio (CST MWS). The geometry of the SRR unit cell and cell size were parametrically
changed using the mentioned EM solver in order to operate at intended frequency of
operation. In [148], the authors constructed a structure consisting of two G-shaped
SRRs linked together. Furthermore, the effects of unit cell size on the resonance fre-
quencies of a metamaterial were examined for four different unit cells with different
design parameters. However, the formulation of achieving SRR geometries was not

presented.

3.2 Theoretical formulation

Figure 3.2 shows the equivalent circuit of both the square and circular shaped SRR
from Figure 3.1. From Figure 3.2, the metallic rings contribute a total inductance of

Lt and distributed capacitances of C; and C; in the top and bottom halves of the
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SRR structure, respectively [128]. Additionally, the equivalent circuit includes the

gap capacitances, Cq¢1 and Cgy, that occur when the rings are split.

Lr

Cy2 Cy1

FIGURE 3.2: Equivalent circuit with gap capacitances taken into ac-
count

In the square SRR, the resonant frequency is given by [135]

fr=o_ L ) 1 (3.1)

N E o E LTCeq,

where w, is angular velocity and Ceq is the total equivalent capacitance of the struc-

ture which is evaluated as

(Cl + Cgl) (CZ + Cg2)

Ceq = .
d (C1+ Cg1) +(Cr+ ng)

(3.2)

Due to the identical gap dimensions g1 = ¢» = g, gap capacitances Cg1 = Cg = Cg and
the series capacitances C; = C; = Cp, equation 3.2 can be modified as [149],
_ (Co+Cy)?

Ceq = m (33)
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The gap capacitances of strip conductors based on a metal thickness ¢ can be repre-

sented as

€gwWt
Ce = , (3.4)
g

where, €y, w and ¢t represent the free space permittivity, width and thickness of
the metallic rings. As mentioned previously, the distributed capacitances Cy are
dependent on the split gap dimensions g, the capacitance per unit length Cpy, the

square average ring radius a4,y. therefore for a square SRR it is defined as,
q g g g q

CO = C1 = Cz = 4aanCpu1 — ngul, (35)
where,
d
aavg == aext — W — E. (3.6)

The radii is denoted by aex: as shown in Figure 3.1a. The capacitance per unit length
is defined as

== 7
Cpul Zo ’ (3 )
where

¢ ¢ -velocity of light in free space
* ¢, - effective permittivity of the medium

* 7 - characteristic impedance of the line.

For a circular shape shown in Figure 3.1b, equation (3.5) is given as
C() = C1 =C, = ﬂranCpul — ngulr (3.8)
where the circular ring average r,vg is dependent on the the distance of the rings

from the centre rey; of the circular geometry and is defined as

d
Tavg = Yext =W — 5 (3.9)
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The effective permittivity can be calculated as [150,151]

(er —1) (K(K)K(k1))

e, =1+ , (3.10)
‘ (2)  K(k)K(ky)
where k is the elliptic modulus and is defined as,
w/2
k= (w/2) +2d’ (3.11)

k’ the complementary modulus which is given as
K'=+vV1-k2, (3.12)

and K(k) is a complete elliptic function of the first kind and K(k’) is its compli-
mentary function. From equation (3.11), the nominator and denominator can be

represented by a and b respectively to give

sinh(7ta/2h)
=2\ 1
'™ sinh(7tb/2h) (3.13)
Equation (3.14) represents the approximate expression for K(k) /K(k’) as
( -1
1 1+VEK
K(K) [nln (21\/?>] for 0<k<07
K(K) = . (3.14)
1 1+VK
~In 21_\/1?> for 0.7 <k<1.
\
The characteristic impedance from equation (3.7) is then calculated as
1207t K(k)
Zy = ) (3.15)
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Substituting the values of Cy and C, in equation (3.3) for each geometry gives the

equivalent capacitances of circular shape Ceqc and square shape Cegs as follows

eowh
Ceqs = <2aavg - %) Cout + 02g ,

T ave — €owWh
Coqe = (%) Coul + 02g .

Therefore, the resonant frequency in equation (3.1) for different SRR geometries was

(3.16)

represented as

for square SRR:
1

ZNJ Lt [(““f‘g) Coul + 5"

1

27TJ Lt [(nm;—g) Cpul + eozvgh

The simplified formula for evaluating the total equivalent inductance Lt for a rect-

fo= , (3.17)

for circular SRR

fo= (3.18)

angular wire is formulated as [152]

41
Lt = 0.0002/ (2.303 10g1 (t— - 7) ) uH, (3.19)
0

where [ and ¢, are the finite length and thickness of a wire. The constant <y is 2.853
and 2.51 for a wire loop of square and circular geometries respectively. The finite
length represented as I; for square SRR and I, for circular geometry can be deter-
mined as follows:

ls = 8dext — &, (3.20)

le =27rext — &. (3.21)



Chapter 3. Design Procedure of Metasurface Unit Cell 38

Authors in [153,154] presented a design approach on how to calculate the SRR ge-
ometrical parameters. For a circular SRR depicted in Figure 3.1b, the external and

internal resonance frequencies defined by f.1 and f., respectively were determined

by
c c
SR A— = 3.22
far 2Rext\/€eff fez 2Ro+/€ecff (3.22)
Rext = 27rext — g2 — 4w, Ro = 27rg — g1 — 4w, (3.23)

where w is the width and g; and g, represent the internal and external gaps of the
rings respectively. Rext and Rp represents the average radius length of each ring,
rext and rp represents the external and internal mean radius length respectively. The
effective dielectric constant was represented by €., Similarly, for the square SRR

shown in Figure 3.1a, the resonance frequency was calculated as

c c
I PO 3.24

fs1 2L1/€Eeff fa2 2L\ /€etf (3.24)

Li =4l — g1 — 4w, Ly =2l — g — 4w, (3.25)

where f;; and fs; defined the external and internal resonance frequencies respec-
tively. The average length of each ring was depicted as L; and L, and the external

and internal side length were represented as /1 and I, respectively.

3.3 Conclusion

This chapter has demonstrated the existing theoretical analysis of designing a square
and circular split ring resonators. Metamaterials are designed using SRRs as a struc-
ture to produce the desired magnetic response to an applied EMF. SRRs typically
consists of two metal rings that are either square or circular, etched or carved onto
dielectric materials. By using the closed form expression derived in equation (3.2),
a design engineer can determine the resonance frequency of SRRs affecting the split

gap dimension. In the cases this method has been applied from literature, there
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has not been an explicit method on how the average lengths, external and internal
side lengths of both circular and square shaped SRRs were calculated. Therefore,
Chapter 4 proposes a method to show how every SRR geometrical dimension is cal-
culated in order to present a unified step-by-step procedure. From literature, it can
be concluded that the square shaped SRR produced more bandwidth and less re-
flection . Additionally it has more degrees of freedom from the design aspect than
circular ones. Hence why the square SRR will be evaluated for the proposed design

in the next chapter.
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Chapter 4

Design Procedure of a Frequency
Reconfigurable Metasurface Antenna

at mmWave Band

In this chapter, a step-by-step method for demonstrating the design of a metasurface
antenna is presented. The method is further used to design a frequency reconfig-

urable metasurface antenna for mmWave applications at 28 GHz and 40 GHz.

4.1 Introduction

The under utilized mmWave spectrum has given an opportunity to researchers to
investigate and exploit this band with the aim to curb issues on bandwidth and
channel capacity associated with 5G and 6G [155]. A new era in wireless commu-
nication has begun with the emergence of millimeter waves utilization and further
exploration of sub-mmWaves as the need for higher data rates grows [4,156]. How-
ever, high frequencies introduce high pathloss, which results in the need to increase
antenna gain requirements [156]. Authors in [54, 84] mentioned that pathloss and
multipath fading effects can be mitigated with the use of metasurfaces. A revolution
in electromagnetic manipulation has taken place through the use of metamaterials

and metasurfaces.
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Metasurfaces are 2D arrays of engineered meta-atoms resembling metamaterials
which are used to control or modify various parameters, such as amplitude, phase,
polarization. They are based on resonant unit cells with a narrow bandwidth around
a fixed working frequency [157]. In particular, reconfigurable metasurfaces are of
great interest to scientists. RMSs involve adding tunability to each unit cell which
allows for more capabilities of metasurface applications. Furthermore, integrating
electronic components or tunable materials such as, micro electromechanical sys-
tems (MEMS) switches, PIN diodes, liquid crystal or piezoelectric materials, and
varactor diodes enables reconfigurability to the metasurface structure [158]. MEMS
switches have recently gained attention because of their small size and linearity,
but, when compared to PIN diodes, they have a relatively slow switching time [159].
RMS applications using PIN diodes are capable of operating at up to 60 GHz, as well
as at low cost, low control voltage and high reliability [160]. It is impossible to use
switches in applications requiring a continuous phase change due to their discrete
nature. Liquid crystal can change the dielectric coefficient of a unit cell by tens of
percent and can be fabricated in its surface without external elements [161]. Due to
its physical size changes, the piezoelectric method exhibits limited flexibility, which
is also a disadvantage [162]. Researchers are more interested in electrically reconfig-
urable metasurfaces, since they are less complex and easier to fabricate. Therefore
PIN and varactor diodes are most commonly used to achieve reconfigurable elec-

tronic tuning.

Multiple applications have been developed for RMSs, such as increasing antenna
gain, bandwidth and efficiency [8,163]. They are even used to design reconfig-
urable antennas [164]. In order to improve performance of communication systems
in terms of interference reduction, power consumption, and system security, it is
necessary to reconfigure the radiation pattern of the antennas [8]. With significantly

improved cost and manufacturing efficiency, metasurface antennas are emerging as



Chapter 4. Design Procedure of a Frequency Recontigurable Metasurface Antenna
42
at mmWave Band

an alternative to conventional electronic scanned antennas [47,119,165]. Metasur-
face antennas have been found to offer a number of advantages in terms of weight
and power consumption over conventional antennas, particularly in security screen-
ing, satellite communication, and earth observation applications [166]. Therefore,
this chapter proposes a unified simple design procedure used in antennas to calcu-
late the geometrical parameters of SRRs which are used in metasurface unit cells.
The proposed unit cell is further used to design a PIN diode based reconfigurable
metasurface antenna for the realization of dual band operation at mmWave frequen-

cies.

4.1.1 Related Works

Several researchers have reported various RMSs in the last decade [2,43,83,129,167—
172]. Works in [129] proposed a reconfigurable metasurface antenna based on a PIN
diode for beam switching applications. The authors proposed a metasurface con-
sisting of periodic double-SRR whose fundamental resonant frequency could easily
be controlled by their respective dimensions. Based on their simulations and ex-
periments, the proposed metasurface antenna had good impedance matching and
moderate gain performance of about 6 dBi across the band of interest. In [173],
the authors presented a dynamically reconfigurable holographic metasurface an-
tenna for applications in near-field beam focusing. Through the use of the proposed
metasurface antenna, the authors achieved beam-focusing without requiring phase
shifters and power amplifiers. The concluded that the proposed metasurface an-
tenna was suitable for applications that require dynamic reconfigurability, such as

imaging and wireless power transfer.

Works in [170,174] presented a reconfigurable metasurface antenna that manipu-
lated scattering fields by liquid metal. The reflected element phase responses under-
went distinct phase differences when the metal shape of the metasurface element

changed along the polarization direction. It was concluded that the liquid-metal
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metasurface antenna presented had less system complexity, lower cost, and much
lower power consumption. In [175], a frequency reconfigurable dielectric resonator
antenna using metasurfaces was proposed. The attained bandwidth and gain of
the proposed metasurface antenna was 1.1 GHz and 7.8 dBi respectively. However,
there was minimal clarity regarding the geometrical parameters of the metasurface

unit cells in these previous works.

4.1.2 Contribution

In literature, the design of SRR geometrical parameters were shown. However, pre-
vious design approaches lacked clarity on calculating all the geometries of an SRR.
The focus of this chapter is to present a unified design framework to calculate the ge-
ometrical parameters of an SRR to be used for reconfigurability at mmWave bands.

The main contributions of this chapter are summarized as follows:

e Firstly, a demonstration of a step-by-step procedure on how to achieve split
ring resonators geometrical parameters at dual frequency of operation is pro-

vided.

¢ Secondly, the proposed unit cell was used to design a 16 element frequency

RMS.

¢ Finally, the characteristics of the proposed frequency RMS were analyzed and

compared with previous works.

4.2 Proposed Methodology

According to [176], ring resonators are described as two identical half guided wave-
length (A¢/2) which establish standing waves in parallel. Figure 4.1 depicts a schematic

view of the dual band square SRR structure.
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(A) Top View

t]

I h

(B) Perspective view

FIGURE 4.1: Proposed metasurface unit cell

Since Lt1 and L1, in Figure 4.1 represents the total path transversed by EM waves
in the internal and external ring respectively, the fundamental mode length A, /2 is

represented as,
A A

L11=—=, Lp=-—. 41
m=5, o= (4.1)
The guided wavelength at resonant frequency f, is represented by the following

equation [176]
A c

—_— O —_—
Veett  for/€etf’

therefore, the internal and external ring guided wavelengths A¢1 and Ay respec-

(4.2)

Ag

tively are given as
c

A ¢ A
1=——, Ap=——
8 Aveer % far/Eest

(4.3)
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where resonance frequencies of the internal and external rings are defined by f; and

f2 respectively. The effective dielectric constant is calculated as [177]

€r+1+€r_

1
Eeff = — 5 [1 + W for — >1, (4.4)

h

ﬁ]l/Z W

where €, represents the dielectric constant. To attain the internal and external ring
average length at any specified resonant frequency, equation (4.3) is substituted into

equation (4.1) to give [176]

c c
Lt =—4——F—, Lp=—77——. 4.5
TN T 4

Furthermore, since resonators exhibit the same standing waves at fundamental modes,
equation (4.5) is used for both one-port and two-port resonators [176].

From the specified substrate information, the dielectric constant €, and height h
are used to calculate the width W of the ring resonator. For a given characteristic

impedance Z,, the width is represented as;

A
EZSX_Zh for % <2,
W =
%[3—1—111(23—1) +%<1n(3—1) +0.39 — %)]h for W >2,
(4.6)
where

ZO €r+1 er_l 0.11
A=— 0.23 ,
60 2 +er+1< + €r >

3771

B = .
2Z0\/&

From equation 4.5, the internal and external side lengths /; and I, of each ring of the

SRR can be calculated by,

W W
ly = Lt + 5 I =Lt + 5 (4.7)
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The permittivity and permeability are calculated from the refractive index (1) and
impedance values z using equations (4.8) and (4.9) in order to confirm if the de-

signed SRR represents a double negative metamaterial.

€= g, (4.8)
=1z, (4.9)
where 1 and z are denoted as [153,178]
q::%%ﬂn@mmmﬂ~—%ﬂmﬂﬂhﬂh (4.10)
,— (1+53)* - S5 (4.11)

(1-53)* =S5
From equations (4.10) and (4.11), the reflection and transmission coefficients are rep-
resented by S, and S, respectively, ®{-} and 3{-} denotes real and imaginary

components, k represents the wave number and e/"lout is represented as [179]:

(4.12)

4.3 Simulation Processes

With the foregoing mathematical analysis, a practical square split ring resonator
was designed using CST MWS software. The MWS is based on solving Maxwell’s
equations in differential form in the time domain explicitly [180]. Additionally, it is
highly desirable to use time domain simulations methods for high frequency elec-
tromagnetic applications, especially when broadband results are desired [181]. In
this work, a square SRR resonating at 28 GHz and 40 GHz was constructed on an
RT5880 substrate with height of 0.5 mm as depicted in Figure 4.1. The metallic
layer used was the lossy annealed copper. The desired dimensions were obtained

by using design equations discussed in Section 4.2 and a summary of a step-by-step
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design procedure is shown in Table 4.1.

TABLE 4.1: Summary of calculation of dimensions of a metasurface

unit cell

Step | Equation Purpose

1 Equation (4.6) Calculate the width of a characteristic
impedance Z,.

2 Equation  (4.5) | Calculate the dielectric constant and use it

and (4.12) to find the internal and external average

lengths L1 and L1, for each frequency.

3 Equation (4.7) Calculate the internal and external side
lengths of each outer ring using the cal-
culated average lengths in Step 2.

Following the use of the design procedure, in order to optimize the calculated pa-

rameters of the unit cell of the metasurface, the CST optimizer tool from the software

was used. Table 4.2 depicts the dimensions of the unit cell before and after optimiza-

tion.

TABLE 4.2: Unit cell dimensions before and after software optimization

Dimensions | Before optimization | After optimization
(mm) (mm)

h 0.5 0.56

4 1.54 1.54

I 3.51 3.47

I 4.68 4.4

In order to perform simulation in CST MWS, boundary conditions have to be de-

tined. For the software to generate EM waves, the boundary conditions of the x,yis,

Vaxis and z,yis were defined as a perfect electric conductor, perfect magnetic conduc-

tor and open respectively. This means that for xmi, and xmax the magnetic fluxes are



Chapter 4. Design Procedure of a Frequency Reconfigurable Metasurface Antenna

48
at mmWave Band

set to zero, for ymin and Ymax electric fluxes are set to zero and with zyin and zmax
waves can pass with minimal reflections. The proposed structure was excited by
defining two wave ports which were normal to the x,yjs. The time domain solver
which comprises of finite difference time domain (FDTD) was used to calculate
transmission of energy between excitation sources and obtain broadband frequency

behaviour of the simulated structure.

o] | [ | [ | [
a] | [ [ | [
o] [=] [ [}
o] [=] [ [}

FIGURE 4.2: A 4x4 RMS integrated with PIN diodes

To achieve reconfigurability, the designed unit cell was made into a 4x4 element
integrated with diodes as shown in Figure 4.2. Similar to authors in [84], each unit

cell of the metasurface was connected to a diode.

4.4 Results and Analysis

As a result of the computations from CST MWS, optimized dimensions, return loss
curves, reflection phase, gain, directivity, effective permittivity and permeability of

the proposed frequency RMS were analyzed in this section.
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4.4.1 Reflection Coefficient

For resonant frequencies of 28 GHz and 40 GHz, a reflection coefficient/return loss
graph which shows the ratio of the amplitude of the reflected wave to the incident
wave was simulated, yielding the results shown in Figure 4.3. As seen from the
figure, before optimization, the unit cell resonated at 25.6 GHz and 39.85 GHz with
a magnitude of -14.80 dB and -13.11 dB respectively. With the use of CST optimizer,
the unit cell resonated at 28.3 Ghz and 40.3 GHz with a reflection coefficient of -18.57
dB and -22.0 dB respectively. The bandwidth of the unit cell before optimization
was 4.65 GHz and 0.67 GHz and after optimization as depicted at the -10 dB mark
in Figure 4.3 it was 6.8 GHz and 1.50 GHz. When the unit cell was optimized, it
resonated at a frequency closer to the desired operating frequencies (i.e, 28 GHz
and 40 GHz) with less reflection than before. As a result, the optimized return loss
results of the unit cell were used to analyze a 4 x4 frequency RMS antenna structure
shown in Figure 4.2. The student version simulation software was not licensed for

hundreds of elements, therefore an array characterized by 16 elements was chosen.

0 1
-@-Unit cell before optimization
Unit cell after optimization
o
2
€.
9]
S
@
Qo
¢]
c
o,
©
Ko}
5
o
-20 — 7
25 | | | |
20 25 30 35 40 45

Frequency (GHz)

FIGURE 4.3: Return loss results of metasurface unit cell before and after
optimization
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Figure 4.4 depicts return loss results for a 4 x4 metasurface antenna with and with-
out adding PIN diodes from the lumped elements section in CST MWS which en-
able frequency reconfigurability. The results are further numerically summarized
in Table 4.3. It was observed that when diodes were added, resonating frequency
decreased as the capacitance increased. From the table, the bandwidth of the 16 el-
ement metasurface antenna without diodes was relatively the same as when they
were added. Furthermore, it can be observed from this table and figure that the

proposed metasurface antenna array was capable of frequency reconfiguration.

60—

50—
40—
30+
m
Iz
P 20—
2
2
o 10—
s}
(@]
s =
8
%10 without diodes
o ~=c=3x107"
20+ c=385x10""*
—c=4x10""
—801- --c=45x10""
e —14
_a0l c=5x10
| | | | J
20 25 30 35 40 45

Frequency (GHz)

FIGURE 4.4: Return loss simulation results of 16 element metasurface
array with and without PIN diodes.

shows a summary of its return loss and bandwidths at different capacitances.

TABLE 4.3: Summary of return loss and bandwidth results

Capacitance | Resonating frequency (GHz) Bandwidth (GHz)
(pF)

Without 26.90 - 31.39, 32.26 and 40.20 4.46, 0.66 and 1.36
diodes

0.03 26.61 - 31.49, 32.49 and 40.28 4.88,0.42 and 1.41
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Capacitance | Resonating frequency (GHz) Bandwidth (GHz)

(pF)

0.035 23.60, 26.72 - 31.47, 3248 and | 1.17, 4.73, 0.43 and
40.28 1.41

0.04 23.08, 26.79 - 31.46, 3248 and | 1.17, 4.68, 0.44 and
40.24 1.39

0.045 22.72, 26.81 - 31.44, 32.48 and | 1.05, 4.63, 0.45 and
40.24 1.38

0.05 22.48, 26.89 - 31.43, 32.44 and | 0.98, 4.58, 0.46 and
40.24 1.38

4.4.2 Reflection Phase

Figure 4.5 shows the reflection phase for the proposed 16 elements metasurface an-
tenna with and without PIN diodes. As observed from the figure, there was a phase
difference of 21.8° and 4.3° at 28 GHz and 40 GHz (designed operating frequencies)
respectively as diode capacitance was increased. Additionally, before adding the
diodes, there was a phase shift of 360° at 26.08 GHz and at 26.68 GHz when diodes
were added for all capacitance values. The same phase shift was also observed at

22.7 GHz for when capacitance was 0.05pF.
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FIGURE 4.5: Reflection phase of 16 element metasurface array with and
without PIN diodes.

Figure 4.5 further shows that for a frequency reconfigurable metasurface, capaci-
tance increases when operating frequency decreases and this can be observed from

equation (3.1) [182,183].

4.4.3 Gain and Directivity

According to [177], directivity is a property of RF systems which determines how
concentrated the radiation emitted is in one direction. It is a factor affecting gain in
these systems. The gain describes how well the proposed structure converts input
power into radio waves which travel in a particular direction [177]. Despite the fact
that the gain of the metasurface antenna is closely related to its directivity, it is also a
measure of its efficiency and directional capabilities [177]. The simulated results in
Figure 4.6 depict the directivity and gain results before and after lumped elements
were installed on the 16 element metasurface antenna. Table 4.4 shows a numerical

summary of the figure.
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FIGURE 4.6: Directivity and Gain of 16 element metasurface array with
and without PIN diodes.

From Table 4.4, the gain and directivity of the reconfigurable 16 elements metasur-

face antenna increased from 27.23 dBi to 28.8 dBi when diodes were added. This
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is due to decreased angular beamwidth which led to a narrower beam, resulting
in higher directivity and gain [184]. According to authors in [185,186], higher gain
compensates for the impact of higher pathloss and is a requirement for 6G cellular
communication antennas at the mmWave bands. Additionally, the directivity and

gain were used to compute the radiation efficiency using equation (4.13) [177,187]

Gain (dBi)

100%. 4.1
rectivity (dBi) X 100% (413)

Radiation efficiency = Di

Since PIN diodes are connected to metallic strips of the metasurface antenna array,
loss can occur due to the dissipation of power which affects the radiation efficiency.
It was observed from Table 4.4 that the radiation efficiency of the metasurface an-

tenna array decreased when diodes were added.

TABLE 4.4: Summary of gain, directivity and radiation efficiency

Capacitance | Angular Gain | Directivity | Radiation Effi-
(pF) Beamwidth | (dBi) (dBi) ciency (%)
(°)
Without 16.5 15 17.2 87.2
diodes
0.03 15.3 2723 | 43.37 62.79
0.035 15.0 27.50 | 43.06 63.86
0.04 14.5 2793 | 44.28 63.08
0.045 14.31 2842 | 4493 63.25
0.05 13.9 28.8 45.6 63.31

According to [188], resistance of the diode does not affect the operating frequency.
As a result, capacitance and inductance of the switches have no effect on the gain
nor directivity. From Table 4.4, the directivity, gain and radiation efficiency with

varying capacitances was relatively the same.
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4.4.4 Effective Permittivity and Permeability

From Figure 4.7, the 16 elements metasurface antenna permittivity and permeability
before and after adding diodes were all negative. These results were obtained from
the CST MWS software which used a method by [189] to retrieve the effective con-
stitutive parameters (permittivity and permeability) of a slab of metamaterial from
the measurement of scattering parameters. Frequency reconfigurability can also be
observed from this figure. Since y and € were negative at all resonating frequencies
as shown in Figure 4.7a and 4.7b, this indicates that both the designed 4 x4 meta-
surface antenna structure and its frequency reconfigurable structure were double
negative metasurfaces which exhibits the phenomenal ability of negative refraction.
Furthermore, equations (4.8) and (4.9) can be used to verify whether y and € are

negative.
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FIGURE 4.7: Retrieved effective constitutive parameters of the simu-
lated results
4.4.5 Comparison with Previous Work

The performance comparisons between the proposed 16 elements frequency RMS

antenna and other designs are given in Table 4.5.
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TABLE 4.5: Comparisons between proposed 16 elements frequency

RMS and existing designs

Ref | Size Reconfiguration | Actuators Frequency | Detailed design
(mm?) band procedure
2x4 Frequency GaAs air- | mmWave | Not specified

[190] bridged Schot-

tky diode
80x80 Pattern 12 PIN diodes Sub- Not specified

[129] mmWave
180x180 | Frequency Liquid metal Sub- Not specified

[170] mmWave
117x117 | Frequency and | 16 PIN diodes mmWave | Not specified

[171] Pattern

This | 17.6x17.6| Frequency 16 PIN diodes mmWave | Specified

work

It can be observed from this table that previous work did not specify how the di-

mensions of the metasurface were calculated.

4,5 Conclusion

In this chapter, a simple unified demonstration on how a metasurface antenna unit
cell was designed theoretically from split ring resonators in order to attain its ge-
ometrical dimensions at any frequency of resonance was shown. Furthermore, a
4 x4 metasurface array and frequency reconfigurable metasurface antenna with the
ability to adjust its operating frequency by utilizing semiconductor diodes such as
PIN diodes were proposed. The radiation mechanisms of the 16 element metasur-
face and RMS antenna were explained in detail via reflection phase and its magni-

tude characteristics. The proposed frequency RMS antenna exhibited a wideband
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operational bandwidth from 25 to 32 GHz and approximately at 40 GHz. In ad-
dition, multiple gain variations from 27.33 to 28.8 dBi were observed across the
full operating band at different diode capacitances. It was also observed that the
gain and directivity increased when diodes were added due to decreased angular
beamwidth. However, radiation efficiency decreased because of loss occurred due
to the dissipation of power from the added diodes. From the proposed frequency
RMS antenna, gain, directivity and radiation efficiency did not vary as frequency of
operation changed. The proposed 16 elements structure has proven to be a double
negative metasurface which means it has the ability to dynamically shape electro-
magnetic fields. Compared to previous works, the proposed work has shown a

detailed design procedure.
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Chapter 5

Conclusion

This thesis explores the design and implementation of frequency reconfigurable
metasurface antennas which could be used in the next generation of mobile com-
munications. An overview of RMS antenna technology which includes the main
theoretical aspects and its applications in future wireless communication systems
was presented. The concept of metamaterials and their 2D counterparts which are
metasurfaces have been introduced, along with some of its properties and some de-
sign parameters to consider when designing RMS antennas. According to literature,
split ring resonators are used to design metasurfaces. Additionally, an evaluation of
metasurface antenna arrays before and after adding diodes was made.

The main findings are as follows:

* In Chapter 3, based on the analysis of the existing design process for split ring
resonators, it was observed that the procedure for determining the geometrical
parameters of the unit cell at any intended frequency had not been clarified.
Authors in [153] presented a design procedure for a metamaterial based on
SRRs. However, design parameters for the internal and external side lengths

were not presented.

¢ Chapter 4 proposed a unified methodology for an SRR unit cell which was

used to construct a 16 element metasurface antenna. The presented method
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was used in the design of a PIN diode based frequency reconfigurable meta-
surface antenna. It was concluded that parameters such as gain and direc-
tivity of the metasurface antenna array increased with addition of diodes for
frequency reconfigurability and radiation efficiency decreased. For both recon-
figurable and non reconfigurable metasurface antenna array, permittivity and
permeability were negative which enabled the phenomenal ability of negative

refraction.

5.1 Future Work

There has been considerable success with reconfigurable metasurface antennas in
the microwave regime, but the use of metasurfaces in future communication has
enormous potential for further research. Metasurfaces with a stable phase and fre-
quency response over a wide range of frequencies are key requirements for most RF
applications, so future challenges will include designing them with a wide band-
width. Additionally significant research regarding the electromagnetic properties
(reflection efficiency, beamwidth, steering range and accuracy, etc.) of reconfig-
urable metasurface antennas needs to be largely investigated. Another important
aspect would be the use of switchable or active metasurface antennas that are rel-
atively simple to manufacture and relatively cost-effective. Metasurface antennas
can introduce non-linearities when switching components are added, which would

merit theoretical investigation.

Some challenging research still remains to be conducted, such as bias networks or
complex designs due to scattering and/or degraded performance of reconfigurable
metasurface antennas. The manufacturing of reconfigurable metasurface antennas
at mmWave bands requires a decrease in unit cell dimensions. Thus, the PIN diode
size becomes a significant part of the front RMS antenna area causing more absorp-
tion and diffusion. Design and implementation of off-the-shelf active components

should consider size of RMS antenna unit cells in future.
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