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Abstract

Reconfigurable electromagnetic and optical devices are important for nonlinear op-
tical and next-generation communication systems. This thesis analyzes graphene-
based tunable structures for the control of radiation patterns in terahertz antennas
and for enhanced nonlinear optical generation in hybrid nonlinear metasurfaces.
Three different graphene-enabled platforms are explored: electrostatically pro-
grammable antennas, magnetically biased reconfigurable antennas, and graphene-
lithium niobate nonlinear metasurfaces.

First, a transparent disc-shaped programmable antenna working at sub-terahertz
frequencies is proposed. The antenna consists of two orthogonal dipoles integrated
with eight fan-blade-shaped graphene parasitic elements on a polyimide substrate.
By adjusting the chemical potential of graphene, the current distribution across
the radiating structure is modified, enabling programmable beam steering. Single,
dual, and quad-beam radiation patterns can be generated by the antenna with dis-
crete beam steering across the full 360 degree azimuthal plane. The proposed design
obtains a maximum gain of 2 dBi for single-beam configuration, while maintaining
good impedance matching with a minimum reflection coefficient of -36.4 dB at 200
GHz and a -10 dB bandwidth ranging from 187 GHz to 214 GHz.

The second part of the thesis introduces a graphene-based dipole antenna whose
radiation characteristics are reconfigured through magnetic biasing. Unlike conven-
tional electrical tuning methods, this mechanism exploits the anisotropic conduc-
tivity induced in graphene by applying in-plane and out-of-plane magnetic fields.
A set of graphene parasitic elements placed near the dipole arms enables beam
steering through magnetic-field-controlled current redistribution without the need
for direct electrical contacts. The antenna is designed on a SiO, substrate and op-
timized via parametric studies to enhance impedance matching, realized gain, and
radiation efficiency. Fourteen magnetic bias configurations are analyzed, each pro-
ducing a distinct radiation pattern. The results demonstrate improved realized gain
and pattern reconfigurability at 260 GHz, indicating the potential of magnetically
controlled graphene antennas for compact terahertz communications systems.

Finally, this thesis investigates nonlinear optical processes in a hybrid graphene-
lithium niobate metasurface designed for simultaneous second- and third-harmonic
generation. The metasurface consists of graphene-LiNbOj pillars arranged on a
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SiO, substrate and exploits the strong second-order nonlinearity of lithium niobate
together with the third-order nonlinear responses of graphene and SiOy. Guided-
mode resonances supported by the periodic structure are identified through nu-
merical simulations and analytical effective-index modeling. The results show that
both second-harmonic generation (SHG) and third-harmonic generation (THG) ef-
ficiencies are enhanced at resonance conditions, with simultaneous enhancement
occurring near the crossing of TEg and TM; guided modes.

Overall, the results presented in this thesis demonstrate the versatility of graphene
for enabling tunable electromagnetic and nonlinear optical devices. The proposed
antenna designs provide effective radiation pattern reconfigurability in the sub-
terahertz regime, while the hybrid metasurface enables multi-resonant nonlinear
optical generation via geometrical control of guided-mode resonances.
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Chapter 1

Introduction

The rapid evolution of wireless communication technologies, from fifth generation
(5G) to the envisioned sixth generation (6G) and beyond, is driving an ever-growing
demand for devices capable of supporting ultra-high data rates, massive connectiv-
ity, low latency, and adaptive communication links. With the push towards higher
carrier frequencies, the terahertz (THz) spectrum (0.1-10 THz) has emerged as
a key candidate to enable future communication systems, sensing platforms, and
imaging technologies. The THz band offers a wide, underutilized spectrum that can
support multi-gigabits per second data transmission, ultra-dense network architec-
tures, and advanced functionalities such as secure short-range links, high resolution
sensing and spectroscopy [1-3].

However, the shift into THz domain presents significant challenges in device de-
sign, particularly for antennas and metasurfaces, which serve as the fundamental in-
terface between free-space electromagnetic waves and electronic system. Traditional
metallic antennas and passive metasurfaces exhibit fixed operating characteristics,
such as radiation patterns, frequency, and polarization, making them inadequate
for emerging applications that require dynamic adaptability, multifunctionality, and
tunability. As modern communication systems grow increasingly complex, there is
a critical need for antenna and metasurface platforms capable of dynamically recon-
figuring their electromagnetic response in real time. Such reconfigurable solutions
enable multiple functionalities such as frequency tuning, polarization control and
beam steering without the need for multiple discrete devices, offering a more effi-
cient and compact approach to advanced communications.
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Introduction

1.1 Motivation for Reconfigurable Antennas and
Metasurfaces

Conventional antennas are typically designed to operate at a fixed frequency and
with predefined radiation patterns. While this was sufficient for earlier commu-
nication systems, the demand of dynamic frequency allocation, adaptive beam
steering, polarization control, and multifunctional operation in 5G/6G networks
render fixed-function devices obsolete. Reconfigurable antennas and metasurfaces
offer a transformative solution by enabling real-time control over key electromag-
netic properties such as frequency, polarization state, radiation direction, and even
nonlinear response [4-6].

The key motivation for developing reconfigurable devices lies in their ability to:

1. Enhance spectral efficiency: Adapt to dynamic frequency bands and
spectrum-sharing scenarios [7,8|.

2. Reduce hardware complexity: Enable multiple functionalities in a single
platform [9,10].

3. Improve communication reliability: Provide adaptive beamforming and
radiation pattern control [11,12].

4. Enable multifunctional systems: Integrate linear and nonlinear function-
alities for sensing, communication, and signal processing [13, 14].

Moreover, reconfigurable metasurfaces (engineered surfaces with subwavelength
elements) extend this adaptability to the manipulation of electromagnetic wave-
fronts, enabling functionalities such as beam steering, focusing, harmonic genera-
tion, and wavefront shaping in compact, planar devices [15-17]. These capabilities
are particularly valuable in the THz regime, where fabrication constraints and de-
vice miniaturization are major challenges [18,19].

1.2 Role of Graphene in THz Devices

Among the materials explored for next generation reconfigurable platforms, graphene
has emerged as a promising material due to its tunable surface conductivity and
plasmonic response |[20,21|. As a two-dimensional material composed of a sin-
gle layer of carbon atoms arranged in a hexagonal lattice, graphene exhibits the
following properties:

1. Tunable surface conductivity: Its Fermi level can be dynamically modu-
lated using electrostatic gating or chemical doping, enabling real-time control
of frequency response [22-24].



1.3 — Research Objectives and Scope

2. Strong plasmonic confinement: Graphene supports highly confined sur-
face plasmon polaritons (SPPs) in the THz and mid-infrared regimes, enabling
miniaturization and field confinement [25-27].

3. Ultrafast carrier dynamics: It enables rapid switching, suitable for dy-
namic beam steering and frequency tuning [28,29].

4. Integration versatility: Graphene can be combined with nonlinear or magneto-

optical materials to achieve hybrid functionalities [30-32].

These properties of graphene, such as tunable surface conductivity, plasmonic
response, and optical transparency, enable the design of the graphene dipole an-
tenna with parasitic elements presented in this thesis [33,34|. Exploiting these
properties, the proposed antenna achieves pattern reconfigurability across the 360-
degree azimuthal plane and can be deposited on a polyimide substrate, highlighting
compact, tunable, and multifunctional operation in the sub-THz regime |[35].

1.3 Research Objectives and Scope

The primary objective of this Ph.D. thesis is to design, analyze, and demonstrate
graphene-based reconfigurable antennas and nonlinear metasurfaces capable of op-
erating in the THz regime and beyond. This research exploits graphene’s proper-
ties, such as high carrier mobility, tunable plasmonic response, and compatibility
with planar and flexible substrates, to realize devices with enhanced functionality
and versatility. In particular, these properties enable the design of antennas with
pattern reconfigurability across the 360-degree azimuthal plane and metasurfaces
capable of nonlinear frequency conversion and multifunctional operation, directly
linking graphene’s material properties to the contributions and outcomes of this
thesis.
The key objectives of this work are:

1. Design of a transparent pattern-reconfigurable graphene dipole antenna using
electrostatic biasing for dynamic radiation control.

2. Design of a magnetically biased graphene antenna that leverages magneto-
plasmonic effects for beam steering and enhanced radiation patterns.

3. Design of a hybrid nonlinear metasurface based on graphene-lithium niobate
for second harmonic generation (SHG) and third-harmonic generation (THG),
enabling multifunctional frequency conversion in a compact platform.

By combining the tunable plasmonic response of graphene with the strong non-
linear coefficients of lithium niobate, the proposed design addresses the current
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Introduction

lack of reconfigurable, multifunctional nonlinear metasurfaces, providing a path-
way toward compact and efficient frequency conversion devices for sensing and
communication systems [30-32].

1.4 Research Significance and Novelty

The novelty of this thesis lies in the unified implementation of multiple reconfigura-
bility approaches-electrostatic biasing, magnetic biasing, and nonlinearity-within a
single graphene-based platform. Unlike prior studies, which typically investigate
these approaches in isolation, this thesis highlights their combined effect in THz
antennas and metasurfaces, enabling simultaneous control over radiation patterns
and frequency conversion. This integrated approach provides a level of multifunc-
tionality and dynamic tunability that has not been previously reported, offering a
distinct advancement over existing designs in the field. To the best of my knowl-
edge, this is the first work to combine electrostatic biasing, magnetic biasing, and
nonlinear approaches within a single platform. This integration advances the state
of the art by enabling simultaneous control of radiation in antennas and frequency
conversion in metasurfaces.

1. Electrostatic reconfigurability: Real-time control of antenna patterns and
frequency response.

2. Nonlinear metasurface functionality: Efficient frequency conversion and
harmonic generation.

3. Magnetic tuning: Directional control and dynamic beam steering without
altering the device geometry.

1.5 Thesis Organization

The remainder of the thesis is structured as follows:

e Chapter 2 - Design of a Programmable Graphene Dipole Antenna Using
Electrostatic Biasing: Presents the design methodology, simulation results,
and performance analysis of the first proposed antenna.

e Chapter 3 - Pattern Reconfigurability of Graphene Dipole Antennas via
Magnetic Biasing: Discusses the design, theory, and reconfiguration of mag-
netically biased in-plane and out-of-plane graphene parasitic elements.

e Chapter 4 - Design of a Hybrid Graphene-Lithium Niobate Nonlinear Meta-
surface for Dual-Harmonic Generation: Presents the design and analysis of a
hybrid nonlinear metasurface that enables SHG and THG.

4



1.5 — Thesis Organization

e Chapter 5 - Conclusions and Future Work: Summarizes the key findings
and outlines possible directions for future research.

In summary, this thesis is motivated by the need for reconfigurable, tunable, and
multifunctional THz and beyond-THz devices to support next-generation commu-
nication systems and sensing devices. By harnessing the extraordinary properties of
graphene and integrating them with electrostatic, nonlinear, and magneto-optical
mechanisms, this research aims to advance the state of the art in antenna and
metasurface design. The outcomes of this work are expected to contribute to the
development of flexible, high-performance THz platforms, paving the way for future
applications in 6G communications, spectroscopy, and beyond.



Chapter 2

Design of a Programmable Graphene
Dipole Antenna Using Electrostatic
Biasing

2.1 Introduction

In our modern information-driven society, highly developed electromagnetic an-
tennas operating in the micro- and millimeter-wave frequency bands have become
indispensable elements [36,37|. They assume a pivotal role across a broad spectrum
of applications, including multimedia broadcasting, mobile and satellite communi-
cations, radar systems, environmental monitoring, and medical technology [38-45|.
This diverse array of applications has driven substantial research and technological
progress in this field over the past few decades. Nevertheless, the rapid growth of
the information-driven society continually presents a set of demanding and occa-
sionally conflicting technological demands. These challenges are particularly pro-
nounced for antennas operating in Terahertz (THz) and sub-THz frequency ranges,
where performance is limited by several factors, including conductor and dielectric
losses, reduced radiation efficiency, and fabrication tolerances at subwavelength
scales. In addition, the realization of high-gain and high-directive radiation pat-
terns are constrained by the compact size of the devices, while impedance matching
and integration with active components become increasingly difficult at higher fre-
quencies. Furthermore, beam steering, reconfigurability, and multifunctionality in
compact antenna platforms introduce additional design complexity, especially un-
der stringent constraints in power consumption and spectral efficiency.

One apparent solution to address these requirements involves elevating the op-
erating frequency of existing antennas, effectively tapping into the terahertz (THz)
spectrum, characterized by electromagnetic waves with frequencies ranging from
0.1 to 10 THz [46-49]. The THz spectrum presents unique opportunities for
cutting-edge applications. These applications encompass the attainment of wireless
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2.1 — Introduction

communications with data transmission rates spanning from hundreds of gigabits to
terabits per second, the development of high-speed compact processing systems, the
capability to discern specific chemical or biological processes, ultra-high-resolution
real-time material inspection, screening, non-invasive material identification via
spectroscopy, exploration of cosmic background radiation, and the detection of
gases on Earth and in other planetary atmospheres, among a multitude of other
potential use cases [50-53|. Despite recent progress, the practical realization of
terahertz applications remains constrained by fundamental limitations in source,
detectors, and antennas. Electronic devices are restricted by carrier transit-time
effects and parasitic losses, while photonic approaches suffer from low photon ener-
gies and inefficient emission and detection. These challenges, along with material
losses and low device efficiencies, defined the so-called "THz gap", a technology
difficult region between electronics and photonics.

In a closely related context, graphene, recognized as a two-dimensional car-
bon structure, has recently ignited extensive and interdisciplinary research initia-
tives due to its extraordinary electromagnetic, mechanical, electrical, and ther-
mal attributes [20,54-62]. Graphene enables the propagation of surface Plasmon
polaritons (SPPs), which can achieve substantial wave confinement, exhibit low
loss, and possess the remarkable quality of adjustability through electrical or mag-
netic manipulation, as well as chemical doping. Significantly, as this plasmonic
response materializes within the terahertz and infrared frequency ranges, graphene
has rapidly emerged as a highly promising foundation for terahertz transceivers and
optoelectronic systems. While there are possibilities of supporting SPPs through
composite structures in the terahertz domain, graphene remains unique as the sole
pristine material capable of delivering such a plasmonic response [63]. This dis-
tinctive attribute paves the way for exciting and unforeseen avenues in wave control
and radiation within this frequency spectrum. Graphene’s unique properties have
enabled the development of compact and adaptable antennas that operate at tera-
hertz frequencies. These antennas, including resonant, leaky-wave, and reflectarray
types, offer exceptional radiation efficiency and versatile functions [64-69|. Un-
like traditional metallic antennas, they resonate at much lower frequencies and
take full advantage of graphene’s conductivity for reconfiguration [70]. Addition-
ally, graphene plasmonics can potentially serve as the building blocks for various
transceiver components, such as switches, phase-shifters, filters, and modulators.
It’s worth noting that graphene can exhibit non-reciprocal propagation and signifi-
cant Faraday rotation when exposed to magnetostatic fields [71]. However, the use
of bulky magnets in this context contradicts the goal of achieving miniaturization
with graphene plasmonics.

These breakthroughs rely on the spatial and temporal modulation of graphene’s
conductivity, allowing us to disrupt the fundamental principle of time-reversal sym-
metry (reciprocity) without the need for ferromagnetic materials or magneto-optical
effects. By integrating these components and functionalities into a single, compact
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device, enhanced performance and extended capabilities in terahertz technology
can be achieved [72|. This progress could open the door to terahertz communi-
cation and sensing systems that are compatible with silicon technology, delivering
unprecedented levels of performance and capabilities.

It’s noteworthy that, to date, most graphene-based antennas and devices operat-
ing in the terahertz (THz) and sub-THz frequency ranges remain largely at the level
of theoretical proposals and design concepts, with their electromagnetic behavior
largely predicted through simulations rather than experimental validations. How-
ever, it’s essential to emphasize that recent experimental endeavors have unequiv-
ocally validated the existence of confined and tunable Surface Plasmon Polaritons
(SPPs) in graphene [73,74|. This physical phenomenon serves as the fundamen-
tal basis for all the antennas and components discussed in this context. Earlier
experiments had encountered significant limitations, as they dealt with graphene
of subpar quality, rendering it practically unsuitable for any electrodynamic ap-
plication beyond its role as a tunable resistor. However, recent advances in large
area chemical vapor deposition (CVD) graphene growth and transfer techniques
have yielded high-quality monolayer graphene with tunable conductivity and low
loss, making it suitable for reconfigurable antennas and metasurfaces at sub-THz
frequencies. This substantially hindered the practicality of much of the research
conducted. Nonetheless, recent years have seen significant progress in this area,
driven by widespread global initiatives focused on refining fabrication methods.
Remarkably, there have been tremendous advancements in enhancing the mobil-
ity of graphene structures, particularly when they are inserted between layers of
hexagonal boron nitride [75-77]. These advancements have far exceeded the qual-
ity standards required for all the antennas and devices discussed in the existing
literature.

More recently, despite the complexities associated with fabrication and mea-
surement techniques, experimental validations have been successfully conducted
for certain exciting terahertz (THz) detectors and modulators [78-80]. These
experimental results have surpassed prior state-of-the-art achievements and have
exhibited exceptional alignment with numerical predictions. The pioneering ex-
perimental research conducted so far has merely scratched the surface of the vast
potential of terahertz (THz) plasmonics using graphene and other two-dimensional
materials like black phosphorus, 2D dichalcogenides, and oxides [81-83]. This un-
derscores the fact that this exciting field is still in its early stages, and the future of
graphene and 2D materials in antenna research appears to be even more promising
than many initially envisioned during its nascent phases.

To overcome these limitations, this chapter proposes a programmable graphene
dipole antenna with eight parasitic elements. Unlike conventional antennas, the
proposed design leverages 2D graphene’s tunable surface conductivity and struc-
tural symmetry to achieve dynamic 360-degree beam steering, addressing the key
challenges of mutual coupling, pattern reconfigurability, and system complexity in

8
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the sub-THz wireless systems.

2.2 Historical background of Graphene

In 2010, the Nobel Prize in physics honored pioneering research in the field of
graphene [54], a two-dimensional honeycomb lattice of carbon atoms and serves
as the fundamental building block for other carbon-based nanomaterials, includ-
ing one-dimensional (1D) carbon nanotubes and zero-dimensional (0D) fullerenes,
as illustrated in Fig. 2.1(a). The interatomic distance between neighboring car-
bon atoms in the graphene lattice is approximately 0.142 nm. Furthermore, the
atomic arrangement at the graphene edges, which may adopt either zigzag or arm-
chair configurations as shown in Fig. 2.1(b), significantly influences its electronic
properties [84,85|, particularly in nanoscale structures.
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Figure 2.1: Lattice structure of graphene. (a) Carbon nanostructures derived from
graphene, including fullerene, carbon nanotubes, and graphite [54]. (b) Edge configu-
rations of graphene showing the two principal carbon atom arrangements: zigzag and
armchair structures [84].

A single graphene sheet possesses an extremely small thickness of approximately
0.35 nm. When multiple graphene layers are stacked together, the resulting material
forms graphite. Generally, structures containing more than ten graphene layers
are classified as thin graphite films rather than graphene materials. In graphene,
carbon atoms exhibit sp? hybridization, forming strong covalent o-bonds within the
plane, while electrons in the out-of-plane p-orbitals create weaker m-bonds. These
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delocalized m-electrons can move freely across the graphene sheet, contributing to
its remarkable electronic behavior.

The unique lattice configuration of graphene gives rise to exceptional physical
properties. The strong o-bonds provide outstanding mechanical strength and high
tensile durability, whereas the two-dimensional atomic arrangement enables high
sensitivity to adsorbed or desorbed gas molecules. Additionally, graphene exhibits
excellent thermal conductivity due to the robust covalent bonding between carbon
atoms and distinctive optical properties that permit the visualization of a single
atomic layer [86]. The electrical characteristics of graphene are primarily governed
by the vertically oriented m-bonds, while its mechanical stability is mainly associ-
ated with the in-plane o-bonds [84].

Graphene also exhibits an extraordinary electronic band structure. Specifically,
the conduction and valence bands intersect at the Dirac point, resulting in a zero-
bandgap semiconductor, as depicted in Fig. 2.2. Consequently, charge carriers
in graphene behave as massless Dirac fermions with a linear energy-—momentum
dispersion relation [87]. At the charge neutrality point, the minimum conductivity
of graphene is frequency independent and can be expressed as

Onin = —— (2.1)

Figure 2.2: Electronic band structure of graphene illustrating the valence and conduction
bands intersecting at the Dirac point, exhibiting a linear dispersion relation and a zero
bandgap characteristic [8§]

where e denotes the electron charge and h represents Planck’s constant. How-
ever, the optical and electrical properties of graphene are strongly influenced by

10
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doping. For doped graphene, the conductivity depends on the operating frequency,
Fermi level, and carrier relaxation time, and can be described using the Kubo
formalism [26,89,90] as

et [ (4220
(2.2)

* Ja=E) - fo(E)
_/0 (w+ it~ 1)2 — 4(E/h)? E

where f,; is the Fermi—Dirac distribution function, kg is the Boltzmann constant,
T is the temperature, & is the reduced Planck constant, w is the angular frequency,
Er is the Fermi level, and 7 denotes the carrier relaxation time [89]. A detailed
derivation is provided in Annex A of this thesis.

The carrier scattering frequency is inversely related to the relaxation time, which
for graphene can be expressed as

evs,

T

(2.3)

where p is the carrier mobility and vp &~ 10° m/s is the Fermi velocity.

The total conductivity of graphene comprises both interband and intraband
contributions. In the terahertz (THz) frequency regime, the interband contribution
becomes negligible, allowing the conductivity to be accurately approximated by the
intraband term alone. Figure 2.3 illustrates the THz conductivity characteristics
of graphene for different material parameters.

From the conductivity plots in Fig. 2.3, the influence of the Fermi level and
relaxation time on graphene conductivity becomes evident. The real and imagi-
nary components of conductivity exhibit distinct behaviors. At lower frequencies,
graphene predominantly behaves as a resistive material, where the real compo-
nent of conductivity, Re{c}, is significantly larger than the imaginary component,
Im{c}. As the frequency increases, the real part decreases while the imaginary
part increases until the condition Re{c} = Im{c} is reached. Beyond this tran-
sition frequency, graphene exhibits predominantly reactive behavior, characterized
by Im{c} exceeding Re{c}. Although the imaginary component also decreases
at higher frequencies, its reduction occurs more gradually compared to the real
component.

The key requirement for a 2D sheet to support surface plasmon polaritons is
that the imaginary part of its surface conductivity must be negative, i.e. Im(o) <
0, which corresponds to an inductive surface reactance. At sub-THz frequencies,
graphene’s intraband (Drude) conductivity dominates, and its imaginary part is
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Figure 2.3: Calculated conductivity of a monolayer graphene sheet in the THz frequency
range. (a) Conductivity comparison for graphene with a relaxation time of 1.2 ps at
different chemical potentials. (b) Conductivity comparison for graphene with a chemical
potential of 1.2 eV under different relaxation times.
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This negative imaginary part arises from the inductive Drude-like response and en-
ables tightly confined SPP modes with Aspp < \g. In contrast, conventional metals
(e.g., copper, gold) have a positive imaginary part of conductivity at sub-THz fre-
quencies, and therefore they do not support confined SPPs in this frequency range.
Metals support SPPs only at optical frequencies, where their real permittivity be-
comes negative. Thus, the ability of graphene to support SPPs at sub-THz and THz
frequencies stems from the negative imaginary part of its intraband conductivity,
not merely from its tunability.

For a constant relaxation time, increasing the Fermi level enhances both the
real and imaginary conductivity components throughout the THz frequency range.
Conversely, increasing the relaxation time shifts the frequency at which Re{c} =
Im{c} toward lower frequencies. When the relaxation time is relatively small,
graphene conductivity remains mainly resistive over a wider frequency range.

The relaxation time is strongly associated with the quality of graphene and
depends on lattice imperfections and defects within the carbon arrangement. In
contrast, the Fermi level can be tuned either chemically or electrically since it is
directly related to the carrier concentration according to [90]

Er = hvpymn (2.4)
12
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where n represents the carrier density. Depending on the type of carriers, elec-
trons or holes, the Fermi level shifts toward the conduction or valence band, re-
spectively, as illustrated in Fig. 2.4. For plasmonic graphene THz antennas, precise

free-standing graphene

Figure 2.4: Electronic band structures of graphene under different doping conditions: (a)
n-type graphene, (b) pristine graphene, and (c) p-type graphene [91]

a

Fermi level

control over graphene conductivity and carrier concentration is of critical impor-
tance. Unlike conventional semiconductors, substitutional p-type or n-type doping
by replacing carbon atoms within the graphene lattice is not preferred because it in-
creases carrier scattering and alters the intrinsic chemical properties of graphene due
to its fully exposed two-dimensional structure [92|. Consequently, graphene doping
is commonly achieved either through chemical adsorption of atoms or molecules on
its surface or via external electrostatic gating [91].

Chemical doping of graphene is often difficult to control because adsorbed
molecules interacting through van der Waals or London forces can alter the elec-
tronic structure and reduce carrier mobility [93|. Effective n-type or p-type doping
depends strongly on the selection of suitable dopant molecules. In particular, the
relative positions of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) determine the direction of charge trans-
fer [94]. Moreover, even the substrate supporting the graphene layer can induce
unintentional chemical doping. Electrostatic doping through gate biasing is the
most widely adopted technique for graphene tuning. In this approach, an applied
gate voltage induces either positive or negative charge carriers within the graphene
sheet. A major advantage of electrostatic doping is its reversibility, since the orig-
inal doping state can be restored once the bias voltage is removed. Furthermore,
the doping level can be dynamically controlled by adjusting the applied voltage.
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Figure 2.5: Ambipolar electric field effect observed in single-layer graphene [20]

The first experimental demonstration of the electric field effect in graphene [20],
shown in Fig. 2.5, utilized a graphene sheet deposited on a silicon dioxide/silicon
(Si04/Si) substrate with a top-gate bias configuration.

Experimental observations revealed three distinct doping regions in graphene.
Two regions were dominated exclusively by either electrons or holes, while the third
represented a transition regime where one carrier type gradually replaced the other.
Additionally, graphene maintained a finite conductivity even in the absence of an
external electric field, and its conductivity could not be completely suppressed.
This residual conductivity was attributed to unintentional chemical doping caused
by water molecules adsorbed from the surrounding environment.

The carrier concentration induced by electrostatic gating can be determined
from

= 05V (2.5)
tde

where ¢, is the dielectric constant, V; is the applied gate voltage, and t4 denotes
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the dielectric thickness. Accordingly, the Fermi level induced by gate bias can be
expressed as

Ep — mp\/ meoer(Vy = Vo) (2.6)
tde

where V{ accounts for the initial environmental and substrate-induced doping
effects.

The graphene carrier mobility can also be extracted from the transfer charac-
teristics shown in Fig. 2.5 [95]. In the electrostatic bias configuration illustrated in
Fig. 2.6(a), graphene functions as the conductive channel of a field-effect transistor
(FET), connecting the source and drain terminals while a gate voltage is applied
between the source and the back gate. Carrier mobility can be determined using
several techniques, including the direct transconductance method, fitting method,
and transfer length method.

(a) 2D crystal (b) electrolyte
2D crystal _= +

Figure 2.6: Comparison of dielectric and electrolyte gate tuning techniques [96]. (a)
Dielectric back-gating configuration: the applied voltage is established between the bot-
tom electrode (n-doped silicon) and the top electrode, which is connected to the two-
dimensional material through a SiOy dielectric layer. (b) Electrolyte top-gating configu-
ration: the applied voltage is established between the ionically conductive electrolyte and
the two-dimensional crystal.

In the direct transconductance method, the mobility is calculated from the gate-
voltage-dependent transconductance as

ImLyg

= — 2-7
1 WVl (2.7)

where L, and W, denote the graphene channel length and width, respectively,
Vis is the drain-—source voltage, C, is the dielectric capacitance, and g,, is the
transconductance obtained from the slope of the transfer curve in Fig. 2.5. However,
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this method typically underestimates the mobility because it neglects the contact
resistance between graphene and metallic electrodes.

In the fitting method, carrier mobility, contact resistance, and residual carrier
concentration are treated as fitting parameters to model the total device resistance
according to

L,
Wgﬂ”(‘/g - VO)

Riotal = R + (2.8)

where R, represents the contact resistance and n is the gate-dependent carrier
concentration. Nevertheless, this method may overestimate the mobility because it
assumes a constant mobility independent of carrier density.

The transfer length method is generally regarded as the most accurate tech-
nique for determining graphene carrier mobility. This approach utilizes multiple
devices with varying channel lengths to accurately extract the contact resistance
as a function of gate voltage.

More recently, electrolyte-gated tuning techniques have emerged as highly ef-
ficient alternatives for modifying the chemical potential of two-dimensional ma-
terials [96,97]. In conventional dielectric-gated systems, a gate electrode applies
an electric field across a dielectric layer to tune the graphene chemical potential,
as illustrated in Fig. 2.6(a). In contrast, electrolyte gating employs an electrolyte
solution as the gating medium, as depicted in Fig. 2.6(b), enabling significantly
enhanced electrostatic modulation efficiency.

The primary advantage of employing an electrolyte as a gate material lies in the
formation of an electrical double layer of mobile ions at the interface between the
two-dimensional material and the electrolyte. This ultra-thin ionic layer produces
an interface capacitance significantly larger than that achieved using conventional
dielectric gating techniques. Consequently, electrolyte gating enables substantially
higher carrier concentrations under an applied bias compared to dielectric-based
tuning methods.

For graphene tuned through electrolyte gating, the carrier concentration de-
pends on the applied gate voltage, the quantum capacitance of graphene, and the
gate capacitance, which is determined by the electrolyte thickness and permittivity.
The relationship between the applied gate voltage and the graphene Fermi level can
be expressed as

(2.9)

where V, is the applied gate voltage, FEr, represents the initial Fermi level of
graphene, Er is the Fermi level achieved under bias, and ¢’ denotes the electrostatic
potential difference between graphene and the electrolyte gate.

The Fermi level is given by

16



2.2 — Historical background of Graphene

Ep = sgn(n)hivp/mn (2.10)

where n is the carrier concentration, A is the reduced Planck constant, and vg
is the Fermi velocity.
The electrostatic potential difference ¢’ can be written as

ne
¢ =
CEQL
where Cgor, is the electrical double-layer capacitance of the electrolyte. This
capacitance can be expressed as

(2.11)

Eolr
Ap

where ¢, denotes the dielectric constant of the electrolyte and Ap represents the
Debye length, corresponding to the thickness of the electrical double layer formed
at the interface.

Moreover, the limited charge-screening capability of graphene at Fermi energies
exceeding the thermal energy must also be considered. This effect is described by
the quantum capacitance C,, which is defined as

Coar, = (2.12)

QBQIEF
7(hog)?

Accordingly, the electrolyte-gated tuning of the graphene Fermi level can be
described as

C, = (2.13)

E E
bt

7(hvp)? c?

b - sgn(EF)% (oq + 3 C;) (2.14)

The exceptional electrical properties of graphene make it highly attractive for a
wide range of electronic and electromagnetic applications. In the terahertz (THz)
frequency regime, graphene-based antennas offer significant miniaturization capa-
bilities due to the plasmonic behavior of graphene. Furthermore, the tunability of
graphene conductivity enables the realization of reconfigurable antennas operating
over multiple frequency bands, as discussed in subsequent sections.

(&

2.2.1 Surface Plasmon Polaritons in Graphene

In contrast to conventional metals, graphene exhibits fundamentally different plas-
monic behavior. Owing to its atomically thin structure, graphene enables signifi-
cantly stronger confinement of surface plasmon polaritons (SPPs) at the material
interface. Furthermore, the charge carriers in graphene behave as massless Dirac
fermions, resulting in considerably longer plasmon propagation lengths. Another
important advantage of graphene is the possibility of dynamically tuning the carrier
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concentration, which directly enables control of the SPP wavelength and propaga-
tion characteristics.

Considering an infinite graphene sheet located at the interface between two
dielectric media with permittivities ; and ¢,, corresponding to the top and bottom
materials respectively (Fig. 2.7), the solution of Maxwell’s equations reveals that,
unlike conventional metals, graphene can support both transverse electric (TE) and
transverse magnetic (TM) plasmonic modes under the collisionless approximation
and at zero temperature [90]. As the temperature and carrier density increase, the
TM mode becomes dominant within the terahertz (THz) frequency range, whereas
in conventional metals, SPPs typically exist only at optical frequencies.

Ez Dielectric ¢
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Figure 2.7: Schematic of surface plasmon polaritons (SPPs) propagating along a graphene
sheet at the interface between two dielectric media. The SPP wave travels in the z-
direction, with the electromagnetic field strongly confined to the graphene interface |[98].

For graphene, the TM plasmonic mode can be described by

€t i €p n 10
Vkdpp —ew?/c kipp — apw?/c2 - weg

where o represents the graphene conductivity.
For doped graphene deposited on a dielectric substrate (g, # 1) with air as

the superstrate (¢, = 1), and considering only the intraband contribution to the
graphene conductivity in Eq. (2.15) can be simplified as [26,90,98-100]

—0 (2.15)

mhieo(ep + Vw(w +i/7)
€2EF

kspp = (2.16)

The graphene surface plasmon polariton is strongly dependent on the graphene
chemical potential. By modifying the carrier concentration, and consequently the
Fermi level, the propagation properties of graphene SPPs can be dynamically tuned.
This tunability represents a major advantage over traditional metallic plasmonic
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Figure 2.8: SPP dispersion relations for different noble metals and graphene. (a) Disper-
sion characteristics showing that the SPP modes of noble metals deviate from the light
line only at frequencies above approximately 500 THz. (b) Rescaled dispersion plot high-
lighting that graphene with a chemical potential of 0.2 eV supports SPP modes within
the lower THz frequency range [89].

structures. Figure 2.8 presents a comparison between the dispersion relation of
graphene with a chemical potential of 0.2 eV and those of several conventional
metals. In metallic materials, the SPP dispersion relation deviates from the light
line only at frequencies exceeding approximately 500 THz. In contrast, graphene
exhibits this deviation at frequencies below 10 THz, demonstrating its suitability
for low-frequency plasmonic applications.

The unique characteristics of SPPs at metal-dielectric interfaces, including
strong field confinement and subwavelength propagation, have enabled numerous
applications in the infrared and optical frequency ranges. However, for THz applica-
tions, graphene emerges as an exceptionally promising plasmonic material because
graphene-supported SPPs naturally exist within this frequency band. Additionally,
graphene provides superior tunability and dynamic control of plasmonic properties
compared to conventional metallic structures.

2.3 Conductivity of Graphene

The surface conductivity of graphene governs its electromagnetic response and can
be derived from the Kubo formalism. The general expression, valid across a wide
frequency range, is given by [26,89,101,102]:
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1 *(0fa(E)  Ofa(—E)
(w+it™1)? /0 ( OE  OE > Edb
(2.17)

* Ja(=E) — fa(E)
_/0 w+ir e —aEne &

where fy(E) = (e(#7#e)/(ksT) 4 1)71 is the Fermi-Dirac distribution, g, is the
chemical potential, kg is Boltzmann’s constant, T' is the temperature, h is the
reduced Planck constant, w is the angular frequency, and 7 is the carrier relaxation
time.

The total conductivity consists of two distinct contributions: intraband and
interband.

2.3.1 Intraband Conductivity

The intraband term arises from electronic transitions near the Fermi level. It can
be evaluated analytically, yielding:

U T2 e :
| _ In 2 cosh 2.1
01ntra(w) 7Th2 n ( cos (QkBT)) w —+ Z/T ( 8)

This expression accounts for finite temperature effects and is valid across a broad
frequency range.

2.3.2 Interband Conductivity

The interband term corresponds to electron transitions between the valence and
conduction bands. Under the assumption 7" — 0 and hw > p., it simplifies to:

ie? | [2pc+ (wH+i/T)h
inter = 1 :
inter () Arh 20 — (w+i/T)h

(2.19)

2.3.3 Total Conductivity

The total surface conductivity of graphene is the sum of the intraband and interband
contributions:

Utotal(w) - Uintra(w) + O-inter(w) (220)
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2.3.4 Drude Model for Sub-THz Frequencies

In the sub-terahertz (sub-THz) and terahertz (THz) frequency regimes, the in-
terband contribution becomes negligible because the photon energy hAw is much
smaller than the chemical potential p. for typical doping levels (. > 0.1 eV). Con-
sequently, the total conductivity is dominated by the intraband term. Moreover, at
room temperature and for u. > kT, the logarithmic term in Eq. (2.18) simplifies,
and the conductivity reduces to the well-known Drude-like expression:

i€’ fie

- h?(w + i771) (2.21)

ODrude (W)
This model captures the essential physics of graphene at sub-THz frequencies: a
Drude-type response with a real part representing resistive losses and an imaginary
part representing inductive reactance (negative imaginary part), which enables the
propagation of tightly confined surface plasmon polaritons.
For all antenna simulations in this chapter, the Drude model (Eq. 2.21) is used,
as the intraband contribution dominates and the interband contribution is negligible
in the sub-THz regime.

2.4 Reconfigurability Mechanism: Analytical Model
and Biasing Design

The reconfigurability of the proposed antenna is achieved by electrically controlling
the surface conductivity of each graphene parasitic element. This section provides
an analytical description, a practical biasing design, and an analysis of the voltage
range required to tune the chemical potential.

2.4.1 Analytical Relationship Between Voltage and Chemi-
cal Potential

The graphene sheet is separated from a metal gate electrode by a thin dielectric
layer (e.g., AloO3, HfOq, or the polyimide substrate itself). Applying a gate voltage
V, induces charge carriers in graphene, shifting its Fermi level (chemical potential)
te. The relationship follows a parallel-plate capacitor model:

. E0Er

n = (‘/g — VCNP) (222)
6td

where n is the induced carrier density (m~2), gq is the vacuum permittivity,
e is the relative permittivity of the dielectric, ¢4 is the dielectric thickness (m),
e = 1.602 x 1071 C is the electron charge, and Vonp is the charge neutrality point
voltage (typically a few volts due to residual doping).
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The Fermi level . is related to n by:

fe = hup/mn (2.23)

Combining Egs. (2.22) and (2.23):

TEQE,
Me = hUF\/ Od (‘/9 — VCNP) (224)

This equation shows that p. oc /V, for V;, > Vonp.

2.4.2 Practical Biasing Design

A convenient approach for our topology is the coplanar side-gate scheme |71,103],
which uses thin electrodes placed around the graphene element. As demonstrated
in [104], a side-gating scheme can induce a chemical potential of about 0.9 eV with
a gate voltage of about 2-3 V. A typical implementation consists of:

The practical biasing design consists of the following components:
a) Graphene parasitic element: Patterned on the polyimide substrate.

b) Dielectric layer: A thin layer (e.g., 10-20 nm of Al,O3, HfO,, or SiO,) de-
posited between the graphene and the gate electrode.

c) Metal gate electrode: Made of Au or Ti/Au, placed underneath the dielectric
and connected to a DC bias line.

d) Electrical contacts: These are not strictly needed for parasitic elements (they
are capacitively coupled), but a common back-gate can be used to bias all elements
simultaneously or independently via patterned gates.

For independent control of the eight parasitic sectors, each sector is equipped
with its own gate electrode. A ground plane is placed below all gates to complete
the capacitor structure. The biasing voltage is applied through high-resistance DC
feed lines that do not interfere with the RF performance.

2.4.3 Voltage Range and Chemical Potential Achievable

Typical experimental values for CVD graphene on Aly,O3 or h-BN dielectrics are:

From Eq. (2.24) and the table: For a 10 nm Al,Oj3 dielectric (e, &~ 7), a modest
voltage of 5-10 V yields p. =~ 0.4-0.56 eV, which is experimentally feasible and
provides strong conductivity modulation.

The maximum experimentally reported p. for graphene is approximately 0.6-0.9
eV (depending on the gating scheme) [105]. In this work, pu. = 1 €V is chosen
for the ON state in simulations as it represents a suitable compromise, ensuring
sufficiently high graphene conductivity for efficient radiation while remaining within
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Table 2.1: Relationship between gate voltage and Fermi level for a typical dielectric
(e, =7, ty3 =10 nm)

V, — Vone (V) | Carrier density n (m™2) | u. (eV)
1 4.8 x 10 0.18
2 9.6 x 106 0.25
> 2.4 x 1017 0.40
10 4.8 x 1017 0.56
20 9.6 x 1017 0.79
30 1.44 x 108 0.97

a practically achievable range for applied bias voltages. The OFF state is achieved
at V, = Vonp (typically 0-3 V), where p. = 0 eV and conductivity is minimal.

Thus, the required bias voltages for this work are in the range of 0-15 V, which
is practical for integration with CMOS control circuits.

2.4.4 Impact on Conductivity and Antenna Performance

The gate voltage modulates the intraband conductivity (Eq. 2.21) through p.. For
e = 0 eV (OFF), the conductivity is near the minimum value ou, ~ 09 =
e?/(4h) ~ 60 uS (but often higher due to residual doping). For u. = 0.5 eV
(ON), the conductivity increases significantly, enabling strong electromagnetic cou-
pling with the driven dipole. This change effectively switches the parasitic ele-
ment between a "reflector-like" (OFF) and "director-like" (ON) state, allowing
programmable beam steering.

In simulations, we use p. = 0 €V and 1 €V to clearly demonstrate the switching
concept. For experimental realization, p. = 0 eV (or near-zero) and p. = 0.5 eV
would be used, with corresponding gate voltages of approximately 0 V and 5-10 V,
respectively.

In graphene antennas, reconfigurability is achieved by tuning the chemical po-
tential p. via electrostatic biasing or chemical doping, which in turn enables pattern
reconfiguration of parasitic elements. Note: In this thesis, u. and Fermi level are
used interchangeably, as their difference is negligible at room temperature when
e > kpT.

By applying a positive voltage bias, the chemical potential p. increases (positive
values, electron doping), which increases the conductivity and enables the parasitic
elements to couple electromagnetically with the driven dipole — this corresponds
to the ON state. Negative p. values (hole doping) produce the same conductivity
magnitude due to the symmetry of the Kubo formula; therefore, a negative bias
can also be used to achieve the ON state. In this work, we focus on positive pu,. for
simplicity.
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2.4.5 Implementation of Coding Patterns

Each of the eight fan-shaped parasitic sectors is equipped with an independent gate
electrode (see the practical biasing design above). To switch a sector ON, a positive
gate voltage V,;, > Vonp is applied, raising its chemical potential to p. ~ 0.5-1 eV
and making it highly conductive. To switch it OFF, the gate is set to V;, = Vonp
(typically 0-3 V), keeping p. =~ 0 €V so the sector remains nearly transparent.

For example, the coding pattern V2468 means: excite the vertical dipole (V)
and apply the ON-state bias voltage to parasitic sectors 2, 4, 6, and 8 while keeping
sectors 1,3,5,7 at the OFF bias. This is achieved by independently controlling the
eight gate lines using a digital controller (e.g., an FPGA). The same principle
applies to any coding pattern: the letter (V or H) selects which dipole is fed, and
the numbers indicate which sectors receive the ON bias.

2.5 Why Yagi-Uda Architecture

The proposed antenna adopts a Yagi-Uda-inspired configuration consisting of a
driven dipoles and multiple parasitic elements. This section explains the reasons
for choosing this architecture and provides essential details of its operation.

2.5.1 Advantages of Yagi-Uda in Sub-THz Regime

The Yagi-Uda design was selected for the following reasons:

a) High directivity and gain: A conventional Yagi-Uda antenna achieves mod-
erate to high gain using only a single active element and several passive direc-
tors/reflectors. At sub-THz frequencies, where amplifier power is limited, passive
gain enhancement is highly beneficial.

b) Reconfigurability via parasitic elements: By controlling the conductivity
of each parasitic element (ON/OFF states), we can dynamically change the radia-
tion pattern without modifying the driven element. This enables electronic beam
steering across 360°.

c) Simplicity and low loss: Unlike phased arrays that require complex feeding
networks and multiple active elements (introducing losses at sub-THz), the Yagi-
Uda approach uses only one driven dipole. This minimizes conductor and dielectric
losses.

d) Compatibility with graphene: Graphene’s tunable conductivity is ideal for
switching parasitic elements between reflective (OFF, low conductivity) and direc-
tive (ON, high conductivity) states. The plasmonic field confinement in graphene
also allows compact element spacing.

e) Transparency: The Yagi-Uda structure can be made entirely of graphene on a
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transparent substrate (polyimide), preserving optical transparency, a key require-
ment for future smart surfaces and windows.

In a conventional metallic Yagi-Uda design, the lengths and spacings are fixed, so
the beam direction is fixed. In our graphene-based design, each parasitic element
can be electronically switched between a reflecting state (OFF, p. =~ 0) and a
directing state (ON, p. > 0). By selectively activating certain parasitic sectors, we
can create an equivalent Yagi-Uda array pointing in any desired direction along the
azimuthal plane. This programmable behavior allows 360° beam steering without
any mechanical movement.

2.6 Design Considerations for Sub-THz Operation

At the target frequency of 200 GHz (free-space wavelength Ay ~ 1.5 mm), the
effective wavelength in graphene is significantly shorter due to plasmonic slowing.
Therefore, the physical dimensions of the elements are much smaller than \y/2,
enabling a compact form factor (overall diameter ~ 1.36 mm). The mutual coupling
distances (R; = 240 uym, R, = 610 um) are carefully chosen to ensure that the
parasitic elements lie within the reactive near-field region (r < A/27 &~ 240 pm for
strong coupling) while maintaining stable impedance matching.

In summary, the Yagi-Uda architecture combined with graphene’s tunable con-
ductivity provides an optimal balance of gain, reconfigurability, compactness, and
transparency, making it the preferred choice for this thesis.

2.7 Graphene Antenna Design

The approach for the proposed graphene dipole antenna follows a threefold design
strategy aimed at obtaining transparency, reconfiguring conductivity, and dynamic
beam control within a compact sub-THz structure. First, transparency is real-
ized by employing graphene as a radiating element and polyimide as a substrate,
minimizing obstruction while maintaining electromagnetic performance. Second,
the surface conductivity of parasitic elements is reconfigured by modulating the
chemical potential of graphene. Third, pattern reconfigurability is enabled by the
symmetric arrangement of parasitic elements around the orthogonal dipole. These
three design strategies ensure that the antenna can operate efficiently at 200 GHz
while maintaining structural simplicity and functional adaptivity.

As shown in Figure 2.9, the proposed antenna is conceived as a planar, disc-
shaped structure designed to preserve perfect geometrical symmetry, which is essen-
tial for achieving predictable, uniform, and stable radiation characteristics across all
operating states. The overall design approach is based on three core pillars: trans-
parency, reconfigurability, and beam control. Each of these principles contributes
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to the antenna’s ability to operate efficiently in the sub-terahertz (sub-THz) fre-
quency range while maintaining structural simplicity and functional adaptivity.
Transparency is achieved through the exclusive use of a polyimide substrate com-

Polyimide Substrate

Graphene Parasites

Graphene Vertical
Dipole (V)

Graphene Horizontal
Dipole (H)

Figure 2.9: Schematic top view of the proposed graphene-based programmable dual-
dipole antenna. The structure consists of two orthogonal center-fed graphene dipoles
surrounded by eight fan-shaped graphene parasitic sectors, all on a circular polyimide
substrate (green). Key dimensions: dipole arm length L = 155 pm, width W = 27 pm,
feed gap G = 25 um; substrate thickness T = 150 pm, substrate radius R = 680 um;
parasitic inner radius R; = 240 pm, outer radius R, = 610 pum, angular width o« = 40°.
The Cartesian coordinate axes (x, y) are shown for reference. Each parasitic sector can
be independently biased (ON/OFF) by tuning its chemical potential.

bined with graphene as the only conductive material. This combination ensures that
the antenna remains highly transparent in the visible spectrum (with over 99.4%
transmittance) while exhibiting tunable electronic and electromagnetic properties
in the THz regime. Specifically, the surface conductivity and complex permittiv-
ity of graphene can be dynamically controlled by adjusting its chemical potential
via an applied bias voltage. The polyimide substrate serves as both a mechanical
support and dielectric medium. Polyimide was selected after careful consideration
of its electrical, mechanical, and optical characteristics, ¢, = 3.5, offers an excel-
lent trade-off between field confinement and surface wave suppression. A higher
dielectric constant would increase near-field confinement but could lead to unde-
sired substrate modes, while a lower e, would reduce the antenna’s effective size
and coupling. The loss tangent tan d of 0.0027 ensures that dielectric losses remain
minimal even at sub-THz frequencies, where both conductor and dielectric losses
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tend to dominate [106].

Alternative substrate materials for sub-THz antennas were also evaluated, in-
cluding liquid crystal polymer (LCP) [107], benzocyclobutene (BCB) [108], high-
resistivity silicon (HR-Si) [109], and fused silica (quartz) [110]. While LCP and
BCB offer slightly lower dielectric loss, they are less transparent in the visible spec-
trum and require more complex fabrication. Rigid substrates such as HR-Si and
quartz provide excellent dimensional stability but lack mechanical flexibility and
optical transparency (>90% transmittance only in thin layers). Polyimide is pre-
ferred because it uniquely combines high optical transparency (>99%), mechanical
flexibility, low dielectric loss (tan d ~ 0.0027), good thermal stability (up to 300°C),
and ease of integration with large-area CVD graphene transfer processes [109,110].
These attributes are essential for the targeted applications in smart windows, flex-
ible electronics, and transparent 6G communication surfaces.

The substrate thickness (75) was optimized to 150 pm to simultaneously en-
sure mechanical robustness, ease of fabrication, and impedance matching over the
desired bandwidth. Furthermore, the substrate exhibits a breakdown voltage ex-
ceeding 500 V/pum, allowing it to withstand voltages over 75 kV across its thickness.

To estimate the required biasing voltage, a typical gate configuration employing
a 10 nm Al,Oj3 dielectric layer with a relative permittivity of e, = 7 is considered.
Using the relation

e = th\/ meosi(Vy — Vo) (2.25)
etd

a chemical potential of u, = 0.5 eV, corresponding to an experimentally achiev-
able ON-state condition, requires a gate voltage of approximately V,—Vonp =~ 5.6 V.
Similarly, for the theoretical upper limit of u. = 1 €V, the required biasing voltage
increases to approximately 22.4 V. These voltages remain several orders of magni-
tude lower than the dielectric breakdown voltage of 75 kV, thereby ensuring stable
and reliable electrical operation during the reconfiguration process.

2.7.1 Driven Elements and Parametric Analysis

At the center of the substrate are two orthogonal, center-fed graphene dipoles,
forming the primary radiating structure. These dipoles are oriented along x- and
y-axis, respectively, to achieve dual linear polarization. The intersection at the ge-
ometric center ensures symmetry and enables independent or combined excitation.
Each dipole was initially designed with a total length corresponding to half of the
free-space wavelength A/2, following the classical resonance condition for metallic
dipoles. However, this relation doesn’t directly hold for graphene-based antennas
at sub-THz frequencies due to the plasmonic nature of graphene, which supports
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highly confined surface plasmon polaritons (SPPs). The effective plasmonic wave-
length (Aplasma) is much smaller than Ao, causing a shift in the resonance. There-
fore, the dipole length was parametrically optimized through full-wave simulations
to precisely match the desired resonance in the sub-THz regime, as shown in Figure
2.10.

0
100 120 140 160 180 200 220 240 260 280 300

Frequency (GHz)

Figure 2.10: S11 as a function of frequency by varying the length from 135-155 nm to
achieve optimal performance

2.7.2 Parasitic Elements and their Optimization

Eight parasitic elements are uniformly distributed around the graphene orthogo-
nal dipoles, surrounding the antenna circumference. These parasitic elements are
concentrically arranged to maintain the antenna’s rotational symmetry while pro-
viding directional control and frequency tunability. Each parasitic element can be
electrically activated or deactivated by adjusting its graphene Fermi level through
applied bias voltage.

2.7.3 Systematic Parametric Analysis Overview

To systematically evaluate the antenna performance, the following geometric pa-
rameters were analyzed. For each sweep, all other parameters were kept at their
optimized default values (see Table 2.2). The sweep ranges and step sizes are sum-
marized in Table 2.3.
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Table 2.2: Default fixed parameters used during parametric sweeps

Parameter | Description Default value
L Dipole arm length 155 pm

w Dipole arm width 27 pm

G Dipole feed gap 25 pm

T, Substrate thickness 150 pm

R; Parasitic inner radius 240 pm

R, Parasitic outer radius 610 pm

« Parasitic angular width 40°

uoN Chemical potential (ON state) | 1eV

pOrr Chemical potential (OFF state) | 0 eV

Table 2.3: Swept parameters and their ranges

Swept parameter | Range Step size
Dipole length L 135 =155 pm | 5 pm
Angular width « 10° — 60° 10°

Inner radius R; 220 — 260 pm | 10 pm
Outer radius R, 600 — 680 pm | 10 pum

A critical aspect of the antenna development process involved parametric opti-
mization of key geometric parameters to achieve optimal impedance, stable reso-
nance behavior, and efficient coupling between the driven and parasitic elements.
Since the antenna performance at sub-terahertz frequencies is highly sensitive to
small dimensional variations, each structural parameter was carefully studied through
full-wave electromagnetic simulations. The optimization focused primarily on the
angular width of the parasitic element («), the inner and outer radii R; and R, of
the parasitic ring, and the key physical dimensions of the dipole.

2.7.4 Effect of Parasitic Angular Width «

The angular width a of each parasitic element defines the portion of the circular
ring occupied by conductive graphene and therefore directly influences the elec-
tromagnetic coupling between the parasitic elements and the central dipole. To
quantify this effect, a was swept from 10° to 60°, and the corresponding input
reflection coefficient (S7;) was analyzed as shown in Figure 2.11. The results indi-
cate that a has a pronounced impact on impedance matching, particularly on the
depth and sharpness of the Si; resonance. When « is too small (below 20°), the
parasitic elements occupy a limited angular area, leading to weak electromagnetic
coupling and reduced ability to modify the near-field distribution around the dipole.
Consequently, the return loss degrades, and the antenna exhibits poor matching.
Conversely, for very wide sectors (above 50°), excessive coupling occurs, introducing
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Figure 2.11: Color map representation of S1; as a function of frequency and angular width
« of the parasitic element. Sweep range: 10° to 60°; other parameters fixed at default
values (Table 2.2).

mutual interference between adjacent parasitic segments and leading to detuning
effects.

An optimal condition was found at a = 40°, where the parasitic elements at-
tain the ideal electrical length and coupling strength relative to the central dipole.
Figure 2.12 presents the Si; spectra for all swept « values, with the o = 40°
curve highlighted. At this configuration, the antenna achieves the deepest S, at
the target operating frequency of 200 GHz, confirming strong resonance and effi-
cient impedance matching. The resonant frequency remained stable, shifting only
slightly between 198 GHz and 200 GHz across the sweep. This small shift is caused
by the changing reactive loading on the driven dipole as it « varies: a larger « in-
creases the effective capacitance and inductance coupled from the parasitic sectors,
slightly lowering the resonant frequency. Conversely, a smaller a reduces this load-
ing, raising the frequency. The effect is minor because the driven dipole primarily
determines the resonance, while the parasitic angular width fine-tunes the coupling
strength.

2.7.5 Effect of Inner Radius R;

The radial positioning of the parasitic elements plays a pivotal role in defining the
strength and phase of mutual coupling with the driven dipoles. The inner radius
R; determines how close the parasitic elements are placed relative to the radiating
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Figure 2.12: Simulated S;; (dB) as a function of frequency for the optimal parasitic
angular width a = 40°. The minimum S;; is —57 dB at 200 GHz, and the —10 dB
bandwidth spans 187-214 GHz

dipoles, while the outer radius R, controls the overall electrical aperture of the
antenna. Physically, the coupling between the driven dipole and parasitic elements
is governed by the distance relative to the operating wavelength. At the sub-THz
frequencies, the reactive near-field region extends approximately to A/27 ~ 240 ym
at 200 GHz, making precise radial positioning critical for controlling whether the
interaction is reactive or radiative.

A parametric sweep of R; from 220 um to 260 um was conducted, as illustrated
in Figure 2.13. When R; is too small (200 pm), the parasitic elements lie very close
to the dipole, causing strong reactive coupling that heavily detunes the resonant
frequency and disrupts impedance matching. This over-coupling leads to energy
storage in the near field rather than efficient radiation. This behavior occurs be-
cause the parasitic elements reside within the reactive near-field region (r < A/27),
where the electromagnetic fields are predominantly non-radiating and store reactive
energy. In the sub-THz regime, each parasitic element acts as an additional reactive
load that alters the input impedance of the driven dipole, effectively shifting the
resonant frequency and reducing radiation efficiency.

Conversely, as R; increases beyond approximately 255 pm, the coupling gradu-
ally weakens. At R; = 260 pm, the S}; response becomes nearly indistinguishable
from that of a dipole without parasitic elements (all-OFF state), indicating that
the parasitic elements no longer significantly contribute to beam steering. How-
ever, the transition is gradual rather than abrupt; therefore, the optimal value
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R; = 240 nm was selected as it provides a balanced coupling strength sufficient for
reconfigurability while preserving stable resonance. At such distances, the mutual
coupling between the dipole and parasitic elements decays as 1/r% in the near-field
region, causing the induced currents on the parasitic elements to become negligi-
ble. Consequently, the parasitic elements become electromagnetically invisible to
the driven dipole, rendering them ineffective for beam steering. The optimal value

255 m

225
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Figure 2.13: Color map representation of S7; as a function of frequency and inner radius
R; of the parasitic element. Sweep range: 220-260 pm; other parameters fixed at default
values (Table 2.2).

was determined to be R; = 240 um, which achieves a balanced coupling strength,
sufficient to influence the near field distribution while preserving stable resonance
and impedance performance. At this spacing, the antenna maintains its designed
resonance around 190200 GHz with consistent return loss characteristics.

2.7.6 Effect of Outer Radius R,

Similarly, the outer radius R, was varied between 600 ym and 680 pm to study its
effect on the overall electromagnetic behavior, as shown in Figure 2.14. Increasing
R, effectively enlarges the electrical aperture of the structure, extending the radi-
ation surface and altering the phase distribution of surface currents. For smaller
R, values, the parasitic elements are confined too close to the center, reducing the
beam directivity and narrowing beamwidth.

Between approximately 605 pum and 635 pm, a pronounced degradation in
impedance matching (higher Sj;) is observed. This occurs because the electrical
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Figure 2.14: Color map representation of S as a function of frequency and outer radius

R, of the parasitic element. Sweep range: 600-680 pm; other parameters fixed at default
values (Table 2.2).

distance from the driven dipole to the parasitic ring causes a partial phase reversal
of the coupled fields. In this range, the induced currents on the parasitic elements
interfere destructively with the direct radiation, effectively increasing the reflected
power at the feed. Once R, exceeds 635 pum, the coupling becomes sufficiently weak
that the parasitic elements no longer significantly affect the input impedance, and
matching improves again.

The results revealed that R, = 610 um provides the most favorable trade-off
between impedance matching and radiation performance. At this configuration,
the antenna exhibits excellent Sy performance (less than —36 dB) and precise res-
onance at 200 GHz, aligning perfectly with the target design frequency. Increasing
R, beyond this value offers no significant improvement and may introduce spurious
coupling effects between adjacent parasites.

2.7.7 Summary of Parametric Effects

The parametric analysis indicates several trade-offs: R; balances coupling strength
against impedance stability and R, trades off electrical aperture against isolation
between parasitic elements. The angular width « balances beam control against
mutual coupling. Substrate thickness T trades off mechanical robustness against
dielectric loss. Feed gap G balances impedance matching against fabrication toler-
ance.
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These trade-offs collectively define the optimized parameters in Table 2.4.

Table 2.4: Optimized parameters of the proposed graphene-based dipole antenna

Parameter | Description Optimized Value
L Dipole arm length 155 pm

w Dipole arm width 27 pm

G Dipole feed gap 25 pm

T Substrate thickness 150 pm

R Substrate radius 680 pm

R; Parasitic inner radius 240 pm

R, Parasitic outer radius 610 pm

Q Parasitic angular width | 40°

The parametric optimization was performed sequentially (evolutionary) rather
than in parallel. Initially, the driven dipole dimensions (L, W, G) were optimized
with all parasitic elements in the OFF state. Subsequently, the parasitic sector
geometry (a, R;, R,) was optimized one parameter at a time while keeping all other
parameters at their current best values. For each sweep, the parameter of interest
was varied over a predefined range, and all other geometric parameters were fixed at
the previously optimized values (see Table 2.2). This sequential approach ensures
that the effect of each parameter can be isolated and understood independently.

2.8 Effects of Relaxation Time and Temperature

Relaxation time strongly influences the impedance matching and resonance depth of
the antenna, as observed from the Sy; characteristics, shown in Figure 2.15. As 7 in-
creases from 0.5 ps to 1.4 ps, the resonance dip becomes significantly deeper, reach-
ing nearly —30 dB around 200 GHz. This behavior highlights improved conduc-
tivity and reduced carrier scattering losses, which enhance plasmonic confinement
and coupling efficiency. Consequently, higher 7 values result in better impedance
matching and stronger resonance behavior, whereas lower 7 values produce weaker
resonance and higher reflection losses. Furthermore, it is explicitly observed that
increasing the temperature from 273 K to 330 K does not produce any notice-
able change in the Si; characteristics, demonstrating that the proposed antenna
maintains stable impedance matching and resonance behavior over the considered
temperature range.

Importantly, as shown in Figure 2.16, the impedance matching remains stable
across different reconfigurable coding states of the parasitic elements. Although
slight shifts in the resonance frequency (from 196 GHz to 203 GHz) occur due
to variations in the effective electrical length, the antenna consistently maintains
its wide -10 dB bandwidth. This behavior confirms the robustness of the design,
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ensuring that the reconfiguration for beam steering or frequency tuning does not
compromise matching or efficiency.

0 L ] L} L] L} L| L} L| L}
1 \ |
10 -
CRE S -
=
7}
208 -
25 =
30 =
L L L L L L L L L

100 120 140 160 180 200 220 240 260 280 300
Frequency (GHz)

Figure 2.15: Simulated S1;1 (dB) as a function of frequency for different relaxation times
7 (0.5-1.4 ps). As 7 increases, the resonance dip becomes deeper (reaching nearly —30
dB at 200 GHz) due to reduced carrier scattering and enhanced conductivity, leading to
improved impedance matching.

The overall design philosophy of the proposed antenna is centered on three syn-
ergistic attributes: Transparency, reconfigurability, and beam control. The trans-
parency of the structure is achieved through the intrinsic optical properties of both
graphene and polyimide, which together ensure more than 99% transmittance in
the visible spectrum without degrading the antenna’s electrical performance in the
sub-THz regime. Reconfigurability is realized by exploiting the tunable surface con-
ductivity of graphene, which can be precisely adjusted through electrostatic gating.
By varying the applied bias voltage, the Fermi level of graphene changes, enabling
dynamic control over the resonance frequency, impedance, and radiation character-
istics of the antenna. Beam control, on the other hand, is accomplished through
electromagnetic coupling between the active radiating dipoles and the surrounding
parasitic elements. Selectively activating or deactivating these parasitic compo-
nents modifies the phase distribution of the radiated fields, allowing the antenna
to steer its main beam or reshape its radiation pattern electronically without any
mechanical movement. Together, these features make the proposed design a highly
versatile and adaptive platform suitable for next-generation transparent, tunable,
and beam-steerable sub-THz communication systems.
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Figure 2.16: S7; for eight different coding patterns

2.8.1 Surface Current Distribution

To gain deeper insight into the radiation mechanism and the role of programmable
parasitic elements, a detailed analysis of the surface current distribution was con-
ducted. This study provides a direct visualization of how the excitation of specific
graphene regions, either the driven dipoles or the parasitic elements, governs the
formation and steering of the far field radiation pattern. The simulations were car-
ried out at the resonant frequency of 200 GHz, under different biasing and coding
configurations of the parasitic elements. The corresponding results are illustrated
in Figure 2.17, which presents the surface current magnitude maps for two repre-
sentative cases.

In Figure 2.17a, the horizontal (H) graphene dipole is actively excited, while
the vertical (V) dipole remains unexcited, thus serving as a passive element. The
parasitic array is programmed according to the H37 coding pattern, which parasitic
elements 3 and 7 are switched to the On-state with a chemical potential (u. = 1eV),
while all other parasitic elements remain in the OFF-state (p. = 0¢eV).

The simulated surface current distribution reveals that the driven H-dipole sup-
ports strong oscillating currents along its length, concentrated near the feed gap,
where charge accumulation occurs due to the alternating electric field. Simulta-
neously, the On-state parasitic sectors (3 and 7) exhibit intense induced current
densities, indicating strong electromagnetic coupling with the driven dipole. These
elements effectively act as secondary radiators, re-radiating the coupled energy in
a specific direction determined by their spatial placement and phase relationship
with the driven dipole currents.

36



2.8 — Effects of Relaxation Time and Temperature

In contrast, the OFF-state parasitic elements appear almost current-free in the
plot (dark blue region), confirming that the low surface conductivity of graphene at
ie = 0V effectively isolates these regions electromagnetically. The overall surface
current distribution, therefore, becomes asymmetric, with energy concentrated pre-
dominantly along the H-dipole axis and extended toward the active parasitic sectors
3 and 7. This asymmetric current distribution directly manifests as a directional
radiation pattern, where the beam is tilted toward the side containing the activated
parasites. The induced surface currents on these ON state elements constructively
interfere with the fields radiated by the driven dipole, reinforcing radiation in their
direction while slightly suppressing it elsewhere. This behavior is consistent with
the Yagi-Uda antenna principle, where directors and refactors shape the radiation
by controlled coupling. In this context, the programmable parasitic elements act
as electronically tunable directors, enabling beam steering without any mechanical
movement.

In the second configuration, all parasitic elements are switched to the OFF
state (u. = 0eV), effectively rendering them non-conductive at 200 GHz. Under
these conditions, only the driven horizontal dipole carries substantial current. The
current distribution along the dipole exhibits a typical standing-wave pattern, with
current maxima near the feed and nulls at the ends, consistent with the behavior
of a half-wave plasmonic dipole as shown in Figure 2.17b. The parasitic elements,
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Figure 2.17: Surface current distribution at 200 GHz. (a) Coding pattern H37: horizontal
dipole excited, parasitic sectors 3 and 7 are in the ON state (uc = 1 €V, high conductivity,
bright yellow/red), while all other parasitic sectors (1,2,4,5,6,8) are in the OFF state (uc
= 0 eV, low conductivity, dark blue). (b) All parasitic elements in the OFF state (uc
= 0 €V); only the horizontal dipole is active. The color bar indicates current magnitude

(A/m).

having near-zero conductivity, do not support any significant induced currents. As
a result, they appear completely dark blue in the surface current magnitude plot,
indicating negligible electromagnetic interaction with the driven dipole. In this
configuration, the antenna behaves as a simple dipole radiator, producing a broad,
nearly symmetrical radiation pattern centered along the dipole axis. The absence
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of significant parasitic coupling results in maximum radiation in the broadside
direction and minimal beam distortion.

Comparing this state with H37 configuration clearly illustrates the programmable
nature of the antenna. While the all-OFF state produces a symmetric and broad
radiation pattern, the selective activation of specific parasitic elements (e.g., in
H37) introduces controlled asymmetry in the surface current distribution, which in
turn shapes and steers the radiation beam.

2.8.2 Physical Interpretation and Design Implications

The surface current analysis validates the electromagnetic coupling mechanism un-
derlying the antenna’s reconfigurability. When a parasitic element transitions from
the OFF state (u. = 0 €V) to the ON state (u. = 1 €V), its surface conductivity
(0,4) increases by several orders of magnitude. This change transforms the element
from a nearly transparent region into an effective plasmonic resonator capable of
sustaining induced currents. The relative phase and amplitude of these induced
currents with respect to the driven dipole determine whether a given parasitic ele-
ment behaves as a director (in-phase coupling, forward radiation enhancement) or
a reflector (out-of-phase coupling, backward radiation enhancement).

In conventional Yagi-Uda theory, a parasitic element acts as a director when its
induced current lags the driven element current by less than 90° (approximately
in-phase), and as a reflector when the lag exceeds 90° (out-of-phase). In our design,
the transition from OFF to ON state changes the complex conductivity of graphene,
which shifts the phase of the induced current. This phase shift is governed by the
Drude model (Eq. 2.21) and the reactive near-field coupling distance, enabling
electronic switching between director and reflector modes.

Thus, by selectively controlling which parasitic elements are activated, the de-
signer can dynamically tailor the current distribution across the antenna surface,
leading to precise control over the radiation pattern. This capability forms the foun-
dation for the antenna’s programmable beam steering features, which are further
elaborated in the section on radiation characteristics.

2.9 Realized Gain and Efficiency Analysis

The performance of any radiating structure can be fully characterized not only by
its impedance matching and current distribution but also by its ability to efficiently
direct radiated power toward desired spatial directions. For the proposed graphene-
based programmable dual-dipole antenna, this capability is quantified through two
key metrics: the realized gain and total radiation efficiency. These parameters
jointly describe how effectively the antenna transforms input power into useful
radiated energy, considering both intrinsic material losses and impedance mismatch
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effects.

The radiated gain (G, ) represents the product of the antenna’s directivity (D)
and radiation efficiency (n.q), while also incorporating losses due to impedance
mismatch. It is expressed as [111]:

Gy =D X 1yaa X (1 —[T']?) (2.26)
where ' is the reflection coefficient at the feed port.

In simpler terms, the realized gain measures how much of the input power is ef-
fectively radiated in each direction after accounting for both mismatch and material
losses. Figure 2.18 illustrates the simulated realized gain for several representative
two-ON-state coding patterns across the operating frequency band (187-214 GHz).
Within this band, the antenna demonstrates a maximum realized gain ranging
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Figure 2.18: Realized gain of the proposed antenna for eight different coding patterns

from approximately -2.3 dBi to 2.3 dBi, depending on the specific coding pattern
applied to the parasitic elements. This variation is inconsistent with expectations
for a sub-THz antenna employing graphene, a material that offers tunability and
exhibits higher intrinsic surface resistance than metals. The observed values are
therefore quite promising, particularly considering the antenna’s compact, trans-
parent, and reconfigurable nature.

A closer inspection of the results reveals that the realized gain remains remark-
ably stable across the frequency range. Between 190 GHz and 210 GHz, the gain
variation for any given pattern does not exceed 0.4 dBi, which signifies a high degree
of frequency stability and consistent radiation performance. This stability is pri-
marily attributed to the optimized dipole geometry and balanced coupling achieved
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through the parametric design process, which maintains impedance integrity even
when the parasitic elements are reconfigured.

The magnitude of realized gain is inherently dependent on the specific coding
pattern applied to the parasitic elements (see Table IV and Fig. 2.18), as each con-
figuration modifies the spatial distribution of surface currents and , consequently,
the antenna’s effective aperture. When the coding pattern creates a single dominant
radiation mode, the antenna exhibits the highest realized gain, reaching approxi-
mately 2.0-2.3 dBi. This occurs because the radiated energy is concentrated into
one primary direction, maximizing power density and directivity. In contrast, con-
figurations that intentionally split the radiated energy into two or four beams, to
achieve spatial diversity or multi-user coverage, naturally display lower peak gain
per beam since the total radiated power is distributed across multiple directions.
For example, dual beam configurations exhibit typical gain around 1.3 dBi, while
quad-beam configurations show gain of approximately 0.7 dBi per beam. These
results confirm that the antenna’s programmable parasitic network effectively gov-
erns the radiation pattern shape, allowing a trade-off between beam multiplicity
and directional control. Such behavior is characteristic of reconfigurable Yagi-Uda-
type structures, where the number and arrangement of active elements control the
radiation focusing and beam direction.

The total efficiency (7;) of the antenna is defined as the ratio of the total radiated
power (P,.q) to the input power (P,) at the feed port:

Prad
P

e = (2.27)

This parameter encompasses all forms of losses, including ohmic losses in the
graphene sheet, dielectric losses in the substrate, and impedance mismatch losses,
thereby providing a realistic measure of how effectively the antenna converts sup-
plied power into radiation.

As shown in Figure 2.19, the antenna achieves total efficiencies exceeding 27%
across the entire operational bandwidth, with a peak efficiency surpassing 45%
near 200 GHz. This level of performance is noteworthy considering the inherent
resistive losses in graphene, especially when the material is biased into the OFF
state (low chemical potential y. = 0 eV). The relatively high efficiency is attributed
to several design factors, including optimized dipole geometry, controlled coupling,
and a high-quality substrate. The tuning of dipole length, width, and feed gap
ensures minimal reflection and efficient power transfer to the radiating surface. The
strategic placement of parasitic elements enhances constructive interference without
introducing excessive reactive loading. The use of low-loss polyimide (tand =
0.0027) minimizes dielectric dissipation at sub-THz frequencies. Collectively, these
attributes allow the antenna to radiate a significant fraction of the input power,
despite the limitations of graphene’s conductivity relative to traditional metallic
conductors.
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The combined analysis of realized gain and total efficiency demonstrates that
the proposed graphene-based antenna achieves a balanced trade-off between recon-
figurability and radiative performance. While the realized gain is modest compared
to conventional metallic antennas, it remains impressively stable and highly tun-
able, which is a crucial requirement for adaptive sub-THz communication and sens-
ing systems. The results also underscore the effectiveness of graphene’s dynamic
bias control, which enables not only frequency tuning but also radiation pattern
reconfiguration without severe degradation in efficiency. This characteristic is par-
ticularly beneficial for 6G and terahertz applications, where compact, low-power,
and electronically steerable antennas are essential for in-chip or transparent system
integration.
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Figure 2.19: Efficiency of the proposed graphene-based antenna for eight different coding
patterns

2.10 Radiation Pattern Reconfigurability

One of the most remarkable capabilities of the proposed graphene-based programmable
dual-dipole antenna is its ability to dynamically reconfigure its radiation pattern
through the controlled activation of selected parasitic elements. By applying spe-
cific coding patterns, which define the ON/OFF state of each parasitic element,
the antenna can produce a wide range of far-field radiation characteristics, in-
cluding single-beam, tilted-beam, dual-beam, and multibeam configurations. This
electronic control is achieved without any mechanical motion, relying entirely on
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modulation of graphene’s chemical potential (1) to alter the surface conductivity
and thereby adjust electromagnetic coupling.

The reconfiguration approach is based on electrical biasing of graphene’s sur-
face conductivity, which is described analytically by Eqgs. (2.17) and (2.18). In
the sub-THz regime, graphene’s surface conductivity follows the Kubo formula-
tion, where the intraband contribution dominates. By applying a voltage bias,
the chemical potential increases, which in turn increases the conductivity and en-
ables the parasitic elements to couple electromagnetically with the driven dipole
(ON state). Conversely, when no bias is applied, the chemical potential approaches
zero, the conductivity drops, and the parasitic element becomes electromagnetically
transparent (OFF state). Thus, by selectively biasing individual parasitic elements
according to a predefined coding pattern, the near-field current distribution is mod-
ified, allowing dynamic control of the far-field radiation pattern. In the following,
coding patterns are denoted by a letter (V for vertical dipole active, H for horizon-
tal dipole active) followed by the indices of the parasitic elements that are switched
ON. For example, V3 means the vertical dipole is excited and parasitic element
number 3 is in the ON state (all others OFF).

Figure 2.20 illustrates the simulated azimuthal radiation patterns (in the 6 = 90°
plane) for several representative coding configurations, focusing first on single-beam
patterns and then on asymmetric two-state patterns that produce beam tilting or
dual-beam behavior. The generation of a single, highly directional main lobe can
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Figure 2.20: Azimuthal radiation patterns for coding patterns involving the horizontal
dipole. (a) Patterns for odd-numbered parasitic element activations: H1, H3, H5, H7. (b)
Patterns for even-numbered parasitic element activations: H2, H4, H6, H8. The patterns
illustrate the 90° rotational symmetry and beam reconfigurability of the antenna.

be achieved by activating only one parasitic element in conjunction with one of
the orthogonal dipoles. A representative case is the V3 coding pattern (Figure
20a), in which the vertical (V) dipole serves as the driven element while parasitic
element 5 positioned along the negative y-axis, is switched to the on state (u. =
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1eV). All other parasitic elements remain in the off state (1. = 0¢V), thus being
electromagnetically transparent.

In this configuration, the activated parasitic element 5 acts as a plasmonic di-
rector, coupling strongly with the nearby vertical dipole and reinforcing radiation
toward its direction. As a result, the antenna produces a single main beam ra-
diation lobe oriented at ¢ = —90°, corresponding to the direction of the active
parasitic element. The simulated half-power beamwidth (HPBW) of this beam
is approximately 79.2° indicating moderate beam focusing, while the peak real-
ized gain reaches 1.44 dBi, consistent with efficient radiation enhancement in the
intended direction.

This behavior validates the fundamental Yagi-Uda-inspired mechanism govern-
ing the antenna’s reconfigurability: when a parasitic element is activated (high
conductivity), it becomes an effective re-radiator that modifies the phase front
of the electromagnetic field, steering the main lobe toward its location. Due to
the C4 rotational symmetry of the antenna geometry, this behavior is replicable
through 90° rotations of the active configuration. For instance, activating V5,
H7, or H3, which corresponds to elements located at successive 90° intervals, pro-
duces the same single-lobe radiation pattern, but rotated by 90°, 180°, and 270° in
the azimuth plane, respectively. Consequently, the antenna supports four discrete
beam orientations (0°, 90°, 180°, and 270°), offering full quadrantal coverage. This
symmetry-driven reconfigurability demonstrates the antenna’s potential for beam
selection and switching, which can be realized instantaneously through electrical
control of the parasitic bias voltage. Such a feature is especially valuable in sub-
THz communication systems requiring adaptive link alignment, directional beam
scanning, or user tracking. While single-parasitic activation leads to clearly directed
beams, activating two parasitic elements simultaneously allows more complex and
tunable radiation patterns to emerge, including dual-lobe and tilted single-beam
configurations.

A representative example is the H3 coding pattern (Figure 2.20a), in which
parasitic sectors 3 and 7 are switched ON while the horizontal dipole is excited.
The electromagnetic interference between the fields re-radiated from these two ac-
tive parasitic elements creates a distinctive radiation pattern featuring two main
lobes oriented symmetrically at ¢ = £63° with respect to the dipole axis. This
configuration effectively divides the radiated power between the two directions,
forming a dual-beam radiation pattern. Such dual-beam states are particularly
useful for spatial diversity applications or simultaneous multi-link communication,
where coverage of two spatial regions is desired without physically reorienting the
antenna.

Another important configuration, V2 (Figure 2.20b), demonstrates a case of
asymmetric two parasitic activations, leading to a tilted single-beam radiation pat-
tern. Here, the non-symmetric positioning of the active parasitic elements breaks
the fourfold symmetry of the structure, resulting in a directionally shifted main
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lobe. The reduced symmetry (approaching a D4-like configuration) allows for finer
beam control, where small changes in ON/OFF coding of parasitic elements cause
measurable and repeatable angular shifts in the beam direction.

The same principle applies to other equivalent coding patterns (V4, V6, V8)
and their horizontal dipole counterparts (H1-HS8), which produce mirrored or ro-
tated versions of these beam shapes, collectively covering eight distinct azimuthal
directions. Thus, through appropriate combinations of active parasitic elements,
the antenna can steer its main lobe in discrete angular steps, achieving full 360°
coverage in the azimuthal plane. Radiation patterns that are symmetric about a
single axis exhibit similar characteristics, as illustrated in Figure 2.21a, b, and c.
Specifically, Figure 2.21a depicts the pattern generated by V3 coding configurations,
which produces a single main lobe directed toward ¢ = —90°. The corresponding
coding pattern is marked by a blue outline, while other plots show equivalent en-
codings that yield the same patterns when rotated or mirrored about the center or
the x- and y-axis. Dual-beam operation is achieved when two parasitic elements
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Figure 2.21: Single and dual beam configuration under different coding patterns (a) Ra-
diation pattern for coding sequence H1 and H5, which are 90° rotationally symmetric to
V3 and V5, respectively, (b) Radiation pattern for coding sequence H46 and H28, which
are 90° rotationally symmetric to V68 and V24, respectively, and (¢) Dual beam radiation
pattern H48 and H24 which are 90° reflected to V28 and V46, respectively.
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are activated in a symmetrical or quasi-symmetrical arrangement around the driven
dipole, as illustrated in Figure 2.22(a)—(e). The coding pattern V26 (Figure 2.22a)
represents one such configuration, in which parasitic sectors 2 and 6 are switched to
the ON state while the vertical dipole acts as the active radiator. In this mode, the
surface currents induced on the ON-state elements generate two strong secondary
radiation sources located symmetrically with respect to the main dipole axis. As
a result, far-field interference produces two distinct and well-defined main lobes
oriented at ¢ = 30° and ¢ = —150°, respectively. These lobes are separated by
180°, reflecting the spatial symmetry of the activated parasitic elements. Since the
radiated power is equally divided between the two lobes, the realized gain per beam
is slightly reduced, reaching approximately —0.28 dBi. Nevertheless, this config-
uration clearly demonstrates the antenna’s capability to support dual-directional
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radiation, which is particularly attractive for bidirectional sub-THz communication
links and spatially diverse sensing applications.

A similar dual-beam operation with enhanced gain is obtained using the V37
coding pattern, as shown in Figures 2.23(b) and (c). In this case, parasitic ele-
ments 1 and 3 are activated while the vertical dipole remains the driven element.
The interaction between the electromagnetic fields radiated by these two parasitic
elements gives rise to two main lobes centered at ¢ = 4+69.2°, symmetrically posi-
tioned about the dipole axis. Owing to the favorable phase relationship and stronger
mutual coupling between the activated parasitic elements, the peak realized gain
per lobe increases to 1.63 dBi. This improvement indicates more efficient power
transfer and stronger constructive interference, resulting in higher-gain beams while
preserving wide angular separation. These results highlight the programmable flex-
ibility of the proposed antenna, where simple reconfiguration of the parasitic coding
state enables precise control over beam orientation and separation.

Extending this concept further, the antenna can be programmed to simulta-
neously generate four distinct main beams covering multiple azimuthal sectors.
This operating mode is demonstrated by the V2468 coding pattern (Figure 2.23d),
in which every alternate parasitic element—specifically elements 2, 4, 6, and 8—is
switched to the ON state, while the remaining elements remain OFF. This symmet-
ric activation scheme establishes a C4 symmetry in the surface current distribution
around the antenna center. Each ON-state parasitic element behaves as a secondary
radiator positioned at 90° intervals, leading to the formation of four identical ra-
diation lobes uniformly distributed in the azimuth plane. The resulting far-field
pattern exhibits four main lobes directed at ¢ = +37.2° and ¢ = +£142.8°, with
each lobe exhibiting nearly identical amplitude and phase characteristics. Since the
total radiated power is distributed among four distinct directions, the realized gain
per beam is reduced to approximately —0.87 dBi. Despite the lower gain per lobe,
this configuration provides broad azimuthal coverage without requiring mechanical
scanning, making it particularly advantageous for multi-user communication sce-
narios, cellular sector coverage, and short-range radar or imaging systems in which
simultaneous illumination of multiple directions is required.

The formation of such multi-beam radiation patterns can be physically inter-
preted through the vector superposition of the fields re-radiated by each parasitic
element. When four parasitic elements are symmetrically activated, their individual
radiation contributions interfere constructively along specific azimuthal directions
while destructively canceling in others, naturally giving rise to multiple evenly
spaced beams. Since the effective phase and amplitude of each parasitic element
can be electronically controlled by tuning the graphene chemical potential (), the
resulting radiation pattern is fully programmable and reversible. The capability
to generate single-, dual-, and quad-beam radiation modes from the same planar
structure highlights the versatility of the proposed antenna architecture [112]. In
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Figure 2.22: Radiation patterns showing 90° rotational symmetry for different coding
patterns with 2-ON states in both vertical and horizontal dipoles from a-e.

contrast to conventional phased-array systems, which rely on complex feeding net-
works and bulky phase shifters, the proposed design achieves beam synthesis solely
through near-field coupling control enabled by graphene’s tunable conductivity.
The absence of additional biasing lines or lumped components significantly reduces
parasitic losses and fabrication complexity. Moreover, the multi-beam functionality
is highly attractive for next-generation sub-THz wireless systems, where dynamic
directional coverage is essential for maintaining high data rates, enabling spatial
multiplexing, and supporting adaptive link formation.

The effective phase and amplitude of the currents induced on each parasitic
element are controlled by tuning the graphene chemical potential p.. This is be-
cause the complex surface conductivity of graphene (Eq. 2.21) determines both the
magnitude and the phase of the induced current. Increasing u. (ON state) raises
the conductivity magnitude and shifts the phase of the induced current relative
to the driven dipole. By adjusting p. (e.g., from 0 to 0.5 €V), one can contin-
uously vary the induced current’s amplitude and phase, enabling precise control
over the constructive or destructive interference that shapes the far-field pattern.
This tunability makes the radiation pattern fully programmable and reversible.
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Figure 2.23: 90° Rotational symmetry of two ON states (a) V48 and H26 (b) H15 and
V37, (¢) V15 and H37 and (d) H2468 and V2468

2.10.1 Exploiting Symmetry for 360° Beam Steering

The inherent C, rotational symmetry of the proposed dual-dipole antenna pro-
vides an efficient mechanism for achieving full 360° beam steering using a minimal
set of coding patterns. Owing to the geometrical symmetry of the antenna and
its surrounding parasitic elements, radiation characteristics generated within one
azimuthal quadrant can be replicated in the remaining quadrants through simple
mathematical transformations of the excitation codes. These symmetry operations
are defined as follows.

A 90° clockwise rotation is obtained by switching the active dipole from horizon-
tal (H) to vertical (V), or vice versa, while simultaneously increasing each element
index in the coding sequence by 2 (modulo 8). For example, the coding pattern H15
is transformed into V37 under a 90° clockwise rotation. A reflection with respect
to the x-axis preserves the active dipole orientation but interchanges the parasitic
element indices according to (1,2) <> (8,7) and (3,4) <> (6,5), while elements 1 and
5 remain invariant. Similarly, reflection about the y-axis maintains the same active
dipole while exchanging (8,1) <+ (2,3) and (7,6) <> (4,5).

By exploiting these symmetry operations, all possible beam orientations can
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be generated from a limited number of primitive encoding states. As illustrated
in Figure 2.24, the base codes H15, H35, H345, V17, and V37 are sufficient to
systematically reconstruct the entire azimuthal beam space through rotations and
reflections. This symmetry-based strategy significantly reduces the number of re-
quired control states, thereby lowering computational overhead and simplifying the
bias control circuitry used to modulate the graphene chemical potential.

When successive 90° rotational operations are applied to these base codes, iden-
tical beam steering behavior is reproduced in each quadrant, enabling full 360°
azimuthal coverage, as conceptually shown in Figure 2.25. These results confirm
that the antenna performs true beam steering rather than mere pattern recon-
figuration, allowing directional radiation in discrete, programmable angular steps.
Furthermore, the angular resolution and total number of achievable beam direc-
tions can be increased by employing a larger number of parasitic elements or by
introducing multi-state (analog) control of the graphene chemical potential. Such
scalability makes the proposed architecture well suited for future sub-THz adaptive
and reconfigurable communication systems.

90° 0

= H15, ¢=0°, G=1.52 dBi
H35, ¢»=20.8°, G=1.63 dBi
H345,¢)=28.8°, G=1.46 dBi
V178,¢)=61.2°, G=1.46 dBi
1 —V17, $=69.2°, G=1.63 dBi
- V37, =90°, G=1.52 dBi

1.5

0.5

Figure 2.24: Azimuthal plane radiation patterns (6 = 90°) for codings H15, H35, H345,
V178, V17, and V37

2.10.2 Radiation Pattern in the Elevation plane

Although the primary reconfiguration objective of the antenna is azimuthal beam
control, the performance in the elevation plane is equally significant for under-
standing overall radiation behavior. Figure 2.26 presents the elevation-plane cuts
(¢ = 90°) for the three primitive encodings, H15, H35, and H345.
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Figure 2.25: Pattern reconfigurability achieved from 0° to 360°

The resulting patterns exhibit a well-defined broadside maximum at (6 = 90°),
consistent with typical planer antenna characteristic. A slight downward tilt of
the main lobe is observed, attributed to refraction within the polyimide substrate,
which effectively bends the radiated field toward the dielectric medium. The simi-
larity of elevation-plane responses among different codes confirms that beam recon-
figuration primarily influences the azimuthal field distribution, leaving the elevation
characteristics largely unaffected.

Additionally, the half-power beamwidth (HPBW) in the elevation plane is broader
compared to the azimuthal plane. This behavior stems from the antenna’s thin,
disc-like geometry, which offers limited aperture height and this lower vertical direc-
tivity. The broader elevation lobe, however, ensures stable radiation performance
even under slight mechanical misalignments, which is beneficial for mobile sub-THz
applications.
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180

Figure 2.26: Radiation pattern of the coding patterns H345, H35, and H15 at (¢ = 90°)
in the elevation plane

2.11 Analysis of Radiation Pattern Characteristics
and Performance Benchmarking

The performance benchmarking in this chapter relies on key radiation metrics
such as realized gain, impedance bandwidth, beam steering capability, and angular
beamwidth. These parameters are used to systematically evaluate the effective-
ness of various coding patterns in controlling the radiation characteristics of the
proposed antenna.

The comprehensive radiation performance of the proposed graphene-based dual-
dipole antenna has been summarized in Table 2.5, which lists the main beam direc-
tion (¢), realized gain (G), and beamwidth (A¢) for several representative coding
patterns. The data clearly indicates that by carefully selecting the ON /OFF config-
uration of the graphene parasitic elements, the antenna can generate a wide range of
directional radiation patterns, covering multiple azimuthal angles with controllable
gain and beamwidth. Each coding pattern corresponds to a specific combination of
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active parasitic elements, which modifies the current distribution on the antenna
surface and consequently the phase front of the radiated fields.

Importantly, despite these variations in coding configuration, the antenna impedance
bandwidth and spectral stability of the antenna remain consistent, demonstrating
that beam reconfiguration can be achieved without compromising matching per-
formance or radiation efficiency. The angular position of the main lobe and its
gain can be accurately predicted from the chosen code, validating the deterministic
nature of the proposed beam steering method.

Table 2.5: Beam characteristics for various coding patterns: angular direction of the main
lobe ¢, corresponding maximum gain G (dBi), angular beamwidth A¢, and additional
directions of the main lobe that can be achieved under symmetric codes ¢s.

Code | ¢ |°] s '] G [dBi] | Ag [°]
i +63.2 126.8, £116.8, £153.2 0.56 64.7
Vs 85 15, —85, £95, £175 20.07 75.8
Vs | -90 0, 90, 180 1.44 79.2
Via | -52.8 137.5,52.8, £127.2, £142.8 | 0.59 82.3
Visa | 70.2 119.8, —70.2, £109.8, £160.2 | 1.08 59.6
Var | 86.7 13.3,-86.7, £93.3, £176.7 | 1.86 66.0
Vas | -109.3 119.3,70.7, £109.3, £160.7 | 0.89 63.9
Vis | -69.2 120.8,69.2, £110.8, £159.2 | 1.63 65.9
Vos | 90 0, -90, 180 0.51 65.5
Vos | £114 126.8, +116.8, £153.2 1.26 129.5
Vas | 61.1 128.9, —61.1, —118.9, +151.1 | -0.28 67.0
Var | -118.9 0, 180 1.52 64.1
Vis | £90 0, 180 0.43 53.8
Vasss | £37.2, £142.8 | £52.8, £127.2 “0.87 488

2.11.1 Benchmarking Against State-of-the-Art Sub-THz An-
tennas

A comprehensive performance analysis, presented in Table 2.6, benchmarks the
proposed design against existing state-of-the-art antennas operating in the sub-
terahertz frequency regime. The comparison includes various architectures such
as leaky-wave antennas, phased arrays, dielectric resonator antennas (DRAs) and
graphene-based devices reported in the literature. From the analysis, it is evident
that while several of these antennas demonstrate impressive, realized gains and
limited angular steering capabilities (typically between £20° and £80°), none of the
previously reported designs achieve continuous or discrete 360° beam coverage in the
azimuthal plane within this frequency range. Most traditional THz antennas rely on
either mechanical rotation or complex phase shifting networks to achieve steering,
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both of which introduce latency, increase fabrication complexity, and reduce optical
transparency.

In contrast, the proposed design attains 360° beam steering using purely elec-
tronic reconfiguration of graphene’s chemical potential . This is achieved through
the application of simple coding transformations based on the antenna’s inher-
ent C; symmetry, as discussed earlier. Although the maximum realized gain (2
dBi) is lower than that of certain fixed-beam or lens-assisted antennas, this is an
expected and acceptable trade-off for achieving complete azimuthal coverage and
electronic programmability. Generally, a gain-verses-steering-angle trade-off exists
in antenna design: wider steering capabilities trend to distribute radiated power
across a broader angular range, resulting in a reduction in peak gain.

One of the key advantages of the proposed graphene-based structure lies in its
dynamic programmability. The ON/OFF state of each parasitic element can be
independently controlled using Field-Programmable Gate Arrays (FPGAs), which
serve as digital controllers to apply precise bias voltages to each graphene sec-
tor. This electronic control enables real-time beam reconfiguration, allowing the
antenna to adapt its radiation direction instantaneously in response to varying
channel conditions, user positions, or communication requirements. The versatil-
ity of the antenna can be further enhanced by investigating more complex coding
schemes. While the current study primarily focuses on configurations with two ac-
tive (ON) parasitic elements, future work will explore encoding with multiple ON
states (Three, four, or more). Such configurations can potentially yield multi-beam
radiation patterns, improved beam shaping, and enhance coverage efficiency.

Additionally, the mutual coupling and interference effects between the horizon-
tal and vertical dipoles will be studied under simultaneous excitation conditions.
The superposition of their radiation fields could introduce additional degrees of
freedom, enabling hybrid beam patterns, polarization reconfiguration, and finer
beam control. This line of research may ultimately extend the functionality of
the antenna beyond discrete beam steering to include adaptive beam synthesis for
multi-user and multi-band terahertz communication systems.

To the best of our knowledge, no prior antenna operating in the sub-THz or
THz range has demonstrated full 360° beam steering in the azimuthal plane within
a single, transparent, planar structure. Most steerable designs (e.g., leaky-wave
antennas, phased arrays, dielectric resonator antennas) achieve scanning ranges of
+20° to +80°, as shown in Table V. A few works have achieved 360° steering using
mechanisms such as rotating a feed in front of a Luneburg lens [118] or employing
a reconfigurable transmitarray with PIN diodes [119], but these designs are not
transparent and involve moving parts or complex biasing networks. The proposed
design is the first to achieve full 360° electronic steering in a transparent, graphene-
based platform.
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Table 2.6: Comparison of reported

sub-THz bands.

antennas operating at high frequency mm-wave and

Ref. Antenna |Freq. (GHz) | Gain (dBi) | Steering Angle (°)
type tech.

[113] LWA 360-400 4.5 FS 80

[114] Phased _ar- | 300 2.3 OE 50
ray

[115] Phased ar-|318-370 4 Electrical 128/53
ray

[116] DRA single | 340 5.9 Fixed Fixed

[117] Graphene | 300 10.6 Photodiodes | 0-20
dipole

[118] Yagi-Uda | 300 17 Lens array +73

This Ph.D. thesis | Graphene 200 2 Graphene 0-360
dual dipole

2.11.2 Power Consumption Analysis and 6G/7G Require-
ments

The total power consumption of the proposed antenna includes two components:
(i) the RF power delivered to the driven dipole, and (ii) the DC biasing power
for the graphene parasitic elements. The total efficiency (Figure 2.19) reaches a
maximum of 45% at 200 GHz, meaning that 45% of the input RF power is radiated,
while 55% 1is dissipated as ohmic losses in graphene and dielectric losses in the
substrate. This efficiency is competitive with other graphene-based antennas at sub-
THz frequencies (see Table 4.2) and is acceptable for short-range 6G applications
where compactness and reconfigurability outweigh raw efficiency. The biasing power
is given by Phias = Non - Vj - Lieak, Where Noy is the number of parasitic sectors
switched ON, V, ~ 5-10 V is the gate voltage, and [ic.x is the gate leakage current
(typically < 1 nA for high-quality dielectrics). Thus, P ~ 8 x 10 x 1079 = 0.08
pW, negligible compared to the RF power (typically in the mW range). Therefore,
the antenna’s power consumption is dominated by the RF input power, not the
biasing network.

Table 2.6 compares gain and steering angle but not power consumption. Ex-
tending the comparison: most sub-THz antennas in the literature (leaky-wave,
phased arrays, dielectric resonator antennas) require either high DC bias currents
(e.g., PIN diodes, varactors) or complex feeding networks that introduce additional
losses.

Future wireless generations (6G and 7G) demand ultra-low-power devices to
support massive 0T, battery-less sensors, and dense cell deployments [120,121].
The proposed antenna, with its negligible DC biasing power and moderate RF
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efficiency, aligns with these requirements. However, further efficiency improvements
(e.g., via substrate engineering or multi-layer graphene) are needed to compete with
metallic antennas for long-range links.

2.12 Conclusion

The research presented in this chapter focused on the design and numerical eval-
uation of a programmable transparent antenna intended for operation in the sub-
terahertz (sub-THz) frequency regime. The proposed structure consists of two
orthogonally oriented graphene dipoles integrated on a polyimide substrate, sur-
rounded by eight fan-shaped graphene parasitic elements. Unlike conventional
phased arrays, the proposed design combines structural symmetry, optical trans-
parency, and electrical tunability to achieve full 360-degree azimuthal beam control
using a limited set of primitive coding states, reducing system complexity while
maintaining accurate beam orientation.

By modulating the chemical potential of graphene, the electromagnetic behav-
ior of each parasitic element can be dynamically controlled, allowing them to act as
either active or passive elements. Through appropriate programming, the antenna
successfully generates single-beam, dual-beam, and quad-beam patterns, demon-
strating graphene’s capability as an efficient switching and beam-shaping material
at sub-THz frequencies. The antenna achieves a maximum realized gain of 2 dBi
for single-beam configuration, 1.3 dBi for dual-beam operation, and 0.7 dBi for
quad-beam mode, with a -10 dB impedance bandwidth extending from 187 GHz to
214 GHz.

These performance characteristics make the proposed antenna well suited for
emerging applications such as 6G indoor communications (high-data-rate access
with electronic beam tracking), transparent smart surfaces (>99% transmittance
for windows and displays), short-range radar (multi-direction sensing for drones and
autonomous vehicles), and spectroscopy (material characterization across 187-214
GHz). In summary, this chapter demonstrates the combination of optical trans-
parency, pattern reconfigurability, and beam programmability within a single com-
pact structure operating at 200 GHz. These contributions establish a new design
paradigm for sub-THz beam steering antennas, offering a pathway toward low-
complexity, transparent, and programmable radiating systems for future 6G and
smart environment applications.
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Chapter 3

Pattern Reconfigurability of
Graphene Dipole Antennas Via
Magnetic Biasing

3.1 Introduction

Beam steering (the ability to electronically direct the main radiation lobe without
mechanical movement) is a critical functionality for terahertz (THz) communica-
tion, sensing, and radar systems. Conventional phased arrays provide fast steer-
ing but suffer from high complexity, cost, and power consumption, especially at
sub-THz frequencies [122]. Alternative architectures such as leaky-wave antennas,
reflectarrays, and transmitarrays have been extensively investigated; however, they
still involve trade-offs among steering agility, bandwidth, efficiency, and implemen-
tation complexity [123].

In the THz, optical and infrared regimes, metasurfaces (arrays of subwavelength
scatterers) have enabled a paradigm shift in wavefront control [123|. Static dielectric
metasurfaces based on high-index materials (e.g., GaN, silicon, TiOy) have demon-
strated efficient beam deflection, focusing, and holography [123]. However, their
lack of post-fabrication tunability restricts adaptability to varying environmen-
tal conditions [124]. Various tuning mechanisms for metasurfaces (thermo-optic,
electro-optic, carrier depletion, phase-change, mechanical actuation) are discussed
in Chapter 4.

Graphene, a two-dimensional material with electrically tunable conductivity,
has emerged as a promising platform for reconfigurable antennas (as demonstrated
in Chapter 2). When a magnetic field is applied to graphene, its conductivity
becomes anisotropic and is described by a tensor with non-zero off-diagonal (Hall)
terms, inducing non-reciprocal wave propagation and controllable phase shifts.

Magnetically biased graphene has been explored for several THz applications.
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Correas-Serrano et al. [125] investigated magnetized graphene cylindrical waveg-
uides and proposed their use for reconfigurable dipole antennas in the low THz
band. Hlali et al. [126] analyzed a non-reciprocal antenna array based on magne-
tized graphene for THz applications. Fakhte and Taskhiri [127| designed a THz
dielectric rod antenna using magnetically biased graphene to switch between linear
and circular polarizations. More recently, Taskhiri and colleagues [128] demon-
strated a THz dielectric resonator antenna that uses a DC magnetic bias to switch
between linear and circular polarizations. Additional studies have examined mag-
netized graphene for frequency selective surfaces [129], non-reciprocal leaky-wave
antennas [130], and Faraday rotation in stacked magnetized graphene [131].

Despite the successful use of magnetically biased graphene for polarization ma-
nipulation and non-reciprocal functionalities, the realization of dynamic and con-
tinuous beam steering has received limited attention. To the best of our knowledge,
magnetic-field-controlled beam steering in graphene-based dipole antennas incor-
porating parasitic elements has not yet been investigated. This chapter directly
addresses this gap by proposing a dipole antenna with eight parasitic elements
whose radiation pattern can be steered using out-of-plane and in-plane magnetic
fields in the sub-THz range.

This mechanism offers several benefits. It provides contactless biasing: a single
uniform magnetic field can be applied to different combinations of parasitic ele-
ments, eliminating the need for dense individual biasing networks and significantly
simplifying fabrication. By exploiting the conductivity tensor of graphene, the in-
teraction between the dipole and the parasitic elements can vary both in magnitude
and phase, effectively modulating the phase shift across the elements and enabling
wide-angle, continuous steering, a capability difficult to achieve with conventional
electrostatic biasing [132,133].

It is worth noting that electrostatic biasing primarily enables scalar conductivity
tuning, which limits independent phase and amplitude control compared to mag-
netically induced anisotropic conductivity. Moreover, the gain of the antenna can
be enhanced by applying a magnetic field, resulting in reduced dissipative losses and
current redistribution across the parasitic elements for a more directive radiation
pattern, thus avoiding the off-resonance efficiency drawbacks common in electro-
statically tuned parasitic elements. This work introduces a paradigm shift in the
design of graphene-based antennas: from locally addressed, electrostatic-controlled
reconfigurability towards beam steering controlled via magnetic bias |70].

In Chapter 2, the graphene dipole antenna with eight parasitic elements was
designed at 200 GHz and the parasitic elements were dynamically controlled via
electrostatic biasing to obtain pattern reconfiguration. In this chapter, we consider
the same antenna as a starting point but aim to operate at 260 GHz according
to IEEE standards. The frequency increase necessitates adjustments in the dipole
length, parasitic element spacing, and electrostatic biasing levels to maintain proper
resonance, beam steering capabilities, and impedance matching.
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The 260 GHz band is of particular interest for emerging 6G wireless systems and
THz sensing applications. According to IEEE Std 802.15.3d, the frequency range
around 260 GHz offers a wide continuous bandwidth suitable for high-data-rate
short-range communications (e.g., intra-chip or kiosk downloading) [134]. Addi-
tionally, this band lies within an atmospheric transmission window (relatively low
oxygen and water vapor absorption), making it attractive for outdoor short-range
links, high-resolution radar imaging, and spectroscopy. By operating at 260 GHz,
the proposed antenna is directly applicable to these next-generation scenarios, while
also allowing us to study the impact of increased plasmonic confinement and re-
duced parasitic element dimensions compared to the 200 GHz design in Chapter 2.

The behavior of the antenna at high frequency deviates from classical RF as-
sumptions. In particular, the traditional half-wavelength dipole approximation no
longer gives optimal performance due to the plasmonic properties of graphene,
substrate effects, and strong frequency dispersion. Therefore, a systematic opti-
mization approach is carried out to obtain better impedance matching, minimal
shift from resonance, and enhanced overall performance.

3.2 Graphene Conductivity Tensor

By applying magnetic field on graphene, the motion of charge carriers is varied by
the Lorentz force, leading to cyclotron frequency introducing Hall conductivity that
couples orthogonal current components and breaking the symmetry in the material
response. The surface conductivity of graphene under magnetic tuning is expressed
as a second order tensor [135]:

o [am ny] (2)

Oyz  Oyy

where 0,, and o,, denote the longitudinal and Hall conductivity, respectively.
The beam steering and non-reciprocal wave propagation is enabled by the presence
of non-zero off-diagonal terms (o).

Kubo formula can be used to derive the components of longitudinal and Hall
conductivity under magnetic biasing conditions. These components are primarily
dominated by the intraband transition at the THz frequencies and room tempera-
ture and can be expressed as:

eu, 1
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where e denotes the electron charge, u. is the chemical potential, / is the re-
duced Planck constant, and I' represents the carrier scattering rate. The parame-
ters w, vp, and B correspond to the angular frequency, Fermi velocity, and applied
magnetic field strength, respectively. The values of 0,, and o, directly influence
the amplitude and phase of the induced currents on the driven dipole and para-
sitic elements. In particular, the off-diagonal term o, introduces an asymmetry
in current distribution, allowing controlled rotation of the radiation pattern and
enabling wide-angle, tunable beam steering. Therefore, carefull tuning of these
conductivity components under magnetic biasing is essential for achieving accurate
reconfigurable beam control.

An increase in the magnetic field intensity enhances the off-diagonal Hall con-
ductivity term o, thereby inducing nonreciprocal behavior and asymmetry in the
surface current distribution. This asymmetric electromagnetic response is the fun-
damental mechanism responsible for beam steering in magnetically biased graphene
antennas and metasurfaces. Physically, the off-diagonal term o, introduces a phase
shift between orthogonal current components on the dipole and parasitic elements.
This phase difference modfies the constructive and destructive interference of ra-
diated fields, effectively rotating the main beam and enabling continuous steering
over a wide angular range. For a simple illustration, consider an electric field
applied along the x-direction (F,). In the presense of a non-zero off-daigonal con-
ductivity, a transverse current .J, = 0,, I, is generated along the y-direction. This
induced trasverse current redistributes the currents on the parasitic elements, cre-
ating asymmetry in the radiated fields and enabling controlled wide beam steering.
By tuning the magnitude of o,, via magnetic field, the direction, shape, and direc-
tivity of the radiation pattern can be dynamically tuned, providing reconfigurable
and nonreciprocal antenna behavior.

3.3 Wave Propagation and Non-Reciprocity in Bi-
ased Graphene

The conductivity tensor of magnetically biased graphene leads to non-reciprocal
electromagnetic behavior, meaning that wave propagation features depend on the
propagation direction [136,137|. This is basically different from graphene with elec-
trostatic biasing, which remains reciprocal. Forward and backward propagation
surface Plasmon polariton waves experience distinct phase velocities in magneti-
cally biased antennas [138]. Mode coupling in magnetically tuned graphene occurs
between orthogonal field components and radiation patterns become asymmetric
[139]. This non-reciprocal behavior is required for obtaining continuous beam steer-
ing without complex feeding networks. Practically, this symmetry allows the main
beam to be steered continuously in a desired direction without requiring complex
feeding networks, since the wave experiences different phase accumulation along
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different paths. In other words, nonreciprocity translates directly into controllable
rotation and shaping of the radiation pattern, enabling dynamic beam steering and
enhanced directivity in magnetically biased graphene antennas [140].

3.3.1 Surface Plasmon Polaritons (SPPs) in Magnetically
Biased Graphene

Graphene supports confined surface plasmons polaritons whose dispersion proper-
ties are impacted by magnetic biasing. The dispersion relation of SPPs on magnet-
ically tuned graphene can be expressed as:

Weff

kspp = (3.3)

Oeff

where o.¢y represents an effective conductivity that includes both longitudinal
and Hall components. w.ys is the effective angular frequency of the surface plas-
mon mode, which accounts for both excitation frequency and modifications due to
the substrate and plasmonic response of graphene. The magnetic tuning modifies
the SPP dispersion in such a way that propagation constantly becomes direction-
dependent and phase gradients can be dynamically introduced along the antenna.
Moreover, the strength of the magnetic field also controls the radiation pattern, and
these effects directly translate into beam steering capabilities in graphene-based ra-
diating structure.

3.3.2 Magnetoplasmons in Graphene via Magnetic Biasing

When a magnetic field is applied on graphene, it gives rise to magnetoplasmons,
which are collective oscillations of charge carriers influenced by both plasmon con-
finement and cyclotron motion of electrons. Unlike conventional graphene surface
plasmon polaritons, magnetoplasmons exhibit direction-dependent dispersion, en-
abling nonreciprocal guided waves along the graphene surface. The dispersion
relation of graphene magnetoplasmons is determined by the poles of the two-
dimensional dielectric response function given by [141]

where
2me?
Vig) = 3.5
(@) = =, (35)
I1(q,w) = polarization operator of graphene under magnetic bias. (3.6)

Efficient coupling between the free space THz radiation and magnetoplasmons
relies on structural symmetry and excitation conditions. Patterning of graphene
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into finite geometries or periodic structures facilitates momentum matching between
incident beam and magnetoplasmons modes, thus enabling efficient excitation. In
the presence of magnetic bias, this coupling becomes inherently asymmetric in mag-
netic biased configurations, allowing preferential excitations of propagating modes
in a single direction.

From an antenna perspective, this behavior is highly significant. Magnetically
biased graphene supports direction-dependent guided modes, which can serve as
travelling waves or leaky wave radiation channels, where the dispersion properties
of the surface wave control the radiation pattern. By adjusting either the strength
or polarity of the magnetic field, it becomes possible to dynamically modify the
magnetoplasmons propagation thereby changing the beam shape and radiation an-
gle.

Furthermore, the interplay between magnetoplasmons and magnetic tuning in-
troduces an additional degree of freedom. As the magnetic field shows anisotropy
and nonreciprocity, the Fermi levels control field confinement and loss. This bias-
ing is unique to graphene and positions it as an attractive platform for terahertz
reconfiguration, even though such antenna implementations have yet to be realized
experimentally.

3.3.3 Practical Considerations for Magnetic Bias Implemen-
tation

The simulations assume a constant magnetic field of 2.5 T applied selectively to
specific parasitic elements, either in-plane (magnetic field vector lying in the plane
of the antenna) or out-of-plane (field perpendicular to the antenna plane). For
example, a configuration like P12 means that parasitic elements 1 and 2 are simul-
taneously biased with a magnetic field of 2.5 T, while the remaining elements are
unbiased. The same principle applies to other combinations (e.g., P34, P24, P37,
P2468) and to both in-plane and out-of-plane orientations.

A field strength of 2.5 T is achievable with small neodymium permanent magnets
(mm-scale) or with low-power electromagnets for short duty cycles. For out-of-plane
selective biasing, small permanent magnets or micro-coils could be placed under-
neath each parasitic element. For in-plane selective biasing, patterned ferromag-
netic layers or micro magnets integrated on the substrate surface would be required.
However, such localized magnetic biasing is challenging to implement in practice
due to field fringing, crosstalk between adjacent parasitic elements, and fabrica-
tion complexity. Perfect field uniformity over each biased sector is assumed in the
simulations; in reality, leakage fields and gradients may reduce steering efficiency.
These practical constraints are beyond the scope of this numerical study but should
be addressed in future experimental work. For compact THz systems, a trade-off
exists between steering angle (higher B gives larger tilt) and device size, weight,
and complexity of the magnetic source array.
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3.4 Initial Dipole Antenna design

The initial dipole antenna was designed on a silicon dioxide SiO, substrate and then
eight parasitic elements were integrated around the two dipole arms, as shown in
Figure 3.1. While the antenna in chapter 2 was designed on a polyimide substrate
to achieve optical transparency, the magnetic biasing study in this chapter focuses
on electromagnetic performance without the need for transparency. Therefore, a
standard SiOy was chosen for its well-characterized dielectric properties (relative
permittivity of 3.9 and loss tangent of 0.001), ease of integration with magnetic
field sources, and lower cost for potential experimental validation. The same an-
tenna geometry (dipole and eight parasitic elements) is retained, allowing a direct
comparison between electrostatic tuning (chapter 2) and magnetic tuning (this
chapter).

The design strategy began with the classical half-wavelength approximation;
the length of the dipole arms was set to (A/2) at 260 GHz, computed using the
effective wavelength in the substrate medium. This configuration behaved as an
initial point for the optimization process.

The 260 GHz band is of particular interest for emerging 6G wireless systems
and terahertz sensing applications. According to IEEE standard 802.15.3d, the
frequency range around 260 GHz offers a wide continuous bandwidth suitable for
high data rate short-range communications (e.g., intra-chip or kiosk downloading)
[134]. Additionally, this band lies within an atmospheric transmission window (rel-
atively low oxygen and water vapor absorption), making it attractive for outdoor
short-range links, high-resolution radar imaging, and spectroscopy. By operating
at 260 GHz, the proposed antenna is directly applicable to these next-generation
scenarios, while also allowing us to study the impact of increased plasmonic confine-
ment and reduced parasitic elements dimensions compared to the 200 GHz design
in chapter 2.

The initial simulation revealed significant deviations from the expected per-
formance, including impedance matching and frequency shifting, confirming that
A/2 theory is not enough at terahertz frequencies, especially for antennas based on
graphene. To address this issue, a parametric sweep in finite element simulation
(FEM) using COMSOL with frequency-domain analysis was performed. Key an-
tenna parameters such as dipole length, width, gap, substrate thickness and radius
were varied, while monitoring the impedance matching, reflection coefficient (Si;
and resonant frequency. The optimal configuration was selected based on achieving
minimum reflection S;; < —10dB and alignment of the resonance with 260 GHz.

This approach allowed a quantitative evaluation of how each geometric parame-
ter affects impedance matching and resonance, ensuring a guided and reproducible
optimization process suitable for THz graphene antennas.

The most critical parameter in the design of dipole antenna is its length that
governs the resonance. At sub-terahertz frequencies, the surface plasmon polariton
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- SiO, Substrate
- Graphene Dipoles

- Graphene Parasites

Figure 3.1: (a) 3D schematic of the graphene dipole antenna with eight parasitic elements
under magnetic biasing. The configurations B ||  and B || y correspond to in-plane
magnetic fields, whereas B || z corresponds to the out-of-plane magnetic field, and (b)
Top-view of the graphene dipole antenna.

(SPP) of graphene has impact on the effective electrical length, leading to the
resonance occurs at a length much shorter than free space A\/2.

A parametric sweep on the length (L) of dipole arm was performed from 116-126
pm while monitoring the reflection coefficient over the frequency range around 260
GHz. The resonance was achieved at L = 122 pm, with a better impedance match-
ing and -10 dB bandwidth from 240 GHz to 280 GHz. As shown in Figure 3.2, by
either increasing or reducing the length from 122 nm, the frequency shifts, resulting
in impacing the impedance matching. The behavior confirmed that impact of plas-
mons dominates the behavior of antenna at this frequency range, needing shorter
arm lengths than calculated classical theory. After fixing the dipole arm length,
varying it between 35-45pm in 2pm step has only a minor impact on the impedance
bandwidth and rsonant frequency, as depicted in Figure 3.3.The impedance match-
ing improves with a slight broadening at W = 39 pm, due to reduced ohmic losses
and then reduces by further increasing. However, excessively large arm width re-
duces the field confinement and increased capacitive effects. An optimal arm width
was therefore selected to obtain the trade-off between low S7; parameters and stable
resonance near 260 GHz.

The gap between the feeding arms plays a significant role in determining the
coupling strength and input capacitance of antenna. A parametric sweep was car-
ried out by varying the gap from 20-25 pm with a step size of 1 pm and analyzed
its impact on reflection coefficient. As shown in Figure 3.4, a 24 pm gap increased
capacitive coupling leads to improve impedance matching and the values below and
above 24 pm reduced coupling, resulting in degrading impedance matching. The
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Figure 3.2: S11 versus frequency as a function of L

resonance also experiences a slight shift with variation in gap. Finally, the thick-
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Figure 3.3: S11 versus frequency as a function of W

ness of substrate was also varied from 200 pm to 250 pm with a step size of 10
pm , and it has impact on antenna with substrate and the effective permittivity at
sub-terahertz frequencies, as shown in Figure 3.5. Simulation results highlighted
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Figure 3.4: S11 versus frequency as a function of G

that the substrate thickness below 230 pm shift the resonance towards lower fre-
quencies and above 230 pm towards higher frequency. So, an optimal value of 230
pm balanced the dielectric loading and field confinement. Therefore, selecting an
appropriate substrate thickness improves the impedance matching and corrects the
minor shift in the resonance.
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Figure 3.5: 517 versus frequency as a function of T
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3.4.1 Electric Field Distribution

Figure 3.6 presents the electric field distribution at 260 GHz for the graphene dipole
antenna when all the parasitic elements are non-magnetized. As analyzed, the elec-
tric field is strongly concentrated along the dipole arms, with the maximum inten-
sity occurring near the dipole arms edges instead of the feed port. This behavior
can be explained by the fundamental current and voltage distribution of a resonant
dipole antenna. At 260 GHz, standing wave current distribution is supported by
the dipole, where the current is maximum at the center and then gradually de-
creases towards the ends of the arms. The voltage distribution follows the opposite
behavior: it is maximum at the feed and maximum towards the open ends. Since
the electric field magnetite is directly related to the local charge, accumulation, and
voltage distribution, the field intensity increases as we move away from the feeding
port toward the ends of the dipole arm. The strong field enhancement near the
arm tips corresponds to regions of high charge density caused by the open-circuit
boundary condition. This is a classical characteristic of half-wave dipole resonators.

Lk

Figure 3.6: Simulated electric field distribution for the dipole at 260 GHz, with non-
magnetized parasitic elements

Although the parasitic elements surrounding the dipole are turned off, they do
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not disturb the near-field distribution in this configuration because they are not
electromagnetically excited. In the absence of coupling, the dipole behaves as an
isolated resonant radiator, and the field pattern is governed primarily by its intrinsic
standing-wave resonance.

The localized high electric field around the dipole arms indicates strong capac-
itive behavior near the arm extremities. This is particularly important in high-
frequency designs, where edge effects and field confinement contribute significantly
to radiation efficiency and impedance characteristics.

As shown in Figure 3.7, when a magnetic field (B = 2.5 T) is applied along the
x-axis exclusively to parasitic elements 1 and 5 while the dipole remains electrically
tuned and not magnetically biased, the electric field distribution along the x-axis
exhibits a controlled but largely symmetric perturbation relative to the unbiased
case. The x-component is dominating due to the orientation of dipole along the
x-axis, and its maximum intensity remains concentrated at the dipole ends because
of charge accumulation at 260 GHz. The activation of parasitic elements 1 and 5
changes their surface impedance via anisotropic longitudinal conductivity; but the
magnetic field applied is along the x-axis, the induced hall conductivity remains
weak and doesn’t introduce strong transverse current rotation. As a result, the par-
asitic elements couple reactively to the near field of the dipole, leading to localized
enhancement of electric field in their vicinity without producing pronounced lateral
asymmetry. The field contour remains nearly mirror-symmetric about the vertical
axis, suggesting that the induced currents on elements 1 and 5 are comparable in
magnitude and phase. This inference is further supported by analyzing the simu-
lated surface current distributions, which confirm that the current amplitudes and
phases on these elements are nearly identical. Consequently, the electromagnetic
response corresponds to moderate reactive loading rather than strong nonreciprocal
magnetoplamonic behavior, implying that any beam modification arising from this
configuration is primarily due to subtle phase redistribution rather than aggressive
directional steering. As shown in Figure 3.8, when a magnetic field is applied on
graphene parasitic elements 1 and 5) along the z-axis (out of plane), the electric
field distribution exhibits a noticeable different behavior compared to the in-plane
magnetization. Because magnetization is perpendicular to the graphene surface,
the Hall conductivity terms become significant, introducing strong anisotropy and
transverse carrier motion within the biased parasitic elements. This modulates the
surface current distribution of the surface not only in magnitude but also in phase,
resulting in magetoplasmonic coupling between the driven dipole and the activated
parasites. In the Ez plot, the field is strongly concentrated in the dipole also at the
center of the parasitic elements 1 and 5, highlighting the interaction of intensified
near field. Unlike the nearly symmetric perturbation analyzed under in-plane tun-
ing, the out-of-plane magnetic field produces a more pronounced redistribution of
the vertical field component, reflecting the presence of traverse current components
induced by the Hall effect. The field contours appear slightly distorted and less
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Figure 3.7: Distribution of the x-component of the electric field at 260 GHz for the
graphene dipole antenna with an in-plane magnetic field on parasitic elements 1 and 5.

uniformly distributed around the structure, demonstrating that the perpendicular
magnetic tuning introduces stronger electromagnetic asymmetry and modifies the
reactive and radiative coupling mechanisms. This enhanced coupling is a precursor
to more significant beam steering and radiation pattern reconfiguration in the far
field, as the altered current phase on the parasitic elements effectively creates a
larger phase gradient across the antenna aperture.

In summary, the optimization process involved the tuning of dipole’s various
parameters including lengths, widths, and gap, to achieve enhanced impedance
matching and resonance at 260 GHz. The parametric sweep demonstrated that
careful adjustment of these parameters allowed for enhanced near-field coupling
between the driven dipole and the parasitic elements, as evidenced by the E, dis-
tributions under both in-plane and out-of-plane magnetic biasing. The resulting
configuration exhibits stronger reactive and radiative coupling, more pronounced
phase gradients across the antenna aperture, and a field redistribution that directly
contributes to beam steering and radiation pattern reconfiguration.
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L BRI

Figure 3.8: Electric field distribution at 260 GHz for the graphene dipole antenna with a
2 T out of magnetic field bias applied to parasitic elements 1 and 5.

3.5 Performance Analysis of In-Plane Magnetic Bi-
asing

The S71 parameters were evaluated for various combinations of parasitic elements
selective in-plane magnetization. As shown in Figure 3.9, the resonance frequency
didn’t shift for all configurations; the resonance depth changes according to the ac-
tivated parasitic elements. This highlights that magnetic biasing mainly influences
the impedance matching condition instead of intrinsic resonant modes. Localized
anisotropic loading is introduced by the activation of a single parasitic element,
modestly enhancing impedance matching. Furthermore, multi-parasitic elements
activation improves the redistribution of stored magnetic energy and changes the
effective radiation resistance, leading to deeper S7; minima. Symmetric multi-
parasitic element configurations give the strongest impedance matching enhance-
ment, whereas asymmetric configurations modulate the current imbalance required
for the tilting of the radiation beam. Therefore, parasitic element-controlled mag-
netic bias works as a reconfigurable impedance biasing approach coupled to direc-
tional beam control. Figure 3.10 shows the simulated realized gain for different
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Figure 3.9: Simulated S11 as a function of frequency for various combinations of parasitic
elements via in-plane magnetization

parasitic elements configurations via in-plane magnetic field. The realized gain in-
tegrates both impedance mismatching effects and radiation efficiency and is defined
as

Gr(ea Qb) = Tltot D(‘gv ¢) (37)
where D(6, ¢) denotes the directivity. The total efficiency is given by

Ttot = Thrad (1 - |Sll|2) (38)

Thus, the realized gain relies on radiation efficiency, impedance matching, and
angular redistribution of radiated power Across all parasitic configurations, the re-
alized gain increases with frequency and reaches a maximum near the resonance
region around 250 GHz to 270 GHz. This behavior is consistent with the antenna
approaching the condition where the reactive part of the input impedance van-
ishes, i.e., Im(Z;,) = 0, and the radiation resistance becomes dominant. The input
reflection coefficient Sy; is given by

Zin — Zp

S = ——
H Zin + 2y

(3.9)

where Zj is the characteristic impedance and Zj, is the input impedance perturbed
via magnetization. Since the realized gain includes the factor (1 — |S};|?), configu-
rations exhibiting deeper S;; minima correspond to improved impedance matching
and enhanced power transfer. Consequently, this results in increased realized gain.
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Figure 3.10: Simulated realized gain as a function of frequency for different parasitic
combinations

The use of an in-plane magnetization changes the constitutive parameters of
the biased parasites. Under magnetization, permeability becomes gyrotropic and
mathematically written as

poojk 0
w=|—jrk u 0 (3.10)
0 0 pu.

where k represents the magnetically induced coupling term. The non-reciprocal
coupling between orthogonal field components is introduced by the off-diagonal
components, leading to phase propagation depends on direction and asymmetric
current redistribution.

Single parasitic element configurations such as P1 and P5 exhibit relatively low
realized gains of 0.4 dBi and 1.4 dBi, respectively, whereas P3 and P7 obtain the
same realized gain of 2.8 dBi. Among the dual-parasitic elements configurations,
P23 and P24 provide a realized gain of 2.4 dBi and 2.8 dBi, respectively. Other
dual configurations such as P12, P14, and P26 produce realized gains of 1 dBi, 1.1
dBi, and 2.8 dBi, respectively. Meanwhile, P13 and P28 yield realized gains of 1.8
dBi and 2.8 dBi, respectively. Finally, the P2468 configuration obtains a realized
gain of 2.1 dBi. In this case, the distributed multi-parasitic element bias exhibits
modal symmetry while enhancing impedance matching and radiation efficiency.
Because the perturbation is more uniformly distributed, destructive interference is
minimized and directivity is improved.
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In contrast, the P37 combination demonstrates reduced gain across the band,
especially below 260 GHz, which highlights that opposing parasitic bias introduces
a strong azimuthal phase imbalance, enhancing stored reactive energy instead of
radiated energy. As a result, the radiation efficiency decreases and the realized gain
is suppressed.

Overall, the results indicate that the selection of parasitic elements via in-plane
magnetic field acts as a reconfigurable control approach that simultaneously af-
fects impedance matching and radiation efficiency and radiation directivity. While
the fundamental resonance frequency remains nearly constant, the redistribution
of current density and induced phase gradients enable dynamic gain enhancement
or suppression depending on the activated parasitic element combination. By or-
ganizing the results according to single, dual, and multi-parasitic configurations,
it becomes clear that symmetrically distributed activations consistently improve
impedance matching, reduce destructive interference, and enhance gain, providing
an understanding of how the selection of parasitic elements govern beam shaping
and efficiency.

Figure 3.11 represents the total efficiency of the proposed graphene dipole an-
tenna as a function of frequency for various parasitic element combinations via
in-plane magnetic bias and was defined in eq. (6.7). Efficiency incorporates the ef-
fects of impedance mismatch and dissipative losses. Changes among parasitic states
thus reflect variations in radiation resistance, stored reactive energy, and matching
conditions introduced by the magnetic bias. At the lower band (200-230 GHz),
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Figure 3.11: Simulated efficiency as a function of frequency for different parasitic combi-
nations
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most combinations exhibit negative values in the plotted scale, highlighting poor
radiation efficiency and strong reactive energy below resonance. In this region, the
antenna operates in an inductive regime where

Zin = Rrad + Rloss + jX (311)

with | X| > Rpaq, resulting in weak radiation and strong reflection. The P37
combination demonstrates the most severe degradation, reaching the lowest effi-
ciency, which highlights that opposite parasitic magnetic bias introduces strong
azimuthal phase imbalance, resulting an increase of stored magnetic energy instead
of power radiation, thus reducing both radiation efficiency and impedance match-
ing.

As the frequency approaches resonance, the reactive component becomes zero
and radiation resistance dominates. In this region, several combinations such as P7,
P24, P23 and P28 exhibit pronounced efficiency enhancement, exceeding 45-50%.
This highlights that parasitic element magnetic bias redistributes surface current
in a manner that increases radiation resistance while simultaneously enhancing
impedance matching. Since the realized gain depends on 7)., these combinations
correspond to the higher gain values observed previously.

The combination P3 exhibits an efficiency of 52%, while P1 shows a negative
efficiency value. P5 state achieves an efficiency of 38%. Among the multi-parasitic
element cases, P12 provides 22% efficiency, P13 reaches 38%, and both P14 and P25
demonstrate efficiencies of 30%. Finally, P2468 combination exhibits an efficiency
of 41%, indicates that distributed multiparasitic element magnetic bias maintains
modal symmetry while reducing mismatch losses. Because the perturbation is more
spatially uniform, destructive interference is minimized and radiation efficiency
remains high.

Overall, the efficiency curves confirm that parasitic element selection through
in-plane magnetization acts as a reconfigurable mechanism that controls both radi-
ation efficiency and impedance matching. Combination that preserves modal sym-
metry while introducing controlled current redistribution enhances total efficiency,
whereas opposing parasitic element bias generates phase imbalance and reactive
energy storage, leading to reduced radiative performance. In-plane magnetic bias
provides an effective and flexible mechanism for controlling the electromagnetic be-
havior of the graphene antenna. By selectively activating parasitic elements, it is
possible to tune impedance matching, redistribute surface currents, and introduce
controllable phase gradients across the structure. Configurations that maintain
symmetry improve radiation efficiency and realized gain, while asymmetric biasing
enables beam shaping via controlled phase imbalance.
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3.6 In-Plane Magnetic Field-Induced pattern re-
configuration

Figure 3.12(a-d) presents the realized far-field radiation patterns for parasitic ele-
ment in-plane magnetic field applied to parasites P1, P3, P5, and P7, respectively.
In the unbiased case, the dipole exhibits mirror symmetry and generates a conven-
tional bi-directional broadside pattern centered around 6y = 90°. When an off-axis
magnetic field is applied to an individual parasitic element, the constitutive param-
eters become anisotropic and gyrotropic.

For parasitic element P1, shown in Figure 3.12a, the magnetic bias breaks the
left-right symmetry of the dipole current distribution. The induced surface current
density J(r) becomes stronger and phase-advanced on the biased side. Since the far
field is determined by

Ef.: (0, ¢) o< / J(r) T qv (3.12)
1%
Any symmetry in amplitude or phase directly modifies the angular interference
condition. The result is a clear beam tilt towards P1, where constructive interfer-
ence is enhanced and the radiation maximum shifts from the symmetric broadside
direction.

In the case of P5, the magnetic bias is applied to the opposite side of the struc-
ture, as shown in Figure 3.12b. Consequently, the direction of the induced phase
gradient reverses. The reverse phase imbalance A¢(y) # 0 now favors constructive
interference on the opposite azimuthal side, producing a beam tilt toward P5. The
radiation pattern appears as a mirrored version of the P1 case, confirming that the
beam direction is controlled by the spatial location of the magnetic perturbation.

For P3, depicted in Figure 3.12c¢, the magnetic bias is applied along a different
azimuthal orientation relative to the feed axis. In this combination, the perturba-
tion introduces a dominant transverse phase component that makes one lobe of the
pattern towards 270° and the other to be ceased due to destructive interference. The
redistribution of reactive near-field energy produces a stronger directional symme-
try as compared to P1 and P5, highlighting that the induced phase gradient aligns
more efficiently with the dominant current path of the dipole, resulting in a more
pronounced unidirectional characteristic.

Similarly, P7, illustrated in Figure 3.12d, produces a complementary steering
effect. The gyrotropic coupling alters the local propagation constantly and creates
an effective transverse wavevector component opposite that in P3. As a result, the
maximum radiation shifts towards 90°, demonstrating controllable beam rotation
via parasitic selection.

Physically, the beam tilt can be interpreted as effective phase steering and intro-
ducing a transverse phase gradient modifies the constructive interference condition
from (6y = 90°) to (6y = 90° + AP), where Af is proportional to the magnetically
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induced phase imbalance governed by k. The magnitude and direction of the tilt de-
pend on which parasitic element is biased, confirming that the maximum radiation
follows the spatial location of the anisotropic perturbation. Figure 3.13 shows sim-
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Figure 3.12: Simulated beam steering at 260 GHz under in-plane magnetic bias: (a)
magnetic field applied to P1, (b) P5, (c¢) P3, and (d) P7

ulated radiation patterns for various combinations of magnetically biased parasitic
elements. Each subplot illustrates how selective magnetic activation redistributes
surface currents and produces controlled beam steering via gyrotropic anisotropy.

In Figure 3.13a, where P12 is biased, the radiation patterns become asymmetric
with multiple lobes. The main lobe is directed towards the activated parasites,
whereas secondary lobes appear due to partial phase imbalance across adjacent
parasites. The beam deviation is noticeable but not highly directive, highlighting
moderated anisotropic perturbation. Figure 3.13b shows that biasing P13 results in
stronger front-to-back asymmetry. The main lobe shifts more distinctly toward the
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Figure 3.13: Simulated radiation patterns for the activation of dual parasitic element
combinations. (a) P12, (b) P13, (c) P14, and (d) P23

biased region, and the side lobe levels increase on the opposite side. This suggests
enhanced non-reciprocal phase accumulation, generating a clearer steering effect
compared to P12.

In Figure 3.13c, activating P14 produces a more pronounced multi-lobed struc-
ture. Two dominant lobes appear, highlighting strong interference between the ad-
jacent parasitic element currents. The radiation tilt is larger, demonstrating that
this parasitic position induces stronger coupling with the dominant dipole mode.

In Figure 3.13d, where P2 and P3 are simultaneously biased, the radiation pat-
tern becomes significantly directional. A dominant single main lobe appears with
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suppressed back radiation. The combined magnetic bias improves constructive in-
terference in one angular direction while destructively interfering elsewhere, leading
to higher directivity and improved beam steering performance.

Figure 3.14 demonstrates the radiation pattern for the activation of additional
dual parasitic element combinations: (a) P24, (b) P26, (¢) P28, and (d) P37. These
combinations further demonstrate how different spatial distributions of magnetic
bias control the radiation symmetry, lobe formation, and beam direction.

In Figure 3.14a, the pattern exhibits a dominant main lobe directed approxi-
mately towards 270°, with one weaker side lobe. The symmetric distribution high-
lights constructive interference along one transverse direction and partial destruc-
tive interference elsewhere. The beam tilt is pronounced, suggesting strong phase
imbalance between the activated parasites and the remaining structure.

The radiation becomes multi-lobed with comparable lobe amplitudes in several
angular directions, as illustrated in Figure 3.14b. The presence of three significant
lobes highlights coupling between non-adjacent parasites. This combination pro-
duces distributed radiation rather than a single highly directive beam, implying
weaker spatial coherence compared to P24.

In Figure 3.14c, the pattern evolves toward a more symmetric four-lobed struc-
ture. The lobes are more evenly spaced, highlighting balanced excitation of higher-
order modes. This suggests that the selected sectors generate a more periodic
current redistribution, reducing dominant beam steering but enhancing angular
coverage.

In Figure 3.14d, the radiation becomes strongly bidirectional, with two dom-
inant opposite lobes near 90° and 270°. Back radiation is significantly reduced
between these lobes, and smaller ripples appear due to residual higher-order mode
contributions. This behavior highlights that activating P3 and P7 introduces near-
symmetric phase opposition, producing a directional dual beam response.

Overall, these results present that increasing spatial separation or symmetry
between activated parasitic elements modifies interference conditions. Adjacent-
parasitic element combinations (e.g., P24) favor single beam steering, while sym-
metric or widely separated parasitic elements (e.g., P28 and P37) promote multi-
lobed or bidirectional radiation, which confirms that parasitic element-selective
magnetic biasing enables flexible radiation reconfiguration by controlling phase
gradients and modal distribution across the structure. Figure 3.15 presents the
radiation pattern for the P2468 combination, where four alternating parasitic el-
ements (P2, P4, P6 and P8) are simultaneously magnetically biased. This sym-
metric and periodic activation strongly modifies the current distribution across the
structure and excites higher-order angular modes. The radiation pattern exhibits
a clear four-lobed structure, with two dominant lobes around approximately 150°
and 210°, and two additional side lobes near 30° and 330°. The near-symmetric
distribution about the vertical axis highlights that the magnetic bias is applied in
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Figure 3.14: Simulated radiation patterns for the activation of dual parasitic element
combinations. (a) P24, (b) P26, (c) P28, and (d) P37

a spatially periodic manner, creating a balanced phase modulation across the cir-
cumference. Compared to single or dual parasitic element activation, this combina-
tion reduces single-direction beam steering and instead promotes multi-directional
radiation. The alternating parasitic element bias introduces a periodic phase vari-
ation around the structure, which can be interpreted as an angular phase function
(¢(0) = ¢g + mb), where m denotes a higher-order azimuthal mode number. As a
result, constructive interference occurs at multiple angular positions, forming dual
main lobes rather than a single steered beam.
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Figure 3.15: Simulated radiation of P2468 combination, where alternating parasitic ele-
ments (P2, P4, P6 and P8) are simultaneously biased via in-plane magnetization

3.7 Performance Analysis of out-of-Plane Magnetic
Biasing

Figure 3.16 presents the simulated S;; parameters for the activation of various
parasitic elements combinations when a magnetic field is applied along the z-axis.
In contrast to the magnetic field along the x-axis, the magnetic field is now normal
to the plane of antenna, modifying the effective permeability primarily along the
perpendicular direction.

It is analyzed that all parasitic elements combinations exhibit a well-defined
resonance at 260 GHz. The resonance depth reaches the value between -25 dB
and 42.5 dB relying on the activated parasitic combination, highlighting excellent
impedance matching under magnetic field applying along z-axis. The small varia-
tion in the resonance frequency across the activation of various parasitic elements
suggests that the normal magnetic bias doesn’t significantly disturb the in-plane
current distribution responsible for resonance formation.

Compared to the magnetization along the x-axis, where stronger anisotropic
coupling could induce resonance shifts, the magnetic field along the z-axis produces
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only small frequency deviations. This behavior can be explained by the permeabil-
ity tensor under normal magnetization, where the dominant in-plane components
remain nearly symmetric and the off-diagonal gyrotropic terms couple less effec-
tively to the transversely dipole currents. As a result, the effective inductance and
capacitance of the antenna are only weakly perturbed, maintaining a stable reso-
nant frequency. The differences in minimum Sj; levels among combinations such
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Figure 3.16: Simulated S11 as a function of frequency for various combinations of parasitic
elements via in-plane magnetization

as P1, P3, P23, P24, P37 and P2468 highlight that parasitic activation still slightly
changes the stored magnetic energy and local current density. However, these
changes mainly impact matching depth instead of resonance position. Combina-
tions involving multiple adjacent parasitic elements tend to exhibit deeper nulls,
suggesting improved impedance matching due to more uniform magnetic loading.

Overall, this plot demonstrates that out-of-plane magnetic bias preserves the
intrinsic resonance frequency of the antenna while allowing moderate tuning of
impedance matching quality. Unlike in-plane magnetization, it doesn’t strongly
shift the resonance but instead provides a more stable and symmetric electromag-
netic response. This confirms that resonance tuning is highly sensitive to the di-
rection of magnetization and that perpendicular magnetic bias mainly influences
matching rather than reactive resonance control.

Figure 3.17 shows the realized gain for the combinations of different parasitic
element sector activation when an out-of-plane magnetization is applied. Unlike
the in-plane magnetization case, where strong anisotropic coupling induces beam
tilting and resonance shift the perpendicular magnetic bias primarily influences the
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overall radiation strength while preserving resonance stability.

It is analyzed that the realized gain gradually increases with frequence for all
sector configuration reaching a maximum in the vicinity of 260-275 GHz which
corresponds to the -10 dB impedance bandwidth identified in the S;; plot. Be-
low resonance (200-300 GHz), the gain remains negative or low (-3 dBi to -1 dBi),
highlighting inefficient radiation due to reactive energy storage. As the frequency
approaches resonance, the radiation efficiency improves, and the realized gain in-
creases accordingly. Among the various combinations, P24 exhibits the highest
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Figure 3.17: Simulated realized gain as a function of frequency for different parasitic
combinations under out-of-plane magnetization

peak realized gain, exceedingly approximately 4 dBi near 260 GHz, suggesting that
activating this sector under perpendicular magnetic biasing improves constructive
radiation and improves effective aperture utilization. Combinations such as P23
and P2468 also exhibit relative high peak gain indicating that multi sector activa-
tion can improve radiation coupling even under out of plane magnetization

Single sector cases (P1, P3, P5, P7) and certain distribution combinations such
as P37 show comparatively lower peak gains, generally in the range of 1-2.5 dBi,
highlighting that localized magnetic loading changes current distribution but does
not significantly enhance directivity under perpendicular bias.

Importantly the overall realized gain variation across combinations is moder-
ate compared to the in-plane magnetic bias scenario, confirming that out-of-plane
magnetic bias does not strongly induce transverse phase gradients responsible for
beam steering. Instead, it mainly varies the magnitude of the radiated power by
slightly modifying current density distribution and stored magnetic energy.
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The correlation between the realized gain peaks and the S;; minima further
confirms that enhanced impedance matching results in improved radiation perfor-
mance near resonance. Since the resonance frequency remains relatively stable
across parasitic element combinations, the realized gain maxima also occur within
a narrow frequency band.

Overall, the results reveal that out-of-plane magnetic bias preserves resonance
stability while allowing moderate tuning of radiation direction but instead influ-
ence gain enhancement through controlled magnetic loading of selected parasitic
elements. This indicates the directional sensitivity of magnetic field orientation in
governing radiation reconfigurability and performance optimization.

The radiation efficiency as a function of frequency (200-300 GHz) for the activa-
tion of different parasitic element combinations under out-of-plane magnetization
is presented in Figure 3.18. The results show a consistent frequency-dependent im-
provement in efficiency for all combinations, with notable differences in magnitude
and stability depending on the activated parasitic elements. At lower frequencies
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Figure 3.18: Simulated efficiency as a function of frequency for different parasitic combi-
nations under out-of-plane magnetization

(220-240 GHz), the radiation efficiency is negative for most combinations, high-
lighting that a significant portion of the accepted power is dissipated or stored
reactively rather than radiated. This behavior corresponds to the off-resonance
region, where impedance mismatch and stored magnetic energy dominate. Among
all cases, combination P37 exhibits the lowest efficiency in this region, reaching
approximately -0.7 around 240 GHz, demonstrating stronger reactive loading and
higher loss contribution when these opposite parasitic elements are activated.
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As the frequency increases toward 240-260 GHz, efficiency rises steadily for all
combinations. This improvement coincides with the resonance region observed in
the S1; characteristics The enhanced impedance matching at resonance reduces
reflected power and increases the fraction of radiated energy and round 260-275
GHz, most combinations achieve their maximum efficiency values.

Among the dual-parasitic elements combination, P24 provides the highest peak
efficiency, exceedingly 0.5 near 260-270 GHz, whereas combinations P23, P14, and
P2468 also show relatively high efficiencies, generally in the range of 0.4-0.5. This
highlights that activating symmetrically distributed adjacent parasitic elements un-
der normal magnetic bias promotes enhanced distribution and reduced dissipative
losses, thereby improving radiation efficiency.

Single-parasitic element combinations (P1, P3, P5, P7) show moderate peak
efficiencies around 0.35-0.4 at higher frequencies. Although their efficiency enhances
near resonance, the improvement is slightly lower compared to optimized dual-
or multi-parasitic elements combinations, demonstrating that isolated magnetic
loading does not fully utilize the available radiating aperture.

Combination P37 remains comparatively lower in efficiency across the entire
frequency range, even at resonance, where it reaches only about 0.1-0.15, which
implies that this parasitic element arrangement introduces non-uniform current
distribution and additional internal losses under out-of-plane magnetization.

Beyond 280 GHz, the efficiency curves tend to saturate or slightly decline, indi-
cating operation beyond the optimal resonance region. The relatively small spread
in peak efficiency values compared to the in-plane magnetization case confirms that
out-of-plane magnetization mainly effects the magnitude of radiated power rather
than modulating the induced anisotropic effects or beam steering.

Overall, the results show that under out-of-plane magnetic bias, radiation ef-
ficiency is mainly governed by resonance quality and sector symmetry. Multi-
parasitic element symmetric combination provides improved efficiency due to better
current balance and reduced reactive energy storage, while asymmetric or widely
separated parasitic elements activations lead to reduced radiation performance.

The simulated radiation patterns for the activation of single parasitic elements
P1, P3, P5, and P7 under out-of-plane magnetic field are shown in Figure 18. The
plots evidently display that activating various individual parasitic elements gen-
erates distinct beam orientations and asymmetrical radiation distributions, con-
firming that the radiating behavior is strongly dependent on the parasitic element
position.

For the P1 combination (Figure 3.19a), the radiation pattern exhibits dual
beams orientated towards 60° and 300° direction. This highlights that activat-
ing P1 introduces an asymmetric current distribution that favors radiation in the
upper-right quadrant relative to the antenna center. In the case (Figure 3.19b),
the radiation pattern is oriented towards -150° with a secondary lobe around 270°.
The pattern becomes more skewed, showing stronger directivity in the lower-left
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Figure 3.19: Simulated beam steering at 260 GHz under out-of-plane magnetic bias: (a)
magnetic field applied to P1, (b) P5, (c¢) P3, and (d) P7

quadrant, confirming that changing the activated parasites effectively rotates the
current concentration region, resulting in beam steering.

For P5 activation (Figure 3.19¢), the radiation pattern is again rotated relative
to P1. Compared to P3, the pattern shows a slightly more balanced distribution
between the two lobes, although the radiation remains clearly directional rather
than omnidirectional.

In Figure 3.19d, the beam orientation in the P7 combination rotates to 180°
with the main lobe directed towards 60°-80° and the secondary lobe near 90°. The
radiation direction appears somewhat more distorted compared to P1 and P5, sug-
gesting stronger phase non-uniformity when this parasitic element is activated.

Overall, the results display a systematic rotation pattern corresponding to the
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angular position of the activated parasitic elements. Each single parasitic ele-
ment excitation generates an asymmetric current distribution that produces a tilted
beam. The approximate 90° spatial separation among P1, P3, P5 and P7 results
in corresponding beam reorientation in the far-field domain, confirming that selec-
tive parasitic element activation provides effective beam steering capability without
altering the physical geometry of the antenna.
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Figure 3.20: Simulated radiation patterns for the activation of dual parasitic element
combinations under out-of-plane magnetization. (a) P12, (b) P13, (c¢) P14, and (d) P23

The radiation patterns for activating various parasitic elements combinations
are depicted in Figure 3.20. The radiation for dual parasitic element combinations
P12, P13, P14, and P23 under the applied out-of-plane magnetics bias compared to
the single parasitic element cases the dual parasites combination exhibit stronger
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directivity and more pronounced beam shaping due to enhanced current redistri-
bution and constructive interference between adjacent or separated sectors.

In Figure 3.20a, where two adjacent parasites (P12) are activated, the radiation
pattern presents a bidirectional structure with a dominant lobe directed towards
240° and a secondary lobe near 120°. The pattern remains relatively symmetric
compared to single parasitic element combinations, showing that adjacent parasitic
activation generates moderate directivity improvement without excessive distortion
and the back radiation around 0° remains suppressed, confirming improved front
to back ratio relative to single parasitic element activation.

In the P13 case where the activated parasites are separated by one inactive par-
asite, the radiation pattern becomes more asymmetrical. The dominant lobe shifts
toward 310°, and the secondary lobe appears around 230°, as shown in Figure
3.20b. The beam appears more tilted and slightly narrower than in P12, highlight-
ing stronger phase non-uniformity and directional reinforcement due to increased
spatial separation between the active regions.

In Figure 3.20c, the P14 combination where the activated parasitic elements
located further apart, the radiation pattern demonstrates a stronger and more con-
centrated main lobe around 280° and the peak magnitude is noticeable higher than
in P12 and P13, exhibiting enhanced constructive interference. Secondary lobes
are reduced in comparison, suggesting improving beam focusing, which highlights
that activating parasites with the larger angular separation can generate stronger
directional radiation.

In the P23 case the pattern becomes highly directive with a dominant narrow,
main lobe directed towards 250°, as illustrated in Figure 3.20d. The back lobe is
substantially suppressed, producing unidirectional radiation characteristic. Among
the four combinations, P23 exhibits the highest directivity and beam concentration,
highlighting an optimal current alignment and phase coherence between the selected
parasites.

Figure 2.21 presents the radiation patterns for activating dual-parasitic elements
P24, P26, P28, and P37 under the out-of-plane magnetization. Compared to single
parasitic combinations, these combinations exhibit stronger beam shaping, higher
directivity, and more pronounced constructive or destructive interference effects
depending on the angular separation of the activated parasites.

For the P24 combination (Figure 3.21a), the radiation pattern is highly direc-
tional with a dominant main lobe centered around 270°. The peak magnitude is
significantly larger than in previously discussed combinations highlighting strong
constructive interference between the activated parasitic elements. The back ra-
diation is substantially suppressed, leading to a high front-to-back ratio, indicates
that P24 provides efficient beam focusing on a single preferred direction.

In Figure 3.21b, where the activated parasitic elements (P26) are more symmet-
rically positioned, the pattern becomes bidirectional. Two nearly equal main lobes
appear around 80° and 260°, resembling a dipole-like radiation pattern aligned
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horizontally. The symmetry highlights balanced current distribution across the
structure, leading to radiation in opposite directions rather than a single steered
beam.

For P28 (Figure 3.21c), the radiation remains predominantly bidirectional, like
P26, but with slightly higher peak intensity and improved lobe definition. The
two main lobes are again centered approximately at 90° and 265°. This behavior
confirms that activating parasites positioned opposite each other reinforces sym-
metric modal excitation, generating a two-lobe pattern. In Figure 3.21d, theP37
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Figure 3.21: Simulated radiation patterns for the activation of dual parasitic element
combinations. (a) P24, (b) P26, (c) P28, and (d) P37

combination demonstrates a four-lobed radiation structure, showing multiple max-
ima approximately around 50°, 135°, 215°, and 310°, with reduce intensity along
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the principal axes. This highlights the excitation of high order mode due to the
specific spatial arrangement of the activated parasitic element rather than forming
a single dominant beam, the energy is distributed among several angular direction
resulting in lower directivity compared to P24.

Overall, the result exhibits increased angular separation and symmetry between
activated parasites and strongly affects beam formation. Combinations such as P24
produce highly directive single-beam radiation due to constructive phase alignment,
while symmetric arrangements like P26 and P28 produce dipole-like bidirectional
patterns. More complex combinations such as P37 excite dual element activation,
providing flexible control over beam direction, symmetry, and directivity without
altering the antenna geometry, enabling effective radiation reconfiguration through
selective magnetic loading.

The simulated radiation pattern for activating multi-parasitic elements com-
bination (P2468) under out-of-plane magnetization is illustrated in Figure 3.22.
In this combination, four parasitic elements distributed symmetrically around the
dipole antenna are simultaneously activated, generating a highly balanced current
distribution. The radiation pattern demonstrates a dual beam characteristic, di-
rected towards 90° and 270° in the azimuthal plane. Both beams are identical in
magnitude and shape, highlighting strong symmetry in the excited modes. There
are no back and side lobes, leading to a deep null along the vertical axis, confirming
that the antenna behaves similarly to a horizontally oriented dipole under this ex-
citation condition. The P2468 combination doesn’t produce a single steered beam
as compared to asymmetrical dual parasitic elements (P24 and P23). Instead, the
symmetric placement of the activated parasitic elements enforces balanced phase
distribution, resulting in equal radiation in opposite directions. The absence of
significant side lobes further highlights that higher-order modes are largely sup-
pressed, and the dominant radiation arises from a fundamental dipole-like mode.
The relatively narrow beamwidth of the two main lobes suggests enhanced direc-
tivity compared to single-sector excitation. However, since the energy is divided
into two opposite directions rather than concentrated into one, the pattern remains
bidirectional rather than unidirectional.

Table 3.1 lists the optimal parasitic configurations for both in-plane and out-of-plane
magnetic bias. The corresponding beam characteristics and the best realized gain
for each configuration are also provided.

Table 3.1: Optimal parasitic configurations under in-plane and out-of-plane magnetic bias

Bias type | Best config. | Beam characteristic Gain (dBi)
In-plane P14 Highly directive single beam 2.8
In-plane P3 Bidirectional (two lobes) 2.7
Out-of-plane | P23 Unidirectional main lobe 2.8
Out-of-plane | P24 Unidirectional main lobe 3.8
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Figure 3.22: Simulated radiation of P2468 combination, where alternating parasitic ele-
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ments (P2, P4, P6 and P8) are simultaneously biased via out-of-plane magnetization.

Table 3.2 compares the performance of the magnetically biased antenna pro-
posed in this chapter with the electrostatic design from Chapter 2. Magnetic bi-
asing achieves higher realized gain (up to 3.8 dBi) and enables a wider range of
scanning angles in the azimuthal plane, including continuous steering patterns that

are not possible with discrete electrostatic biasing.

Table 3.2: Comparison of magnetic biasing (this chapter) vs. electrostatic biasing (Chap-

ter 2)
Parameter This Ph.D. thesis (mag- | This Ph.D. thesis (elec-
netic) trostatic)
Frequency (GHz) 260 200
Peak gain (dBi) 3.8 (out-of-plane, P24) 2.0
In-plane best gain (dBi) | 2.8 (P14, P3) -

Steering angle range

Wide-angle continuous
(up to 180°+)

Discrete steps:
0°, 90°, 180°, 270°

Biasing method

Selective magnetic field
(in-plane / out-of-plane)

Individual gate lines

Power consumption

Negligible (DC bias)

Negligible (DC bias)

Transparency

No (SiO2 substrate)

Yes (polyimide)
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3.8 Trade-offs in Graphene-Based Beam-Steering
Antennas

The design of reconfigurable antennas using graphene involves inherent trade-offs
among key performance metrics, including steering range, realized gain, operating
frequency, tuning mechanism, and structural complexity. Electrostatic biasing, the
most widely adopted approach, enables precise control of the graphene chemical
potential through gate voltages, offering continuous or discrete beam steering with
relatively simple biasing networks [142,143]. However, electrostatically tuned an-
tennas often suffer from limited steering range when implemented in compact planar
geometries, and the achievable gain is typically moderate due to the inherent losses
of monolayer graphene.

In contrast, magnetic biasing introduces anisotropic conductivity through the
Hall effect, enabling non-reciprocal wave propagation and potentially wider steering
angles without the need for complex gate electrode arrays [144]. Nevertheless, mag-
netic biasing requires external magnetic field sources (e.g., permanent magnets or
electromagnets), which increases device footprint and weight, presenting a trade-off
between steering flexibility and system compactness. Furthermore, the combination
of both biasing mechanisms, as explored in this work, offers enhanced reconfigura-
bility at the cost of increased control complexity. Another critical trade-off exists
between steering range and realized gain. Reflectarray-based designs achieve high
gain (exceeding 25 dBi) by employing large aperture sizes and hundreds of tunable
elements, but their beam steering range is typically limited to +30° to +45° due
to phase quantization errors and element coupling [145]. Conversely, dipole-based
designs offer wider pattern reconfigurability, including full 360° azimuthal cover-
age as demonstrated in Chapter 2, but with modest gain values (typically below 4
dBi) suitable for short-range applications such as chip-to-chip communication and
intra-device interconnects.

Operating frequency also plays a decisive role. At lower THz frequencies (100-
300 GHz), graphene’s intraband conductivity dominates, enabling efficient plas-
monic resonance and reconfigurability. However, as frequency increases beyond 1
THz, interband transitions become significant, increasing ohmic losses and reduc-
ing radiation efficiency [146]. Consequently, most practical graphene-based beam-
steering antennas reported in the literature operate below 300 GHz or above 1.5
THz, with a notable performance gap in the sub-THz to 1 THz region.

Table 3.3 presents a comprehensive comparison of representative graphene-based
beam-steering antennas and reconfigurable structures reported in the literature,
highlighting the diverse tuning mechanisms, steering capabilities, and performance
metrics achieved to date.
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Table 3.3: Comparison of tuning mechanisms, steering range, and key performance metrics

of reconfigurable antennas and metasurfaces.

Reference Tuning Mecha- | Steering Range | Key Metrics
nism
[142] Electrostatic 360° 0.86-1.63 dBi from
1.75-2.03 THz
[143] Electrostatic —68° to +26° (94° | 19.7 dBi at 2 THz, SLL:
total) —10.8 dB
[144] Magnetic Tunable Non-reciprocal, THz op-
eration
[145] Electrostatic +45° 25.6 dBi from 122-128
GHz
[147] Electrostatic 0°, +20°, +30°,|36 dBi at 23.6 THz
37°
This Ph.D. thesis | Electrostatic 360° Discrete 2 dBi at 200 GHz
This Ph.D. thesis | Magnetic | Elec- | 0°, 10°, 15°, 20°, | 3.8 dBi at 260 GHz,
trostatic 30°, 45°, 60°, 90°,
180°+

3.9 Conclusion

This chapter investigated the effect of magnetic bias on the performance of a
graphene-pattern reconfigurable antenna under both in-plane and out-of-plane mag-
netic field configurations. Numerical analysis shows that the applied magnetic bias
significantly modifies the electromagnetic response of the graphene layer by altering
its conductivity and surface current distribution. The in-plane magnetic bias pri-
marily influences the propagation of surface waves along the antenna plane, whereas
the out-of-plane magnetic bias enhances field interaction normal to the structure,
leading to noticeable changes in resonance behavior.

By adjusting the magnetic bias, the antenna exhibits tunable resonance charac-
teristics and improved reconfigurability. These results demonstrate that magnetic-
field-controlled graphene patterns provide an effective mechanism for achieving dy-
namically tunable antenna performance, which is promising for future terahertz
and reconfigurable communication applications.
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Chapter 4

Design of Hybrid Graphene-Lithium
Niobate Nonlinear Metasurface for
Dual-Harmonic Generation

4.1 Introduction

The development of ultra-compact, high-efficiency nonlinear optical devices is essen-
tial for advancing integrated photonics and optoelectronics, with key applications
including on-chip frequency conversion [148|, ultrafast optical modulation [149],
and quantum light generation [150]. Nonlinear metasurfaces (arrays of subwave-
length artificial building blocks) have demonstrated remarkable ability to enhance
light-matter interactions at subwavelength scales [151,152], offering precise control
over the phase, amplitude, and polarisation of both fundamental and harmonic
fields. However, achieving simultaneous second-harmonic generation (SHG) and
third-harmonic generation (THG) on a single, tunable metasurface platform re-
mains a major challenge. Conventional approaches often rely on bulky nonlinear
crystals or plasmonic nanostructures, which suffer from high losses, limited power
handling, and poor tunability [153,154]. Recently, simultaneous SHG and THG has
been demonstrated in engineered metasurfaces for RF systems, in metal-dielectric
metasurfaces assisted by THz fields, and in MoS2-based metasurfaces.
Metasurfaces are now established as a versatile platform. By employing uniform
or spatially varying geometries, they enable tailored control over the phase, am-
plitude, and polarisation of nonlinear signals, a capability difficult to achieve with
conventional optics. This paradigm opens free-space applications such as mode con-
version, beam shaping, and nonlinear holography. However, their subwavelength
thickness makes conventional phase-matching inapplicable. To overcome this, struc-
tural resonances are used to localise electromagnetic fields intensely within the
nanostructures. Various resonance types have been explored to enhance SHG, in-
cluding Mie resonances [155,156], bound states in the continuum (BIC) [157-159],
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Fano resonances [160,161], and anapoles [162-164].

Over the past decade, resonant metasurfaces have been widely studied to create
intense localised fields for nonlinear optics [165,166]. Early work used plasmonic res-
onances in metal and graphene metasurfaces, but performance was limited by opti-
cal losses. More recent progress has moved to low-loss dielectric and hybrid systems,
employing I11-V semiconductors such as gallium phosphide (GaP) [167], aluminium
gallium arsenide (AlGaAs) [168|, graphene-insulator-graphene (GIG) [169], and gal-
lium arsenide (GaAs) [170], which benefit from strong second- and third-order non-
linearities. Their high refractive index contrast enables strong field confinement,
but their narrow bandgap causes absorption of second-harmonic signals in the visi-
ble, limiting conversion efficiency [171]. Guided-mode resonances (GMRs), despite
their strong field confinement and high quality factors, have not been fully exploited
for this purpose. Efficient coupling of free-space radiation to guided modes in peri-
odic structures can dramatically enhance light-matter interactions, leading to high
Q-factors and substantial enhancement of both SHG and THG.

Most nonlinear optical devices are optimised for a single nonlinear process, yet
many materials exhibit simultaneous second- and third-order nonlinearities. Al-
though undesired orders can be suppressed by careful design, sufficiently large non-
linearities mean that both SHG and THG influence the system response. THG can
arise from two competing processes: cascaded sum-frequency generation (CSFG, a
second-order process) and direct THG (DTHG, a third-order process) [172]. Their
efficiencies depend on the material’s nonlinear susceptibility and the device’s modal
spectrum. While it is possible to optimise one process over the other [172], in
non-optimised systems their contributions to the THG signal may be entangled,
making experimental differentiation necessary.

Lithium niobate (LiNbO3) is outstanding for SHG due to its strong second-order
nonlinearity, high damage threshold, and compatibility with integrated photonic
circuits [173,174]. Thin-film LiNbOj further improves efficiency through modal
phase-matching and resonance effects [175,176]. Meanwhile, graphene is a promis-
ing platform for THG because of its third-order nonlinear susceptibility and elec-
trostatic tunability via bias voltage [177,178].

SHG and THG have been reported in LiNbO3 [179,180] and in magnesium-doped
LiNbO3 (Mg:LiNbO3) [181]. In those cases, however, the THG process is usually
attributed either to direct THG in GaP or to cascaded sum-frequency generation
in LiINbO3. A detailed investigation of THG in such hybrid systems is still lacking.

Integrating LiNbOj’s second-order nonlinearity with graphene’s third-order re-
sponse presents challenges, but recent advances in nanofabrication, including ac-
curate 2D material transfer [182], thin-film nanostructuring of LiNbOj [183], and
van der Waals stacking [184], offer promising solutions. Numerical simulations are
critical to identify key geometric parameters and operating conditions that enhance
nonlinear interactions, thereby guiding experimental efforts and reducing develop-
ment costs.
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The absence of such hybrid metasurfaces can be attributed to several diffi-
culties: achieving efficient coupling between LiNbOj3’s second-order response and
graphene’s third-order response, precise alignment and stacking of atomically thin
graphene with LiNbOg thin films, and optimising optical field overlap in a subwave-
length structure to enhance both SHG and THG simultaneously. While recent stud-
ies have demonstrated standalone LiNbOs-based SHG [185] or graphene-enhanced
THG devices [186], a unified platform combining both materials has not yet been
realised.

4.1.1 Tuning Mechanisms for Reconfigurable Metasurfaces

The lack of post-fabrication tunability is the main limitation of static metasurfaces.
Once fabricated, their electromagnetic properties are fixed, restricting adaptability
to varying environmental conditions [124]. Thus, obtaining reconfigurability has
become a central research goal, focusing on active materials whose optical properties
can be dynamically varied by external stimuli. Several tuning approaches have been
explored:

1. Thermo-optic biasing: Materials whose refractive index changes with tem-
perature offer tunability, but thermal tuning suffers from slow response times
and high power consumption, making it impractical for high-speed opera-
tion [187].

2. Electro-optic biasing: Electro-optic effects (e.g., in lithium niobate) allow
fast modulation via applied electric fields, achieving sub-nanosecond switch-
ing. However, high voltages, specialized material integration, and limited
index modulation depth remain challenges [188|.

3. Depletion biasing: Modulating free-carrier concentration in semiconduc-
tors (e.g., III-V compounds) offers moderate speed but introduces absorption
losses and free-carrier dispersion that degrade performance [189].

4. Phase-change materials (PCMs): Materials such as GeySbyTes (GST)
can be reversibly switched between amorphous and crystalline phases with
distinct refractive indices. PCMs provide non-volatile biasing (state persists
without power), but they are slow, energy-intensive, and have limited cycling
endurance [190].

5. Mechanical actuation: Physically reconfiguring metasurface elements or
spacing offers large index contrast without intrinsic optical loss, but mechani-
cal actuation is slow, prone to reliability issues, and difficult to scale for large
apertures [191].
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Each of these biasing schemes involves trade-offs among speed, power consump-
tion, tuning range, losses, and system complexity. There remains a critical gap for
a biasing approach that is fast, highly efficient, and scalable across sub-THz and IR
frequencies. This gap motivates the exploration of emerging hybrid material plat-
forms, such as the graphene-lithium niobate metasurface proposed in this chapter,
where guided-mode resonances provide strong field enhancement and the materials
themselves offer distinct second- and third-order nonlinearities.

Motivated by these challenges, this chapter proposes a novel hybrid graphene-
LiNbO3-SiOs metasurface that supports simultaneous SHG and THG on a single
resonant platform. SHG is mediated by the strong x(?) nonlinearity of LiNbOs, har-
nessed through guided-mode resonance enhancement, while THG originates from
the x©® response of graphene and SiO,. Numerical results show SHG and THG
efficiencies reaching nsug = 2.37 x 107* and nrpyg = 4.8 x 1079, respectively, high-
lighting the coexistence of distinct nonlinear orders arising from different material
responses and GMRs within the same metasurface. This material-enabled separa-
tion of nonlinear processes distinguishes the proposed architecture from previous
hybrid approaches and provides a versatile platform for multifunctional nonlin-
ear photonic devices. Overall, these results underscore the potential of combining
LiNbO3 and graphene in metasurfaces for nonlinear integrated photonics.

4.2 Theory of Nonlinear Optics

In electromagnetic theory, the polarization density of a material is commonly
assumed to be linearly proportional to the applied electric field, expressed as
[192-194):

P=coxPE (4.1)

where y denotes the electric susceptibility of the medium. In the most general case,
the susceptibility can be tensorial, allowing the induced polarization to depend on
the direction of the applied electric field. Moreover, the polarization may include
contributions arising from magnetic fields through magneto-electric coupling. How-
ever, for simplicity, we restrict our discussion to isotropic media characterized by a
scalar electric susceptibility and neglect any magnetic coupling effects.

At low electric field strengths, the linear relation P = gy x E provides an accurate
description of the material response. When the applied fields become sufficiently
strong, however, deviations from linearity emerge, giving rise to nonlinear optical
phenomena. To account for these effects, the polarization must be expressed as a
series expansion that includes higher-order terms in the electric field.

P =g [X(l) +XPE+xPE? 1 .. JE (4.2)

In Eq. (2), the electric susceptibility is expanded into a series of terms of increasing
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order. The first term, (!, corresponds to the familiar linear susceptibility. Gen-
erally, the lower-order terms are much larger than the higher-order ones, so that
Y1 > v® > ) and so on. As a result, at low electric field strengths, the linear
term dominates the response. However, when the field becomes sufficiently strong,
such as with high power lasers or pulsed lasers that generate brief, intense spikes,
higher order nonlinear terms begin to contribute significantly.

In linear optics, different light frequencies do not interact, so they can be con-
sidered independently, and the resulting fields simply add. Interference and the
combination or separation of frequencies and wavevectors can be handled straight-
forwardly using Fourier analysis. In contrast, in the nonlinear regime, the powers
of the electric field cause mixing between different frequencies, wavevectors, and
phases. This introduces new degrees of freedom, enabling phenomena such as fre-
quency conversion and all-optical information processing.

As a simple example, consider a second-order nonlinearity acting on a field
composed of two frequency components [195,196].

E(t) = % (Ere ™" + Eye ™' + c.c.) (4.3)
where F, and F, are the two components of electric field, which are complex con-
stants, along with their complex conjugates. When this field is squared, the result-
ing expression clearly contains terms at twice the original frequencies, as well as
terms corresponding to the sum and difference of the two frequencies, and even a
constant (DC) component.

As a result, the squared electric field contains all harmonic and mixed-frequency
terms as follows:

1 | | |
EQ(t) = ZL <E12 €—z2w1t + E22 6—12w2t + 2E1E2 e—z(w1+w2)t
+ 2E’1E’%< e Hwi—w2)t + |E1|2 + |E2|2 + C.C.) (44)

If the field is cubed, a similar pattern occurs, but with an even larger set of
frequency components. For a field with three frequency components, all three can
interact in a third-order nonlinear process. The doubling of the fundamental fre-
quency is known as second-harmonic generation (SHG), while tripling is referred to
as third-harmonic generation (THG). Processes that combine frequencies through
addition or subtraction are called sum-frequency generation (SFG) and difference
frequency generation (DFG), respectively. When three frequencies combine to pro-
duce a fourth, this is generally referred to as four-wave mixing (FWM) [197].

Macroscopic material properties are commonly described in terms of electric
susceptibility. For example, the relative permittivity can be written as [198]:

95



Design of Hybrid Graphene-Lithium Niobate Nonlinear Metasurface for Dual-Harmonic Generation

S 14y (4.4)
€0
In the linear regime, the susceptibility reduces to its first-order term, y = yV,
which is independent of the applied field strength. As a result, the permittivity &
remains constant and does not vary with the intensity of the electromagnetic field.
In the nonlinear regime, however, the polarization expression implies that the
susceptibility becomes dependent on the electric field strength. Third-order non-
linearities introduce an explicit dependence on the field intensity. Consequently,
macroscopic material parameters such as the permittivity and refractive index are
no longer fixed but vary with the strength of the applied field. A linear dependence
on the electric field gives rise to the Pockels effect, while a dependence on the square
of the electric field leads to the Kerr effect [199].
To understand the microscopic origin of nonlinear optical effects, we consider
a classical anharmonic oscillator model. In this picture, electrons are bound in a
potential well that deviates from a perfect parabola at large displacements. The
resulting nonlinear restoring force leads to the generation of harmonics when the
electron is driven by an intense optical field.
The macroscopic polarization can be written in terms of the microscopic electron
displacement as [196, 198|:

P =—eNx (4.5)

where N is the electron density. When the electron displacement x is small, the
binding potential can be approximated by a smooth Taylor expansion around the
equilibrium position:

1 1 1

The corresponding restoring force is obtained by taking the negative gradient
of the potential,

dU
F<$> = —% = mgwga: + m0021’2 + mnga:3 (47)

We assume that w? > Cy,C3, so that for small displacements the linear restoring
force dominates. However, when the electron is driven far from its equilibrium
position, the higher-order terms become relevant and give rise to nonlinear behavior.
Including a phenomenological damping term with coefficient v and an external
driving electric field E(t), the equation of motion for the electron becomes

moex + moyx + mow(%x 4+ moCox? + myCaz® = —eE(t) (4.8)

where the driving field is assumed to be harmonic. For a monochromatic exci-
tation, the electric field can be written as
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E(t) = %(Eoem +c.c.) (4.9)

The electron displacement can then be expressed as a sum of harmonics of the
driving frequency:

1 »

w(t)=> S(Ane "+ cc) (4.10)
n=1

Substituting this expression into the equation of motion and collecting terms

oscillating at the same harmonic e~ yields a set of independent equations for

each amplitude A, [196,198,199].

€E0

A —
" mo(w? — w? — iw)

(4.11)

This expression exhibits the same frequency dependence as the classical bound-
electron model used in linear optical theory. Although additional contributions at
the fundamental frequency arise from the nonlinear z? and 2® terms, these contribu-
tions are much smaller because they are proportional to the higher-order coefficients
C5 and ('3, as well as higher-order amplitudes A,,, which are themselves weak.

Finally, the amplitude A; can be directly related to the linear susceptibility
1 through the first-order polarization relation P1) = oy E together with the
microscopic polarization expression, provided that only the leading (linear) term in
the displacement x is considered.

By equating the first-order polarization written in terms of the susceptibility
with the microscopic expression for the polarization, we obtain

1 A 1 ,
50X(l)§E0(e_Wt +c.c.) = —eN§A1(6_Wt +c.c.) (4.12)

Substituting the expression for A; and solving for the susceptibility yields

e2N 1
X(l)(w) — 5 - :
EoMo Wy — W* — 1YW

(4.13)

which is the well-known expression for the linear susceptibility in the classical
bound-electron oscillator model.

Using the same approach, higher-order harmonic responses can also be obtained.
For example, to determine the amplitude of the third harmonic (A3), we collect only
the terms oscillating at 3w.

1 C3 A3
T 4w - (3w)? — 3w

By relating the third-order polarization to the third-order susceptibility through
PB) = gx® E3, and using the connection between A; and x", one finds

97

As

(4.14)



Design of Hybrid Graphene-Lithium Niobate Nonlinear Metasurface for Dual-Harmonic Generation

%X(m
4m0

s (W, w,w;3w) = (w)x(l) (3w) (4.15)

The phase accumulated by the fundamental wave is

G = k(w>L (4.16)

whereas the phase accumulated by the third-harmonic wave is

bar = 3k (3w)L = 2 (3w) L (4.17)

C

The nonlinear wavevector must equal the sum of the input wavevectors,
knp =Y ki (4.18)
i

In metasurfaces, this condition determines the direction in which the generated
nonlinear signal propagates, unless additional phase control is introduced through
structural design or engineered phase gradients.

Conventional nonlinear optical materials typically require a substantial bulk
in order to achieve a measurable response, and their efficiency is often limited
by strict phase-matching requirements. In contrast, metasurfaces can provide a
significant nonlinear response within an ultrathin footprint, making them highly
attractive for on-chip integration. One of the key advantages of metasurfaces is
that the phase-matching condition is greatly relaxed, since the interaction length
across the surface is much shorter than the wavelength, resulting in negligible phase
accumulation [195,199].

Similar to linear metasurfaces, nonlinear metasurfaces can be broadly cate-
gorized into plasmonic and dielectric types. In plasmonic metasurfaces, metallic
nanostructures couple strongly with light and support localized surface plasmons
(LSPs), which tightly confine the electromagnetic fields both within and near the
metal. Since the nonlinear polarization scales with powers of the field (depending
on the specific nonlinear process), this strong field confinement can dramatically
enhance the generated nonlinear signals. Moreover, metals themselves often exhibit
significant intrinsic nonlinearities, though the largest fields are typically localized at
the metal boundaries [200]. Plasmonic metasurfaces have been successfully used to
demonstrate second-harmonic generation (SHG) [201], third-harmonic generation
(THG) [202], and four-wave mixing (FWM) |[203].

A major limitation of plasmonic structures, however, is their inherent absorp-
tion, which can reduce efficiency and lead to damage at high laser intensities. Di-
electric or semiconductor metasurfaces address this issue: while they provide some-
what weaker field confinement [204], they are far less absorptive and can withstand
higher laser powers. Additionally, dielectric resonators can support Mie resonances
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with both electric and magnetic dipole contributions, which can be tailored through
geometry to optimize the nonlinear response |[205].

As discussed earlier, second-order nonlinear processes such as SHG require some
form of asymmetry in the system. In the case of metasurfaces, this asymmetry can
be introduced even if the underlying crystal is symmetric or no external field is
applied. By designing asymmetric meta-atoms or arranging them in a pattern
that locally breaks symmetry, a measurable second-order nonlinear response can
be achieved [206].

Nonlinear metasurfaces are particularly well-suited for interactions with circu-
larly polarized light. Circular dichroism measures the difference in response be-
tween left- and right-handed circular polarizations (LCP and RCP). In the non-
linear regime, a nonlinear circular dichroism can be defined as the difference in
the generated nonlinear signal when the system is excited with LCP versus RCP
light. A key advantage of this approach is that the fundamental, non-converted
light does not interfere with the measurement [207]. Another benefit of using
circularly polarized light is access to the Pancharatnam-Berry (PB) phase, which
provides robust and simple phase control. In linear optics, the phase of scattered
light can be tuned by rotating the individual meta-atoms; in the nonlinear regime,
a similar PB-phase concept applies. This allows for the steering of nonlinear signals
in different directions depending on the circular polarization handedness and can
be used for polarization-dependent nonlinear holography [208].

Phase control is also possible with linearly polarized light. For example, E.
Almeida in [203] demonstrated that rectangular etchings in a thin gold film can
generate a four-wave mixing (FWM) signal, and the aspect ratio of the rectangles
can be tuned to control the nonlinear phase across the full 27 range. This phase
tuning enabled the deflection, diffraction, and lensing of the FWM signal. In a
subsequent study [202|, V-shaped gold antennas embedded in a silica dielectric
were used to control the phase of third-harmonic generation (THG). By varying
the arm length and the angle between the arms, the authors achieved full 27 phase
coverage with a consistent amplitude. This approach was then used to encode
a nonlinear hologram, where illumination with an infrared laser reproduced the
encoded images at the third harmonic, which could be easily separated from the
background infrared light.

Nonlinear metasurfaces have demonstrated a remarkable range of functionali-
ties, including harmonic generation, four-wave mixing, and nonlinear holography.
However, one persistent challenge is that the conversion efficiency of the fundamen-
tal wave into the nonlinear wave is quite low, and improving this efficiency remains
an active area of research. One strategy to enhance efficiency is to incorporate
materials with strong optical transitions at the resonant frequencies of the meta-
surface, such as quantum wells or transition metal dichalcogenides (TMDs) [202].
Moreover, the ability to tune the nonlinearity, whether via structural design, choice
of material, or applied fields, is highly feasible for practical applications.
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4.3 Graphene Optical Conductivity in Nonlinear
Hybrid Metasurface

Graphene is a two-dimensional (2D) material, and its optical response is typically
described in terms of its surface conductivity o(w), which relates the current density
J(w) to the applied electric field E(w) as:

J(w) = o(w) E(w) (4.19)

In pristine graphene, the conductivity is isotropic [209]|. Extensive theoretical
treatments and experimental measurements [210,211] have characterized graphene’s
conductivity across a wide spectral range, from the infrared to the visible and
ultraviolet.

The linear response of graphene is governed by its surface conductivity, which
includes both intraband and interband contributions to the Kubo formula. For the
baseline case Er = 0 eV at room temperature, the linear surface conductivity is
given by:

2k Tr [ E e — 1w
LT By i )] I €00

where e is the elementary charge, h denotes the reduced Plank constant, kg
is the Boltzmann constant, 7" = 300 K represents the temperature, 7 = 0.5 ps
is the carrier relaxation time. Here, w = iw7 and { = 2|Ep|7/h, where w is the
fundamental angular frequency.

The nonlinear response of graphene is primarily dominated by interband transi-
tions at the telecom wavelengths. The total surface current density including linear
and third-order nonlinear contributions is expressed as

Jo = o(w)E, + o®|E*E,, (3)

o(w)

where F is the tangential electric field at the graphene boundary, o(s) denotes
the linear surface conductivity, and s
associated with THG.

For optical frequencies (hw > FEp), the third-order conductivity is given by

[212,213]:

is the third-order surface conductivity

et hw h
®) (3w w, Ep. 7.T) = —<  |tanh ME 421
7" (3w, Bp, 7. T) 48mhwt o 4kpT +Z7'w (4.21)

Thus, in our proposed nonlinear hybrid metasurface, the linear conductivity
of graphene is primarily dominated by interband transitions in the near-infrared,
while the third-order nonlinear conductivity governs the generation of the third
harmonic. The guided-mode resonance in lithium niobate strongly improves the
local field, increasing both the SHG from lithium niobate and THG from graphene,
enabling an efficient, multifunctional nonlinear metasurface [204,214].
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4.4 Design of a Hybrid Nonlinear Metasurface

The proposed nonlinear hybrid metasurface based on guided-mode resonant di-
electric grating composed of a graphene-LiNbO3-SiO,, as depicted in Figure 4.1.
The structure consists of three-layer stack arranged along the z-axis, comprising a
monolayer graphene sheet, z-cut lithium niobate layer and glass (SiO3) substrate.
The metasurface is periodic in both z- and y-directions with a grating period P.
Each graphene unit cell has a square footprint of side width W and contains a cen-
trally positioned LiNbOj pillars with a thickness of H and with the same width as
graphene. A monolayer graphene is deposited on the top of lithium niobate layer,
acting as nonlinear and tunable layer that enables active modulation of Fermi level
(EF) via electrical biasing. The metasurface is illuminated by a normally incident
wave with a wavelength of 1550 nm and electric field polarization oriented along
the z-axis.

(a) (b) (@

air v
wPump 2 /

wPump

2w

Figure 4.1: Schematic illustration of the graphene-lithium niobate metasurface. (a) Three-
dimensional (3D) schematic of the proposed nonlinear hybrid metasurface unit cell de-
signed for SHG and THG, (b) 3D view of a single unit cell, (¢) Two-dimensional top view
of the metasurface. Here P denotes the grating period, H and W denote the thickness
and width of the lithium niobate pillar, respectively.

The graphene layer on top of the LiNbOj pillars is biased using a coplanar
side-gate configuration. Metal contacts (e.g., Au/Ti) are deposited at the edges
of the metasurface, connecting to the graphene sheet. The LiNbOj3 pillars act
as a dielectric spacer, while the SiO5 substrate serves as an insulating layer. A
gate voltage applied between the graphene and a buried electrode (or the silicon
substrate) shifts the Fermi level Er via capacitive charging. The relationship Fr
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\/Vg (derived in Chapter 2) holds, with Er up to 0.5 eV achievable at V, ~ 5-10
V. Because the pillars are periodic and isolated, the bias must be applied globally
to the entire graphene sheet; sector-wise biasing is not implemented in this design.
In numerical model, lithium niobate is treated as a dispersive anisotropic medium,
with its optical axis aligned along the z-direction of the simulation coordinate sys-
tem. The orientation is consistent with the nonlinear polarization tensor employed
in our analysis, where the dominant second-order nonlinear coefficient d33 couples
to the (E,)? field component. The ordinary and extraordinary refractive indices at
the fundamental wavelength of 1550 nm are calculated using the Sellmeier model
addressed in [215]. Specifically, at 1550 nm the refractive indices of lithium nio-
bate are n, = n. = 2.138 and n, = n, = n, = 2.211, where n, and n. denote the
ordinary and extraordinary indices, respectively. The in-plane anisotropy breaks
symmetry in the xy-plane and gives rise to polarization-dependent linear and non-
linear responses, even for metasurfaces exhibiting Cy, structural symmetry [216].
The initial geometric configuration of the metasurface was adapted from Ref [217].
We consider a z-cut lithium niobate crystal as the primary source of second-order
optical nonlinearity in the proposed hybrid metasurface. When the structure is
excited at the pump wavelength, lithium niobate generates a nonlinear polarization
P®ML) which can be expressed in terms of the second-order susceptibility tensor:

R
2
P;\IL d33 d31 d31 0 0 0 gz
PNl =260 | 0 dyp —des 0 0 0 z (4.22)
pL 0 0 0 —dy dyy O 2B,
2 2F,E,
_2E$Ey_

where E,, E,, and £, denote the components of the fundamental electric field
inside the LiNbOj3 layer. For z-cut LiNbOsj, the dominant nonlinear interaction
arises from ds3 coefficient, which couples most efficiently to the (E,)? field compo-
nent due to the chosen orientation of the optical axis.

The second-order nonlinear coefficients employed in this study are d3; = —3.2 pm/V,
dye = 1.9pm/V, and d33 = —19.5 pm/V, corresponding to a wavelength of 1313 nm.

Although the metasurface is designed to operate at a fundamental wavelength of
1550 nm, the dispersion of the second-order nonlinear coefficients of lithium niobate
in the near-infrared regime is relatively weak. As experimentally demonstrated in
Ref. [218], the values of d3;, dag, and dsz vary by less than 10% over the wavelength
range from 1.3 um to 1.6 um. Consequently, the use of the 1313 nm nonlinear
coefficients at 1550 nm introduces only a negligible error and does not affect the
qualitative or quantitative conclusions of this study.

In addition to the intrinsic second-order nonlinearity of the lithium niobate
layer, the third-order nonlinear response of the silicon dioxide substrate is also
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considered. This contribution is modeled by explicitly including a third-order non-
linear susceptibility of x®) = 2 x 10722 m?/V?2, consistent with previously reported
experimental values [212]. Although the nonlinear response of SiO is relatively
weak compared to that of lithium niobate, its inclusion ensures a comprehensive
description of the nonlinear processes occurring within the hybrid metasurface.

For bottom illumination (through the SiOy substrate), the incident refractive
index increases from 1 to 1.45, which redshifts the guided-mode resonance by ap-
proximately 8 nm, reduces the Q-factor from 947 to about 850, and decreases the
nonlinear conversion efficiency by roughly 20% due to weaker field confinement.
Top illumination is therefore preferred for optimal performance, though bottom
illumination may be acceptable in integrated configurations where the substrate is
transparent and the superstrate is not used.

4.5 Simulations and Results

All numerical simulations were carried out using finite-element method (FEM) im-
plemented in COMSOL Multiphysics. In the simulations, graphene is modeled as
an infinitesimally thin 2D boundary layer located on the top of lithium niobate layer
and its linear optical response is incorporated via a frequency-dependent surface
conductivity which is applied through the surface current density boundary con-
dition, in which the tangential electric field E; drives linear surface current. The
nonlinearity of graphene is comprised by creating an additional nonlinear surface
current density in terms of:

JNL — 0'(3)|Et|2Et

which accounts for the third-order nonlinearity responsible for generation of
third harmonic. This formulism permits the solver to self-constantly evaluate the
nonlinear current induced at the graphene interface under pump excitation and the
resulting harmonic fields, without depending on perturbative post-processing.

The nonlinear efficiency of the second harmonic generation (SHG) and third-
harmonic generation (THG) was optimized with respect to zeroth diffraction order,
as this order corresponds to the collinear harmonic signal propagating normal to the
metasurface plane. In typical experimental configurations, the zeroth order can be
collected most efficiently due to its direct coupling into free space or integrated op-
tical components. For metasurfaces in the subwavelength, higher diffractions orders
are suppressed, and the zeroth order dominates the nonlinear emission because of
constructive interference and favorable phase match conditions across the periodic
array. This optimization strategy is widely adopted in nonlinear metasurface works
and gives a performance metric that is directly relevant for practical on-chip and
free-space implementations employing normal-incidence excitation and collection

219)].
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The nonlinear conversion efficiencies for second-harmonic generation and third-
harmonic generation, denoted by nsgg and nryq, respectively, were evaluated using
quantum-classical correspondence formulism [220]. Within this framwork, and fol-
lowing the definition of differential efficiency that is commontly used for parametric
nonlinear processes, the normalized conversion efficiency of an nth-order harmonic
process (with n = 2 for SHG, and n = 3 for THG) scales as:

o ‘ Eout ‘2
Tin

[ Epump ™

with additional geometric correction factors accounting for oblique incidence
and transmission angles.

To extract the radiated harmonic fields, the components of the far-field prop-
agate at an angle #; and are characterized by in-plane wavevector components
(ky, ky,) were obtained using a spatial averaging procedure. Specifically, the har-
monic electric fields were projected onto plane wave modes by applying the phase
factor expli(k,z + kyy)] and performing spatial averaging over the output plane.
This approach effectively implements a Green’s function-based far-field extraction
technique within COMSOL and enables accurate separation of different diffraction
orders.

For the nth-order harmonic process (either SHG or THG), the conversion effi-
ciency implemented in COMSOL is given by

(4.23)

2
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nXHG pXHG 2
y
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Where nxpg represents either nspg or nrug, 6; is the angle of incidence of
fundamental pump beam, and (6;)xug is the transmission angle at the correspond-
ing harmonic frequency. The quantities (k;)xng and (k,)xuc denote the in-plane
wavevector components of the emitted harmonic field, while (1., )xuc and (ny,)xnc
are the diagonal components of the refractive-index tensor computed at the har-
monic frequency. The terms (E,)xuc and (E,)xuc correspond to the electric field
components of the generated harmonic wave, Fy is the amplitude if the incident
pump field, (-) denotes spatial averaging over the output plane.

The primary objective of this work is to optimize the geometry of the pro-
posed nonlinear hybrid metasurface to enhance both the second-harmonic genera-
tion (SHG) and third-harmonic generation (THG) simultaneously. The efficiencies
of these nonlinear processes are quantified by nspye and nrpg, respectively. In
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comparison to most designs of metasurface addressed in the literature, which are
typically optimized to enhance only a single nonlinear process, our design approach
aims at dual-process optimization, where both nonlinear responses are maximized at
the same pump wavelength. This strategy is particularly attractive for multifunc-
tional nonlinear photonic devices, where multiple frequency conversion processes
are needed within a single platform.

To obtain this objective, we focus on two geometrical parameter rs that have
the strongest influence on the formation of guided-mode resonances (GMRs): the
grating period P, and the thickness H of the lithium niobate layer. The effec-
tive refractive indices of the guided modes are directly controlled with the help of
these parameters, supported by patterned lithium niobate pillars and determine
how effectively these modes can couple to free space radiation. By tuning H and
P, it is therefore possible to control the phase matching condition between the
guided mode and incident beam, that plays a central role in improving the local
electromagnetic fields and, consequently, the nonlinear optical response. All other
geometric parameters of the graphene and LiNbO3 were kept constant throughout
the optimization process to clearly isolate the role of GMRs tuning and geometric
dispersion. Particularly, the duty cycle was fixed at dc = % = (.75, and the Fermi
level of graphene was set to 0 eV. The metasurface was illuminated by a normal
incident beam with a wavelength of 1550 nm and is linearly polarized along the
x-direction, with a pump intensity of 1 GW /cm?. This excitation configuration was
chosen to ensure consistent comparison across different geometries and to reflect
typical experimental conditions.

The grating period P was chosen from 800 nm to 1100 nm to span the region
where the guided-mode resonance of the LiNbOj layer falls near the pump wave-
length of 1550 nm. From the grating equation 5 = 27wm/P, and using the effective
indices of the homogenized layer (neg ~ 1.8-2.2), the fundamental TE and TM res-
onances appear at P between 850 nm and 1050 nm. The thickness H was scanned
from 500 nm to 1000 nm to cover the transition from subwavelength to multi-mode
waveguide behaviour. The upper bound was limited by computational cost and the
onset of higher-order modes that complicate the nonlinear response.

In the simulations, illumination is from the top (air side). For bottom illumi-
nation (through the SiO, substrate), the effective refractive index of the incident
medium changes from 1 to 1.45, which shifts the GMR condition. Preliminary
simulations show a redshift of the resonance by approximately 8 nm and a slight
reduction in Q-factor (from 947 to 850). The nonlinear conversion efficiencies de-
crease by about 20% due to weaker field confinement. Top illumination is therefore
preferred for optimal performance, but bottom illumination may be used in inte-
grated configurations where the substrate is transparent and the superstrate is not
used.

A two-dimensional parametric sweep was carried out to systematically explore
the optical response of the metasurface at the pump wavelength of 1550 nm. The
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grating period P varied from 800 nm to 1100 nm in step of 10 nm, while the
thickness H of LiNbOj3 varied from 500 nm to 1000 nm with the same step size.
Periodic conditions were applied along x and y directions to model an infinite
metasurface array, while perfectly matched layers (PMLs) were applied at the top
and bottom boundaries to suppress artificial reflections.

For each combination of (H, P), linear simulations were first performed at the
fundamental pump wavelength to evaluate the reflectance and transmittance. These
results were then followed by nonlinear frequency domain simulations to compute
the corresponding SHG and THG conversion efficiencies. To identify the optimal
geometrical configuration enabling simultaneous emhancement of both nonlinear
processes, a figure if merit (FOM) was defined as FOM = log,,(7suc - nruc),which
balances the contributions of SHG and THG over several orders of magnitude.

The optimization procedure consisted of three steps. First, a coarse sweep across
the entire parameter space revealed the main resonance features and identfied the
region containing the minimum of the FOM. A refined sweep was then performed
around this region to narrow down the optimal values of H and P. Finally, a local
BOBYQA optimization over P, H, and the duty cycle d. was applied to precisely
locate the maximum nonlinear conversion efficiency.

The linear optical response of the metasurface at the pump wavelength is sum-
marized in the reflectance and transmittance maps as shown in Figure 4.2, plotted
as a function of (H, P). Both maps highlight prominent diagonal features charac-
terized by strongly enhanced reflections and suppressed transmission. These diag-
onal branches correspond to guided-mode resonances (GMRs), arising from phase
matching between the normally incident wave and the guided modes supported
by the periodically patterned LiNbOj layer. The periodic grating provides addi-
tional in-plane momentum required to couple free-space radiation into these guided
modes, which subsequently confine the electromagnetic field within the structure
and reradiate into the far field, producing sharp spectral features in the linear
response.

To isolate the contribution of graphene, the same metasurface geometry was sim-
ulated without the graphene layer. Without graphene, the linear transmittance and
reflectance exhibit similar GMR features, but the quality factor increases slightly
(from 947 to 1020) due to reduced ohmic losses. The SHG efficiency remains un-
changed (graphene does not contribute to SHG), but the THG efficiency drops to
near zero, confirming that graphene is the sole source of THG in the hybrid design.
This confirms that graphene’s third-order nonlinearity is essential for achieving the
dual-harmonic functionality.

To analytically interpret the GMRs, the patterned lithium niobate layer was
homogenized using effective medium theory, treating the grating as a composite
material consisting of lithium niobate pillars embedded in air with a duty cycle of
d. = 0.75. The effective permittivity was calculated separately for electric fields
polarized parallel (¢)) and perpendicular (e, ) to the pillars, corresponding to TM
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Figure 4.2: 2D map of transmittance and reflectance as a function of (H and P). (a)
Transmittance, (b) Reflectance

and TE polarizations, respectively.

€| = dc €LiNbO3 + (1 - dc) €air (425)

-1
€L = ( e 1= dc) (4.26)

€LiNbO3 €air

The corresponding effective refractive indices were then computed as nfy; = | /€]

and nTy = y/eL. Using these indices, the phase-matching condition for GMR
excitation at normal incidence is expressed by the grating equation.

2
B = kones = _7;m’ (4.27)

where kg is the free space wavenumber, n.g is the effective index of the guided
mode, p is the grating period, and m is the diffraction order. Analytical loci of
the fundamental modes (TEy, TMy) and the first higher-order mode (TMj) in the
H-P parameter space closely match the resonance branches observed in the numer-
ical simulations, confirming the origin of the guided-mode resonances. The phase-
matching condition defines the values of the effective refractive index n.g needed
for resonant coupling as a function of the grating period. By applying this condi-
tion, analytical loci were constructed in the H-P parameter space corresponding to
the excitation of GMRs associated with the fundamental and higher-order modes
(TMy, TEq, and TM;). Higher-order modes were found to lie outside the investi-
gated parameter range and were therefore neglected. These loci represent the set
of geometrical configurations for which the guided mode becomes phase-matched
to free-space radiation and can be excited as leaky resonances. The analytically
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Figure 4.3: 2D color maps of nonlinear efficiencies versus lithium niobate thickness H
and grating period P: (a) guided-mode resonance loci (TMy, TEg, and TM; ) in the H-P

plane; (b) nsuc; (¢) nrug; and (d) FOM = logyg (1suc - 11ruc)

derived loci show excellent agreement with the resonance branches observed in the
numerical linear response, as shown in Figure 4.3a.

A notable feature is the intersection between the TEg), and TM; branches
occurring approximately at H = 947nm and P = 1035nm. This crossing corre-
sponds to the simultaneous phase matching of two distinct guided modes at the
pump wavelength and plays a key role in enhancing nonlinear frequency conversion
processes.

The nonlinear conversion efficiencies for SHG and THG were computed using
full-wave finite element simulations over the same coarse H-P parameter space used
in the linear analysis. The spatial distribution of log,, (nsuc),10g1o (nTHG), and the
figure of merit were analyzed to compute the simultaneous enhancement of both
nonlinear processes, as shown in Figure 4.3(b)-(d).

FOM = logy (nsuc - rra) (4.28)

The SHG efficiency is predominantly enhanced along the GMR branches iden-
tified in the linear response, confirming the role of resonant field confinement. In
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contrast, the THG enhancement is strongly associated with the TE, resonance
branch, while only a weaker signature is observed along the T'M, branch. As a re-
sult, The FOM maps reflect a combined behavior, exhibiting strong enhancement
along the TE( branch and a pronounced maximum in the vicinity of its intersection
with the TM; branch. This crossing region emerges as the most favorable operating
point within the explored parameter space.

From the coarse parameter sweep, the global maximum of FOM is identified
around P ~ 1030nm and H ~ 960 nm, where nsug ~ 1.74 x 107 and nrug ~
1.84 x 1079, yielding FOM of approximately -10.49. This coarse analysis provides
both physical insight into the resonance mechanisms and an initial estimate of the
optimal design region.

To further refine the optimization, a second parametric sweep was performed in
a reduced region around the identified maximum. In this refined sweep, the grating
period was varied from 1025 nm to 1035 nm and the thickness from 920-100 nm,
both with a resolution of 1 nm. The refined maps confirm the presence of the
TE-TM; crossing and reveal a local maximum of SHG at this point, with ngpg ~
6.86 x 1075, while nrug ~ 1.31 x 1075, corresponding to a FOM of approximately
-10.04, as shown in Figure 4.4(a-c)

A detailed analysis of the refined parameter space shows that the absolute
maxima of the SHG and THG occur at slightly different geometrical configura-
tions, as highlighted in Figure 4.4. THe maximum SHG efficiency is obtained
at P ~ 1027nm and H ~ 996 nm, where nsug ~ 1.0 x 107 Conversely, the
maximum THG efficiency occurs near P ~ 1030nm and H =~ 958 nm, where
e ~ 2.24 x 107%. The later configuration coincides with a peak in absorp-
tance, shown in Figure 4.4d, highlighting stronger field confinement and increased
nonlinear interaction.

Within the refined region, the maximum value of FOM coincides with the max-
imum of SHG, indicating that the combined metric is primarily influenced by the
SHG contribution in this parameter range, while THG remains comparatively less

dominant. The corresponding values at the characteristic points are summarized
in Table 1

Table 4.1: Nonlinear efficiencies and FOM at the characteristic points.

Point P (nm) H (nm) NSHG NTHG FOM

Crossing (local SHG max) 1029 960  6.86 x 107> 1.31 x 107 —10.04
Abs. max ngpg (FOM max) 1027 996 1.00 x 107* 1.47 x107% —9.83
Abs. max nryc 1030 958 1.69 x 107° 224 x 1076 —10.42

Finally, a local optimization using the BOBYQA (Bound Optimization BY
Quadratic Approximation) algorithm was performed. BOBYQA is a derivative-free
optimization method that iteratively constructs a quadratic model of the objective
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Figure 4.4: Maps of nonlinear conversion efficiencies and FOM versus H and P: (a) nsng,
(b) nTug, and (c¢) FOM = log,o(nsuenruc). In (c), the white cross, square, and circle
denote the maxima of nspa, nriug, and FOM, respectively.

function (here, the FOM) within a trust region. It is well-suited for expensive simu-
lations because it requires only function evaluations, not gradients. The algorithm
was run with initial bounds £20nm around the best FOM point from the refined
sweep, and the duty cycle d. was allowed to vary between 0.5 and 0.85. The algo-
rithm converged to the same optimal configuration identified in the refined sweep,
namely P ~ 1027 nm and H = 996 nm, confirming the robustness and consistency
of the optimization procedure.

To assess the robustness of the optimized design, a sensitivity analysis was
performed by varying P, H, and W within +5 nm of the optimal values (P =
1027 nm, H = 996 nm, W = 770 nm). The FOM was recalculated for each
perturbation. A +2 nm variation changes nspg by less than 15% and ntug by
less than 20%, indicating moderate tolerance. Larger deviations (+5 nm) reduce
efficiencies by up to 50%, highlighting the need for nanoscale fabrication precision.
These tolerances are achievable with electron-beam lithography but may challenge
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deep-UV lithography.

4.5.1 Electric field distribution

Figure 4.5 shows the spatial distribution of the magnitude of the electric field
for the optimized metasurface geometry with a grating period of 1027 nm and
lithium niobate thickness of 996 nm, and duty cycle of 0.75, under excitation at
the fundamental wavelength of 1550 nm. The field profile illustrated three different
observation planes, the top surface of LiNbOj3 layer (z = H), the middle plane of
the lithium niobate pillar (z = H/2), and a vertical cross-section via the center
of unit cell (y = 0). For each plane, the electric field distribution is plotted at
the pump, second harmonic, and third harmonic wavelengths, permitting a direct
comparison of field confinement, symmetry, and modal structure across different
nonlinear processes.

The white square in each panel displays the boundaries of a single unit cell,
demonstrating how the electromagnetic fields are distributed to the metasurface
geometry. The color scale represents the magnitude of the electric field, normalized
to the incident pump amplitude.

Figure 4.5(a-~c) displays the electric field magnitude in the in-plane calculated at
the top surface of LiNbOj3 layer, immediately below graphene sheet. This plane is
specifically needed, as it links to the region where both the nonlinearity of graphene
and lithium niobate layer, respectively, are strongly driven.

At the pump wavelength shown in Figure 4.5a, the field distribution displays
a pronounced localization near the center of the unit cell, with relatively smooth
spatial variation and mirror symmetry along the x- and y-axis. This pattern is
the feature of a guided-mode resonance excited under normal incidence, where the
incident beam couples effectively into a leaky guided mode defended by the lithium
niobate pillar. The strong field enhancement near the surface shows efficient energy
transfer from free space into the guided mode, which is a prerequisite for enhancing
nonlinear optical response.

At the second harmonic wavelength (Figure 4.5b), the field pattern becomes
more structured and shows multiple lobes within the unit cell; as compared to
fundamental field, the SHG field exhibits stronger spatial modulation and reduced
symmetry, reflecting the tensorial nature of second order nonlinear polarization in
the LiNbOj3 and the different phase matching conditions at the harmonic wave-
length. Importantly, the SHG field remains strong, confined within the unit cell
and overlaps spatially with the pump field maxima. This strong spatial overlap be-
tween the fundamental and second harmonic field enhances the effective nonlinear
polarization and contributes directly to the observed high SHG efficiency.

As shown in Figure 4.5¢, the third harmonic field shows even more complex dis-
tribution, with diagonal characteristics and localized spots inside the unit cell. This
complexity arises from the combined effect of nonlinear polarization in graphene

111



Design of Hybrid Graphene-Lithium Niobate Nonlinear Metasurface for Dual-Harmonic Generation

and the excitation of higher-order modes at the THG wavelength. Despite the
increased spatial complexity, the THG field remains strongly near the graphene-
LiNbOj3 interface, showing that the nonlinear current induced in the graphene is
effectively coupled to radiative modes. This localization confirms that the opti-
mized geometry supports the emission of efficient THG in the zeroth diffraction
order.

Figure 4.5(d-f) shows the magnitude of electric field at the mid-plane (z =
H/2) of the lithium niobate layer. This plane gives insight into how deeply the
guided modes penetrate the pillar and how the second and third nonlinear fields
develop inside the nonlinear medium. At the pump wavelength (Figure 4.4d),
the fundamental field is strongly confined within the lithium niobate layer and
exhibits a clear standing wave pattern along the vertical direction, confirms that the
pump excitation couples to a pillar-guided mode rather than remaining a surface-
localized resonance. The strong field intensity throughout the thickness of the slab
is particularly important for SHG, as it increases the effective interaction volume
over which the second order nonlinearity is generated.

As depicted in Figure 4.5¢, the second harmonic field displays a highly sym-
metric and well-defined modal structure, with central lobes surrounded by multiple
lobes. This pattern reveals a resonant SHG mode supported by the pillar, likely
associated with TM; guided mode identified in the analytical phase-matching anal-
ysis. The strong confinement of the SHG field within the lithium niobate layer
highlights that the second harmonic generation is effectively trapped and enhanced
by the guided mode resonance before radiating into the far field.

In contrast, at z = H/2, the third harmonic field (Figure 4.5f) looks more
fragmented and less symmetric. This behavior reflects the fact that the THG
is generated from graphene sheets, with the generated field subsequently coupled
into pillar modes with reduced penetration depth. The presence of multiple spots
inside the LiNbOj layer reveal efficient coupling between the induced nonlinear
polarization in graphene and resonant modes at the pillar, further contributing to
overall THG enhancement. Figure 4.5(g-i) illustrates vertical cross sections of the
electric field magnitude at y = 0 plane, ranging from the substrate region via the
LiNbOj3 layer and into the glass substrate. These plots give a direct visualization
of the electric field confinement vertically and modal profiles associated with the
guided-mode resonances.

At the fundamental wavelength, the electric field is strongly concentrated within
the graphene-lithium niobate interface, with a clear maximum at the center and
then decays towards the edges, confirming the excitation of guided modes, as shown
in Figure 4.5g. This vertical confinement is important for obtaining strong local
field enhancement and maximizing the strength of nonlinear interactions.

As illustrated in Figure 4.5h, the SHG field shows multiple vertical lobes, con-
sistent with the excitation of resonant guided modes at the SHG wavelength. The
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Figure 4.5: Spatial distributions of the electric field magnitude for P = 1027 nm, H =
996 nm, and dc = 0.75 at Apump = 1550nm. Field profiles are shown along the (a—c)
z = H, (df) z = H/2, and (g-i) y = 0 planes. Panels (a, d, g) correspond to the
fundamental wavelength, (b, e, h) to the second harmonic, and (c, f, i) to the third
harmonic.

field maximum is distributed throughout the pillar thickness, showing efficient gen-
eration and confinement of SHG inside the LiNbOj3 layer, which further supports
the analysis of SHG enhancement driven by a guided mode resonance.

Figure 4.5i displays the THG field distribution along the same vertical plane
that exhibits a layered structure with pronounced intensity near the top graphene
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surface and additional lobes extended into the lithium niobate pillar. This behav-
ior demonstrates the hybrid nature of the THG process; the nonlinear source is
localized at the graphene interface, while the resulting harmonic field couples to
pillar supported resonant modes that shape its vertical distribution and radiation
features.

4.5.2 Effects of Fermi Level and Relaxation Time

The response of the optimized metasurface was further investigated as a function of
graphene’s Fermi level Fr and relaxation time 7. The linear optical response at the
pump wavelength A = 1550 nm is shown in Figure 4.6a, where the transmittance,
reflectance, and absorptance are plotted as a function of Er. For larger relax-
ation times(7=0.1 and 0.5 ps), the linear response exhibit a threshold like behavior
around FEr = 0.4eV. Below this threshold, the reflectance decreases slightly with
increasing Fr, while the trasnmittance increases moderately and the absorptance
remains nearly constant. At the threshold, the reflectance increases abruptly, the
transmittance displays a pronounced feature, and the absorptance drops sharply.
For higher values of E, the absorptance remains approximately constant, whereas
the reflectance continues to increase gradually and the transmittance correspond-
ingly decreases.
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Figure 4.6: Dependence of the linear and nonlinear responses on the graphene Fermi level
Ep: (a) reflectance and transmittance, (b) nsug, and (¢) ntug, all as functions of Er.

In contrast, for 7 = 0.01 ps, the threshold behavior becomes significantly smoother.
The transmittance decreases monotonically with increasing Fr, without exhibiting
a distinct feature. The absorptance also decreases gradually, reaching a minimum
around Er & 0.7eV, before slightly increasing again, while the reflectance increases
smoothly. OVerall, these trends indicate that variations in Er primarily modify the
balance between reflectance and transmittance at the resonant wavelength, thereby
affecting the effective coupling of the incident field into the metasurface.

The corresponding nonlinear conversion efficiencies are presented in Figure 4.6b
and Figure 4.6¢. Both nspye and nrug exhibit a non-monotonic dependence on Ep.
Beyond Er =~ 0.4€V, the efficiencies increase rapidly, reaching maximum values of
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nsug ~ 2.33 x 107% at Ep ~ 0.45¢V, and nrug ~ 4.57 x 1076 at Ep ~ 0.474¢V for
7 = 0.5 ps. For larger values of Fr, both efficiencies decrease.

A similar trend is observed for lower relaxation times, although with reduced
peak values and a smoother dependence on Er. The stronger modulation observed
for larger 7, consistent with reduced damping in the graphene conductivity, which
enhances the influence of Er on the resonant field amplitude. Overall, the max-
ima of the nonlinear efficiencies occur within an intermediate range of Er, where
the resonant field enhancement is significant but not yet limited by increases in
reflectance.

The relaxation time 7 characterises the scattering rate of charge carriers in
graphene. The range 7 = 0.1-0.5 ps was chosen based on reported values for
CVD-grown graphene on SiO, or LiNbOj3 substrates at room temperature. For
high-quality exfoliated graphene on h-BN, 7 can exceed 1 ps, but practical de-
vices use CVD graphene with 7 ~ 0.1-0.5 ps [221,222]. The lower bound (0.1 ps)
corresponds to moderately defective graphene, while the upper bound (0.5 ps) rep-
resents state-of-the-art CVD material. The influence of 7 on the nonlinear response
is shown in Figure. 4.6: higher 7 yields stronger modulation of conversion efficiency
with Er, but the peak values remain within the same order of magnitude.

Furthermore, the nonlinear efficiencies exhibit relatively broad maxima over fi-
nite intervals of Ep, highlighting that the enhancement of SHG and THG is not
confined to a narrow operating point. Varying 7 primarily affects the peak am-
plitudes without significantly altering the overall trends, suggesting that moderate
changes in graphene quality do not substantially impact device performance within
the considered parameter range.

4.5.3 Linear and Nonlinear Spectral Response

The spectral response of the optimized metasurface in the vicinity of the pump
wavelength is shown in Figure 4.7. In Figure 4.7a, the linear transmittance, re-
flectance, and absorptance are plotted as a function of the wavelegnth \ | revealing
a narrow resonance centered near 1550 nm. The linear spectra exhibit a pronounced
Fano-like resonance, with transmittance and reflectance showing complementary
extrema in either side of the resonance, slightly shifted in wavelength. The absorp-
tance highlights a sharp peak of approximately 42% at teh resonance, with a full
width at half maximum (FWHM) of about 1.64 nm, corresponding to a quality
factor of approximately 947.

The nonlinear conversion efficiencies are illustrated in Figure 4.7b. Both SHG
and THG exhibit strongly wavelength-selective response, with maxima occuring
near the linear resonance. The spectral width of nonlinear responses are signifi-
cantly narrower than that of the linear response, with linewidths of approximately
1.04 nm (Q ~ 1488) for SHG and 0.835 nm (@ =~ 1857) for THG.

The reduction in linewidth arises from the nonlinear dependence on the local
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Figure 4.7: (a) Transmittance (green solid curve), reflectance (blue solid curve), and
absorptance (black dotted curve) as functions of wavelength. (b) Second- and third-

harmonic generation efficiencies, ngpg (left axis, blue dotted curve) and nrpg (right axis,
green solid curve), as functions of wavelength.

electric field at the pump wavelength. Since the SHG and THG efficiencies scale
with the fourth and sixth powers of the field amplitude, respectively, even small
detuning from resonance leads to a rapid decrease in conversion efficiency. Con-
sequently, the THG response exhibits a slightly narrower spectral width than the
SHG response.

Overall, the nonlinear spectral behavior closely follows the resonant field en-
hancement at the fundamental wavelength, highlighting that the wavelength selec-
tivity of SHG and THG is governed by the same guided-mode resonance responsible
for the linear response. Additional simulations performed at Fr = 0.45eV show
a negligible shift in the resonance position (below 0.1 nm) compared to the case
of Er = 0eV. THis confirms that the variations in Er do not significantly affect
the spectral position of the guided-mode resonance, but primarily influences its
coupling strength and the balance between reflection and transmission

Table 2 presents a comparative overview of representative nonlinear structures
addressed in literature for SHG and THG, including the need of pump intensities
and obtained conversion efficiencies ((nspc) and (nrug)). While higher efficiencies
were exhibited by some previously addressed designs, the emphasis of current work
is mainly different. Here, we design and investigate a hybrid nonlinear metasurface
based on graphene-lithium niobate, a configuration that, to the best of our knowl-
edge, has not been reported earlier for simultaneous second harmonic generation
(SHG) and third harmonic generation (THG).

The results shown in the chapter should therefore be regarded as proof of con-
cept, highlighting that LiNbOj and graphene can be integrated effectively to sup-
port both SHG and THG under a fundamental wave excitation. Instead of pointing
out to outperform existent efficiency benchmark, the main goal of this study is to
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Table 4.2: Literature benchmarks for SHG/THG in metasurfaces and related platforms.

Platform/Structure Proc. Pump )\ Pump Int./Field | n Ref.
Monolithic LiNbO3 meta- | SHG 1.5 pum 1 GW/cm? > 1075 [160]
surface (corrugated NIR)
Thin-film LiNbO3 het- | SHG telecom—vis | cavity-enh. (mW) |1071-1.5 x 10! [223]
erostructure cavity
AlGaAs nanoantenna SHG 1550 nm 3.4 GW/cm? 2x 1075 [224]
AlGaAs nanocylinders SHG 1554 nm 1 GW/cm? > 1077 [225]
AlGaAs metasurface quasi- | SHG NIR 10 MW /cm? 2.5 x 1072 [226]
BIC
Graphene + photonic grat- | THG 0.3-3 THz E ~ 30 kV/cm 10-3 [227]
ing (THz)
Graphene (single layer), | THG ~0.7 THz E = tens kV/cm >10"3 [228]
free-space THz
LiNbO3 metasurface near- | SHG 1550 nm 1.3 GW/cm? 1.5 x 1075 [229]
BIC (theory)
HG: 2. 10-4

LiNbO3—Graphene meta- | SHG/THG | 1550 nm 1 GW /cm? SHG: 2.33 > 10 _6 This
surface THG: 4.57 x 10 Ph.D.

Thesis

numerically develop the viability and physical benefits of this hybrid mechanism.
By further optimizing the metasurface geometry, resonant conditions and parame-
ters of both materials, significantly higher nonlinear conversion efficiencies ((nsug)
and (nrug)) are expected to be obtainable.

An imperative aspect of the simulation structure is that the contribution of the
nonlinearity of both materials is deliberately isolated. In the proposed metasurface,
the nonlinearity originates from its bulk lithium niobate, while third-order nonlinear
polarization in graphene produced the third harmonic generation. The cascaded
nonlinearity is suppressed in our simulation, such as SHG followed by the sum-
frequency generation (SFG) that permits a direct and explicit estimation of each
nonlinearity supported by the metasurface and such a clear isolation of nonlinearity
approach is especially feasible for understanding and manufacturing multifunctional
nonlinear systems.

From application point of view, this hybrid approach is highly relevant to in-
tegrated optics. The ability to produce dual harmonics in a single platform can
significantly reduce device footprints and simplify architecture at the system level.
This mechanism holds promise for uses in compact multi-wavelength laser sources,
emerging concepts in optics, ultrafast spectroscopy, neuromorphic computing and
nonlinear signal processing [230].

From the perspective of fabrication, the proposed hybrid metasurface is matched
with recognized nanofabrication techniques. A thin layer of lithium niobate can be
placed on a glass (SiO,) substrate using pulse laser deposition and subsequently,
a single layer graphene (SLG) grow through chemical vapor deposition [231], can
be transferred at the top of LiNbO3 using a standard wet-transfer process [232].
Electron-beam lithography is used to define the pattern of metasurface, followed by
selective etching to form the periodic grating. The resulting nonlinear metasurface
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integrated the strong second-order nonlinear response of lithium niobate with eh
electrically tunable third-order nonlinear response of graphene, enabling simulta-
neous generation of second and third harmonics within a single, compact system
architecture.

At near-infrared fundamental pup, the optical absorption of graphene is primar-
ily governed by electronic transitions and can be strongly reduced via electrostatic
gating. When Fermi levels exceed approximately 0.4 eV, Pauli blocking suppresses
interband transitions at the pump wavelength of 1550 nm [233-235]. In this regime,
graphene operates in a low-loss, predominantly dispersive state, with absorption
well below its universal value of 2.3%. This property is crucial for achieving effi-
cient nonlinear conversion, as it minimizes pump depletion while enabling active
electrical tuning of the metasurfacce response.

The losses in graphene increase efficiently at the harmonic wavelength. At the
second harmonic wavelength (Asyg = 775nm), the photon energy exceeds twice
the achievable Ferm level, and the interband transitions are no longer Pauli block,
leading to the graphene absorption at the SHG wavelength and the losses even be-
come over pronounced at the third-harmonic wavelength of 517 nm, where graphene
absorption is dominated by interband transitions in the visible spectral range and
is largely insensitive to electrical tuning [236-238|.

Despite these increased losses at the harmonic wavelengths, efficient SHG and
THG can still be achieved due to the strong enhancement electromagnetic field and
subwavelength confinement delivered by the guided-mode resonances of the meta-
surface. Crucially, exciting graphene in a low-loss regime at the pump wavelength
ensures that the nonlinear conversion process is not limited by excessive absorp-
tion of the pump field. In this context, graphene primarily functions as a tunable
nonlinear boundary layer rather than as a dominant dissipative element, enabling
effective harmonic generation while establishing electrical control over the system
response.

For experimental realization, the optimized geometry requires P and H control
within £2 nm. This is feasible with EBL but alternative methods (nanoimprint
lithography, helium-ion beam milling) may offer lower cost with slightly reduced
precision. The simulations assume 1 GW/cm?, which is typical for femtosecond
pulsed lasers (e.g., 100 fs pulses, 1 kHz repetition rate). Continuous-wave operation
would require much higher field enhancement to reach comparable intensities. The
high Q factor (~950) makes the resonance sensitive to ambient temperature changes
and inhomogeneities in the LiNbOj layer. Active stabilization or the use of a
slightly lower-Q) design may be preferable for practical devices. Electrical contacts
to the graphene layer can be deposited using metal electrodes at the edges of the
metasurface, avoiding interference with the optical field in the center. A back-gate
or side-gate scheme (as in Chapter 2) can be employed.
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While electron-beam lithography (EBL) offers the required sub-10 nm resolu-
tion, it is slow and expensive for large-area production. For cost-effective manu-
facturing, nanoimprint lithography (NIL) or deep ultraviolet (DUV) lithography
can be used, provided the critical dimensions (~770 nm) are within the resolu-
tion of these methods. NIL has demonstrated pattern transfer of 100 nm features
over 4-inch wafers. Another alternative is focused helium-ion beam milling, which
can directly define the grating in LiNbOj without resist processing, but it is also
expensive. For research prototypes, EBL remains the most reliable choice.

4.6 Conclusion

This chapter presents a numerical study of a hybrid graphene-LiNbOj3 nonlinear
metasurface operating at a pump wavelength of 1550 nm. Guided-mode resonances
arising from the engineered grating geometry investigated using full-wave simula-
tions and effective-index calculations. Distinct resonance brances corresponding to
the TMy, TEy, and TM; modes were identified and confirmed via phase-matching
analysis.

The nonlinear response shows enhanced second- and third-harmonic generation
near these resonant branches, with simultaneous enhancement occurring close to
the crossing of TEy and TM; modes. For the optimized structure, SHG and THG
efficiencies on the order of 10~* and 1079, respectively, are achieved under a pump
intensity of 1 GW /cm?,

Furthermore, tuning the graphene chemical potential modifies the resonance
coupling strength without significantly shifting its spectral position, thereby affect-
ing the nonlinear response through changes in the resonant field amplitude. These
results demonstrate that hybrid graphene-LiNbO3 metasurfaces provide an effec-
tive platform for simultaneous second- and third-harmonic generation controlled by
guided-mode resonances.
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Chapter 5

Future Work

Future research can further extend the capabilities of the transparent graphene-
based reconfigurable antennas and nonlinear metasurfaces presented in this work.
Although the proposed designs demonstrate the control of radiation patterns and
nonlinear optical enhancement, several additional design strategies and tuning
mechanisms can be explored to improve the level of reconfigurability, radiation
performance, and nonlinear conversion efficiency.

For the transparent graphene antenna employing electrostatic biasing, future
work may focus on incorporating parasitic elements in combination with the graphene
radiating structure. This inclusion of carefully designed parasitic elements sur-
rounding the main radiating dipole could enable improved beam steering and more
precise control of the radiation pattern. By adjusting the electrostatic bias applied
to graphene parasites, the current distribution along the radiating structure can
be dynamically modified, which would allow antenna to achieve controlled scan-
ning across the azimuthal plane. In particular, a parasitic configuration may allow
beam steering with scanning angles in the range of approximately 15-30 degrees
while maintaining coverage across the full 0-360 degree azimuthal plane. Such a
configuration could significantly improve directional control and radiation efficiency
while preserving the transparency and compact nature of the antenna.

Moreover, future work may also explore radiation pattern reconfigurability in
the elevation plane. In the present study, the antenna configuration primarily
enables pattern reconfigurability along the azimuthal direction. However, several
antenna geometries could be investigated to achieve elevation angle control as well.
One potential approach is to replace the conventional dipole structure with alterna-
tive antenna configurations such as the Alford dipole antenna, which is well known
for its symmetric radiation properties and improved omnidirectional characteris-
tics. By integrating graphene elements within an Alford dipole configuration and
applying electrostatic biasing, it may be possible to achieve both azimuthal and
elevation pattern control while maintaining antenna transparency and tunability.
Other hybrid antenna structures combining dipole and loop-type geometries could
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also be explored to further enhance pattern reconfigurability.

Similarly, the graphene-patterned reconfigurable antenna operating under in-
plane and out-of-plane magnetic biasing offers additional opportunities for future
development. Magnetic biasing introduces anisotropic conductivity in graphene,
which enables dynamic modification of the electromagnetic response of the an-
tenna. In future studies, parasitic antenna elements could also be incorporated
within the magnetically biased configuration to further improve radiation control
and beam steering capabilities. By combining magnetic biasing with optimized par-
asitic element placement, the antenna may achieve more flexible radiation pattern
tuning and enhanced scanning performance across the azimuthal plane.

Moreover, the use of both in-plane and out-of-plane magnetic fields can be
further investigated to achieve more complex radiation control mechanisms. For
instance, applying different magnetic field orientations to separate graphene re-
gions could allow independent control of the current distribution along the antenna
surface. Such a strategy may enable multi-directional beam steering or adaptive
radiation pattern shaping. This approach could be particularly useful in terahertz
communication systems, where dynamic beam control is required for adaptive links
and high-capacity wireless communication.

Another potential direction for future research is the development of hybrid
electrostatic-magnetic tuning mechanisms. By simultaneously applying electro-
static biasing and magnetic tuning to graphene structures, it may be possible to
achieve additional degrees of freedom in antenna reconfigurability. Such hybrid
tuning mechanisms could allow independent control of frequency tuning, radiation
pattern shaping, and beam steering within a single antenna platform. This type
of multifunctional reconfigurable antenna could play an important role in future
adaptive communication systems, particularly in the terahertz and millimeter-wave
regimes.

In addition to antenna designs presented in this work, the graphene-LiNbOj3
nonlinear metasurface studies for dual harmonic generation can also be further
developed in several ways. The current study demonstrates simulatenous enhance-
ment of second-harmonic generation (SHG) and third-harmonic generation (THG)
through guided-mode resonances supported by the metasurface structure. However,
future research could focus on achieving active control over the nonlinear optical
response of the metasurface.

Another promising direction is the exploration of tunable phase-matching con-
ditions within the metasurface structure. Since the nonlinear response is strongly
dependent on resonance coupling and field localization, small changes in the struc-
tural parameters or graphene chemical potential may allow dynamic control of the
nonlinear conversion efficiency. Implementing electrically tunable metasurface el-
ements could therefore enable real-time control of harmonic generation processes,
which would be highly valuable for applications such as tunable light sources, fre-
quency converters, and nonlinear optical signal processing.
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Overall, the results presented in this thesis demonstrate the significant poten-
tial of graphene-based reconfigurable antennas and hybrid graphene-lithium nio-
bate nonlinear metasurfaces. Future research focusing on parasitic antenna config-
urations, multidimensional radiation pattern control, hybrid tuning mechanisms,
and actively tunable nonlinear metasurfaces may further expand the capabilities of
these devices. These advancements could contribute to the development of next-
generation reconfigurable communication systems and tunable nonlinear photonic
devices operating in the terahertz and optical frequency regimes.
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Appendix A
CST Studio Suite

A.1 CST Simulation Parameters

Table A.1: CST simulation definitions for the graphene dipole antenna

Parameter Notation

Solver Transient (time domain)

Frequency range 187 — 214 GHz

Boundary conditions | Open (Add space = 540 um)

Mesh No mesh adaptation

Excitation Discrete Port

Graphene modeling | Hansen model implemented via VBA

Discrete port defined with 180 pum x 130 pm dimensions and electrical shielding. No
add space is applied at the port boundary.

A.2 Validation and Computational Considerations

e Convergence: Mesh convergence was verified by monitoring Si; variations

below 0.5 dB.

e Reproducibility: Selected coding patterns (e.g., V3, H37) were re-simulated
to ensure consistent results.

e Computational cost: Approximately 10-15 minutes per simulation on a
standard workstation.
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Appendix B
MATLAB

B.1 MATLAB Post-Processing

MATLAB was extensively used in this research as a post-processing and data anal-
ysis platform to complement the electromagnetic simulations performed in CST
Studio Suite and COMSOL Multiphysics. While CST and COMSOL provided ac-
curate full-wave numerical solutions, MATLAB enabled advanced data processing,
visualization, parametric analysis, and nonlinear curve fitting in a flexible com-
putational environment. The integration of MATLAB into the workflow ensured
systematic analysis of large datasets, automated parameter extraction, and clear
graphical representation suitable for publication and thesis documentation.

The simulation tools were primarily used to generate S-parameters, electric
field distributions, surface currents, gain values, radiation efficiency, and nonlinear
harmonic amplitudes. These outputs were exported in ASCII or Touchstone (.s2p)
formats and then imported into MATLAB for detailed analysis. MATLAB scripts
were developed to automate data loading, normalization, filtering, peak detection,
bandwidth calculation, and multi-parameter comparison across biasing conditions
and geometric variations.

One of the main tasks performed in MATLAB was post-processing of S-parameter
data. The reflection coefficient Sy, transmission coefficient Sy, and related scatter-
ing parameters were extracted from CST frequency-domain simulations. Although
CST provides built-in visualization tools, MATLAB allowed deeper quantitative
analysis. After importing the complex S-parameter data, the magnitude in deci-
bels was calculated using:

Sll(dB) =20 loglo |SH| (Bl)

This enabled precise determination of resonant frequencies by identifying min-
ima in the reflection coefficient curve. A peak-search algorithm was implemented to
automatically locate resonance dips and calculate their corresponding bandwidths
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at the —10 dB level. This was particularly useful when analyzing multiple elec-
trostatic biasing states of the programmable graphene antenna, where resonance
shifting behavior needed to be quantified accurately.

In addition to resonance extraction, MATLAB was used to compute quality fac-
tor values from the —3 dB bandwidth definition. The quality factor was estimated
using:

Jr
Af

where f, is the resonant frequency and Af is the bandwidth. This allowed
evaluation of how graphene chemical potential tuning affected antenna selectivity
and confinement properties.

For radiation performance evaluation, realized gain and radiation efficiency data
exported from CST were processed in MATLAB. Gain versus frequency curves were
plotted for different bias voltages, enabling direct comparison of performance under
various electrostatic tuning conditions. MATLAB was also used to normalize gain
values, smooth numerical noise, and overlay multiple parametric cases within a
single figure for clearer interpretation.

Radiation efficiency was analyzed by extracting both total efficiency and ra-
diation efficiency values. These were plotted against frequency and bias voltage
to evaluate losses introduced by graphene conductivity variation. Since graphene
conductivity depends strongly on chemical potential and relaxation time, efficiency
trends were examined as a function of these parameters. MATLAB scripts were
written to compute percentage variation in efficiency and identify optimal biasing
points.

Parametric sweeps formed a major part of the programmable antenna study. In
CST, electrostatic bias voltage was varied to tune the graphene chemical potential
using a VBA-based implementation of the Hanson conductivity model. For each
bias state, S-parameters and gain were exported. MATLAB was then used to
organize these datasets into multidimensional arrays indexed by frequency and
bias voltage. Surface plots and contour plots were generated to visualize resonance
shifting as a function of applied bias.

For example, resonance frequency versus chemical potential curves were ob-
tained by mapping extracted resonant frequencies against corresponding voltage
values. Curve fitting tools in MATLAB were applied to determine whether the res-
onance shift followed a linear, quadratic, or square-root dependence. This provided
insight into the physical relationship between graphene conductivity and antenna
effective electrical length.

In the nonlinear optical part of the study, MATLAB was used to process har-
monic generation data exported from COMSOL. The fundamental field amplitude
and harmonic field amplitude were analyzed to compute conversion efficiency. The
second-harmonic generation efficiency was calculated as:
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P2w

NsHG = B (B.3)

and similarly for third-harmonic generation. MATLAB enabled logarithmic
scaling of harmonic intensity and comparison across different excitation powers.
Since nonlinear response typically follows a power-law dependence, curve fitting
was performed using polynomial regression in log—log space to confirm quadratic
behavior for SHG and cubic behavior for THG.

Another important application of MATLAB was curve fitting of graphene con-
ductivity and nonlinear susceptibility data. Using numerical data derived from the
Kubo model, fitting procedures were applied to approximate frequency-dependent
conductivity with rational functions. This facilitated simplified analytical modeling
and helped validate CST and COMSOL implementations.

MATLAB’s optimization toolbox was also used to estimate relaxation time and
effective mobility parameters by minimizing the difference between simulated and
theoretical conductivity curves. This provided consistency between electromagnetic
simulation and theoretical graphene models.

Visualization played a significant role in thesis preparation. MATLAB was
used to generate high-resolution publication-quality figures with customized axis
labels, legends, LaTeX formatting, and consistent scaling. Multi-panel plots com-
paring S11, gain, and efficiency under different magnetization or bias conditions
were created to clearly demonstrate performance trends. Automated scripts en-
sured reproducibility of figures whenever simulation data were updated.

Data smoothing and filtering techniques were occasionally applied to remove nu-
merical artifacts arising from discrete frequency sampling. However, care was taken
to preserve physical accuracy and avoid artificial distortion of resonance character-
istics.

MATLAB was also used to calculate derived electromagnetic quantities such
as effective refractive index, propagation constant, and impedance from simula-
tion data. In metasurface analysis, phase response data were unwrapped to obtain
continuous phase variation, enabling evaluation of programmable phase tuning ca-
pability.

To ensure reliability, all MATLAB scripts were modular and documented. Sep-
arate functions were written for data import, resonance detection, bandwidth cal-
culation, harmonic efficiency computation, and plotting. This structured approach
reduced human error and allowed rapid processing of large parametric datasets.
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Appendix C
COMSOL Multiphysics

C.1 COMSOL Multiphysics Simulation Settings

This appendix details the simulation settings used for:
1. The graphene-based programmable dipole antenna (Chapter 2 and 3)
2. The hybrid graphene-lithium niobate nonlinear metasurface (Chapter 4)
All electromagnetic simulations were performed using COMSOL Multiphysics

(version 6.3).

C.2 Graphene Dipole Antenna Simulations (Chap-
ters 2 and 3)

C.2.1 Physics Interface

The simulations were performed using the Electromagnetic Waves, Frequency
Domain (emw) physics interface.

Table C.1: Physics interface settings for antenna simulations

Parameter Setting

Physics interface Electromagnetic Waves, Frequency Domain
Equation form Wave Equation, Electric

Frequency range 240-280 GHz

Resonance frequency | 260 GHz
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C.2.2 Boundary Conditions

e Perfect Electric Conductor (PEC): Applied to metal gate electrodes and

ground planes.

e Lumped Port: Used to excite the dipole antenna with a specified impedance

(50 Q).

e Surface Current Density: Applied to model the graphene layer using the

Drude-like intraband conductivity.

e Scattering Boundary Condition (SBC): Applied to outer boundaries to

absorb outgoing radiation.

e Far-Field Domain: Defined to compute radiation patterns and far-field

gains.

e Initial Values: Electric field components set to zero as initial conditions.

C.2.3 Mesh Settings

A physics-controlled mesh was used with the following parameters:

Table C.2: Mesh settings for antenna simulations

Parameter Setting

Mesh type Physics-controlled mesh
Element size Finer

Maximum mesh element size control | Frequency

Maximum frequency fo Hz (center frequency)
Angular tolerance 7/5 rad

Size type Relative

Relative size to default mesh 0.02

C.2.4 Graphene Modeling

Graphene was modeled as an infinitesimally thin surface using the Surface Current
Density boundary condition. The conductivity was defined using the Hansen model
(Drude-like intraband conductivity) implemented via a custom VBA script:

ODrude (w) =
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where e = 1.602 x 1071 C (electron charge), i = 1.055 x 1073* J-s (reduced

Planck constant), u. = 0 eV (OFF state) or 1 eV (ON state) for electrostatically
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biased (Chapter 2), p. determined by magnetic bias (Chapter 3), 7 = 0.5 ps (carrier

relaxation time for CVD graphene)

C.3 Nonlinear Graphene-Lithium Niobate Metasur-
face Simulations (Chapter 4)

C.3.1 Model Overview

The nonlinear metasurface simulations involve three frequency-domain physics nodes:

e Pump frequency (ewfdl): Fundamental wave at A = 1550 nm

e SHG frequency (ewfd shg): Second harmonic generation at A = 775 nm

e THG frequency (ewfd thg): Third harmonic generation at A = 517 nm

C.3.2 Pump Frequency Node (ewfd1l)

Table C.3: Pump frequency node settings

Node

Description

Wave Equation, Electric 1

Solves Maxwell’s equations for the pump field

Perfect Electric Conductor 1

PEC boundary condition

Initial Values 1

Zero initial electric field

Scattering Boundary Condition 1

Absorbs outgoing radiation

Wave Equation, metasurface

Material properties of LiNbQOj pillars

Wave Equation, substrate

Material properties of SiO, substrate

Surface Current Density 1

Graphene layer (linear conductivity)

Port 1

Input port for pump excitation

Orthogonal Polarization 1

Defines polarization state

Port 2

Output port

Periodic Condition x

Floquet periodicity in x-direction

Periodic Condition y

Floquet periodicity in y-direction

C.3.3 Second Harmonic Generation Node (ewfd shg)

The SHG node solves for the second harmonic field generated by the x® nonlin-

earity of LiNbO3.
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Table C.4: SHG frequency node settings

Node

Description

Wave Equation, Electric 1

Solves Maxwell’s equations at SHG frequency

Perfect Electric Conductor 1

PEC boundary condition

Initial Values 1

Zero initial electric field

Scattering Boundary Condition 1

Absorbs outgoing SHG radiation

Wave Equation, metasurface

LiNbOj properties at SHG frequency

Wave Equation, substrate

SiO, properties at SHG frequency

External Current Density

JNL = —iW6OX(2) : EE

Periodic Condition x

Floquet periodicity in x-direction

Periodic Condition y

Floquet periodicity in y-direction

Port 1

SHG output port

Port 2

SHG output port

C.3.4 Third Harmonic Generation Node (ewfd thg)

The THG node solves for the third harmonic field generated by the x® nonlinearity

of graphene.

Table C.5: THG frequency node settings

Node

Description

Wave Equation, Electric 1

Solves Maxwell’s equations at THG frequency

Perfect Electric Conductor 1

PEC boundary condition

Initial Values 1

Zero initial electric field

Surface Current Density 1

Graphene third-order nonlinear conductivity

Scattering Boundary Condition 1

Absorbs outgoing THG radiation

Wave Equation, metasurface

LiNbOj3 properties at THG frequency

Polarization 1

Py = c0x® : EEE

Periodic Condition x

Floquet periodicity in x-direction

Periodic Condition y

Floquet periodicity in y-direction

C.3.5 Definitions and Variables

The following definitions were used in the simulations:
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Table C.6: Definitions and variables

Variable Description

AV Reflection, Oth order (aveopl) Average reflection at fundamental frequency
AV Transmission, Oth order (aveop2) | Average transmission at fundamental frequency
MAX Maximum 1 (maxopl) Maximum field enhancement

fdu Integration 1 (intopl) Integration for SHG efficiency

fdu Integration 2 (intop2) Integration for THG efficiency

Boundary System 1 (sysl) Coordinate system for periodic boundaries
Artificial Domains PML regions for wave absorption

C.3.6 Nonlinear Material Models
Lithium Niobate (y(?)

The second-order nonlinearity of LiNbOj3 is described by the tensor x? with coef-
ficients:

The dominant contribution to SHG comes from d33 under x-polarized pump.

Graphene (x®)
The third-order surface conductivity of graphene is given by:
- 4

hw h
®) (3w Ep.7.T) = —< |tanh - C5

C.3.7 SiO, Substrate (y©®)

The substrate contributes a weak third-order nonlinearity:

Xob, =2 x 1072 m?/V? (C.6)

C.3.8 Mesh Settings for Metasurface Simulations
C.3.9 Solver Settings

C.3.10 Conversion Efficiency Calculation

The SHG and THG conversion efficiencies were calculated using:
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Table C.7: Mesh settings for nonlinear metasurface simulations

Parameter Setting
Mesh type Physics-controlled mesh
Element size Finer

Maximum mesh element size | Apump/20 (77.5 nm)
Resolution of narrow regions | Enabled
Refine at boundaries Enabled

Table C.8: Solver settings for nonlinear metasurface simulations

Parameter Setting

Solver type Direct (MUMPS)
Frequency sweep Single frequency per node
Tolerance 1x107°

Maximum iterations | 500
Nonlinear method Newton (for coupled SHG/THG)

Psua

TISHG = ; (C7)
Foump
P

nHG = 5 (C.8)
Poump

where P,ump, Psuc, and Prug are the powers of the pump, second harmonic,
and third harmonic waves, respectively, obtained via integration over the output
port.

C.4 Validation and Computational Considerations

e Convergence: Mesh convergence was verified by monitoring S7; variations
below 0.5 dB for antenna simulations, and FOM variations below 5% for
metasurface simulations.

e Reproducibility: Selected coding patterns (e.g., V3, H37) and optimized
geometries were re-simulated to ensure consistent results.

¢ Computational cost:

— Antenna simulations: 10-15 minutes per simulation

— Metasurface simulations (three coupled frequency nodes): 30—45 minutes
per simulation

e Hardware: Intel Xeon W-2245 (8 cores, 3.9 GHz), 64 GB RAM
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e Software version: COMSOL Multiphysics 6.3 (Build: 6.3.0.290, win64)
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