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Abstract

This final-year project focuses on the design, simulation, and optimization of microstrip patch
antennas operating in the terahertz (THz) frequency band (0.1-0.95 THz) for future 6G

wireless communication applications, with a target resonance frequency around 0.3 THz.

The proposed antenna is designed and simulated on a polyimide substrate using Electroless
Nickel Immersion Gold (ENIG) as a cost-effective alternative to pure gold. A 2x2 MIMO
antenna configuration is implemented to improve radiation performance, particularly gain
and reflection coefficient (Si11), while enhancing data transmission speed and link reliability.
Several antenna configurations were modeled, analyzed, and manually optimized using
ANSYS HFSS through the introduction of slots and geometrical modifications to improve
bandwidth, and radiation characteristics. Furthermore, Machine Learning-based optimization
techniques were applied to automatically optimize the antenna design parameters and
enhance the overall performance of the 2x2 MIMO antenna system. The obtained results
demonstrate that the optimized antenna achieves good performance within the THz band,
especially near the resonance frequency of 0.3 THz, making it a suitable candidate for high-

data-rate 6G wireless communication systems.

Keywords: Terahertz (THz), microstrip Patch Antenna, MIMO, 6G Communications,
machine Learning, optimization, ANSYS HFSS, ENIG, gain, bandwidth, return Loss,

isolation, resonance Frequency.

Résumé

Ce projet de fin d’études porte sur la conception, la simulation et I’optimisation d’antennes
patch micro-ruban fonctionnant dans la bande de fréquences térahertz (THz) (0,1-0,95 THz)
pour les futures applications des communications sans fil 6G, avec une fréquence de

résonance cible autour de 0,3 THz.

L'antenne proposée a €té congue et simulée sur un substrat de polyimide en utilisant 'ENIG
(dépdt autocatalytique de nickel sous immersion d'or) comme alternative économique a I'or
pur.Une configuration d’antenne MIMO 2x2 est mise en ceuvre afin d’améliorer les
performances de rayonnement, notamment le gain et le coefficient de réflexion (S11), tout en

augmentant la vitesse de transmission des données et la fiabilit¢ de la liaison. Plusieurs



configurations d’antennes ont ét¢ modélisé€es, analysées et optimisées manuellement a 1’aide
du logiciel ANSYS HFSS grace a I’introduction de fentes et de modifications géométriques
afin d’améliorer 1’adaptation d’impédance, la bande passante et les caractéristiques de
rayonnement. En outre, des techniques d’optimisation basées sur 1’apprentissage automatique
(Machine Learning) ont été appliquées afin d’optimiser automatiquement les parameétres de
conception de I’antenne et d’améliorer les performances globales du systéme d’antenne
MIMO 2x2. Les résultats obtenus démontrent que 1’antenne optimisée présente de bonnes
performances dans la bande THz, en particulier autour de la fréquence de résonance de 0,3
THz, ce qui en fait une candidate appropriée pour les systemes de communication sans fil 6G

a trés haut débit.

Mots-clés : Térahertz (THz), antenne patch micro-ruban, MIMO, communications 6G,
apprentissage automatique, optimisation, ANSYS HFSS, ENIG, gain, bande passante, perte

de retour, isolation, fréquence de résonance.
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General Introduction

The continuous growth of wireless communication systems and the exponential increase in
data traffic have created an urgent need for innovative technologies capable of meeting the
stringent requirements of next-generation networks. Applications such as ultra-high-definition
video streaming, virtual and augmented reality, autonomous systems, the Internet of Things
(IoT) demand extremely high data rates, ultra-low latency, and enhanced reliability. In this
context, current microwave and millimeter-wave frequency bands are becoming increasingly
congested, motivating the exploration of new spectral regions, particularly the terahertz (THz)
band, typically ranging from 0.1 THz to 10 THz [1]- [2].

The THz spectrum has emerged as a key enabler for beyond-5G and sixth generation (6G)
wireless communication systems due to its ability to provide ultra-wide bandwidths [1].
However, despite its promising potential, THz communication faces several critical
challenges, including severe free-space path loss, atmospheric absorption, hardware
limitations, and sensitivity to environmental conditions [2]. These challenges necessitate the
development of highly efficient and optimized antenna systems capable of operating
effectively at such high frequencies.

Antennas are essential components in any wireless communication system, acting as the
interface between guided and radiated electromagnetic waves. Among the various antenna
technologies, microstrip patch antennas have been widely adopted due to their compact size,
low profile, lightweight structure, ease of fabrication, and compatibility with modern
integrated circuits [3]-[4]. Nevertheless, at THz frequencies, conventional antenna design
techniques encounter significant limitations related to material properties, fabrication
tolerances, and electromagnetic behavior, which require advanced modeling and optimization
approaches.

To overcome these limitations and improve system performance, advanced antenna
architectures such as Multiple-Input Multiple-Output (MIMO) systems have been extensively
investigated. MIMO technology exploits spatial diversity and multiplexing techniques to
significantly enhance channel capacity, spectral efficiency, and link reliability without
increasing transmission power or bandwidth [S]. The integration of MIMO with THz
communication systems represent a promising solution for achieving ultra-high data rates and
robust communication links in future wireless networks [6].

In addition to architectural advancements, the application of artificial intelligence and

machine learning techniques has recently gained considerable attention in the field of antenna
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design and optimization. Traditional design approaches often rely on iterative parametric
sweeps and numerical optimization methods, which are computationally intensive and time-
consuming, particularly for complex structures operating at THz frequencies. Machine
learning algorithms, such as regression models, neural networks, and optimization heuristics,
provide powerful tools for modeling nonlinear relationships between antenna parameters and
performance metrics, enabling faster convergence and improved design efficiency [7].

In this work, the focus is placed on the design and optimization of THz microstrip patch
antennas integrated within MIMO systems. Special emphasis is given to the use of machine
learning algorithms to enhance antenna performance in terms of gain, bandwidth, return loss,
and radiation efficiency. Furthermore, full-wave electromagnetic simulations are carried out
using ANSYS HFSS, a widely recognized tool for high-frequency structure analysis, to

validate the proposed designs and evaluate their performance under realistic conditions.
Outline of this work

The outline of this thesis is summarized as follows:

Chapter 1: Antenna Theory and Fundamental Concepts

This chapter establishes the theoretical foundation for antenna analysis and design. It covers
electromagnetic radiation principles, antenna field regions (reactive near-field, Fresnel, and
Fraunhofer zones), and essential performance parameters including radiation patterns,
directivity, gain, efficiency, bandwidth, and polarization. These fundamentals provide the

necessary basis for understanding microstrip patch antenna operation at terahertz frequencies.

Chapter 2: Advanced Antenna Architectures and MIMO and Terahertz Technologies
This chapter presents planar antenna configurations with emphasis on microstrip patch
antennas, their feeding techniques, and design trade-offs. Advanced systems including smart
antennas, metamaterial-integrated structures, phased arrays, and reconfigurable antennas are
discussed. MIMO technology spatial multiplexing, diversity techniques, and key performance
metrics is covered. Finally, Terahertz technology is introduced as a critical enabler for 6G
networks, addressing spectral characteristics, propagation challenges, and THz antenna design
requirements.

Chapter 3: Machine Learning in THz Patch Antenna Design

This chapter addresses computational challenges in conventional antenna design and presents
machine learning as an efficient optimization approach. It surveys supervised learning

algorithms including Random Forest, Extra Trees, XGBoost, CatBoost, KNN, and Gaussian
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Process Regression for THz antenna applications. The focus is on surrogate modeling to
replace time-intensive full-wave simulations, enabling rapid performance prediction and
design optimization for 6G microstrip patch antennas.

Chapter 4: Design, Simulation and Optimization

This chapter focuses on antenna simulation, modeling, and performance validation using
ANSYS HFSS. It presents the design and optimization of THz microstrip patch antennas and
2x2 MIMO configurations, validating predicted results from machine learning algorithms

through full-wave electromagnetic simulations.
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Problem Statement

The design of compact microstrip patch antennas for 6G applications is challenged by three
fundamental issues: high computational cost, increased design complexity, and limited real-
time capability when using conventional optimization methods. Classical optimization
algorithms rely on extensive full-wave electromagnetic simulations, rendering the design
process time-consuming and inefficient for highly nonlinear and multi-dimensional problems.
Additionally, 6G communication will rely heavily on MIMO antenna systems, where multiple
antenna elements must be carefully arranged to ensure low mutual coupling, high isolation,
and stable radiation performance, further increasing design complexity. These limitations
highlight the necessity for intelligent and predictive optimization approaches capable of
reducing simulation effort, improving accuracy, and enabling rapid optimization of
miniaturized antennas and MIMO configurations for future 6G wireless systems.

Objectives

The primary objective of this final-year project is to select the most suitable antenna and
MIMO topology by developing an efficient methodology for predicting and optimizing
compact microstrip patch antenna parameters. This is achieved by integrating classical and
modern optimization algorithms with Machine Learning techniques for 6G wireless
applications. The work analyzes 6G requirements, including frequencies above 100 GHz,
massive connectivity, and ultra-low latency, and their impact on antenna design. It focuses on
the design and miniaturization of microstrip patch antennas for compact devices, addressing
the trade-off between size and performance. Optimization is carried out using Machine
Learning (ML)-based optimization techniques, including Random Forest, XGBoost, and
CatBoost. These algorithms are employed to model and optimize antenna performance
parameters efficiently. Additionally, Artificial Neural Networks (ANNSs) are developed to
rapidly predict key performance metrics such as return loss, bandwidth, gain, and radiation
efficiency, thereby reducing dependence on computationally expensive full-wave simulations.
Finally, a comparative analysis between different ML optimization algorithms and ANN-
based predictive models is conducted to propose an efficient and robust hybrid design

methodology. Validated using Ansys HFSS simulations.
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I.1. Introduction

This chapter provides a detailed overview of the fundamental principles of antenna theory
required for the analysis and design of modern antenna systems. It describes the antenna
radiation mechanism and explains the different electromagnetic field regions, including the
near-field and far-field zones. Furthermore, the chapter introduces the main performance
parameters used to characterize antenna behavior, such as radiation pattern, gain, directivity,
bandwidth, and polarization. These theoretical concepts establish a solid foundation for
understanding antenna performance and serve as the basis for the design, prediction, and
optimization of compact microstrip patch antennas presented in the subsequent chapters.

1.2. Overview of the History of Communications

Communication systems have evolved significantly over time, from primitive methods to
modern wireless technologies. In pre-modern civilization, communication relied on simple
techniques such as smoke signals, flags (optical), and drums (acoustic), which were early
forms of long-distance signaling. The era of electronic communication began in 1844 with the
invention of the telegraph by Samuel Morse, introducing digital communication through
Morse code [1].

In 1864, James Clerk Maxwell established the theoretical foundation of electromagnetic
waves through Maxwell’s equations. This was followed by the first successful transatlantic
telegraph cable in 1866, enabling long-distance wired communication. The invention of the
telephone in 1876 by Alexander Graham Bell marked the beginning of analog communication
over long distances [1].

Wireless communication emerged with the first antenna in 1887, demonstrated by Heinrich
Hertz, and the first practical radio system in 1897 by Guglielmo Marconi. Marconi later
achieved the first transatlantic radio transmission in 1901. By1920, the first broadcast radio
station was established [1].

During World War II, major advancements in radar and antenna technologies (such as horn
and array antennas) were developed. In the 1950s, television broadcasting became
widespread. The 1960s saw the rise of satellite communications and optical fiber systems.
Finally, in the 1980s, wireless communication expanded rapidly with the introduction of

cellular networks [1].
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Pre-modem civilization (up to 2 million years ago)
Optical communications: Smoke signals, flags
Acoustical communications: Drums

1844 Telegraph—The beginning of electronic communication
Samuel Morse

1864 Maxwell's equations—Principles of radio waves and the clectromagnetic spectrum
James Clerk Maxwell

1866 First lasting transatlantic telegraph cable

1876 Telephone—Wireline analog communication over long distance
Alexander Bell

1887 First Antenna
Heinrich Hertz

1897 First practical wireless (radio) systems
Guglielmo Marconi

1901 First transatlantic radio
Guglielmo Marconi

1920 First broadcast radio station

World War Il Development of radar: horn, reflector, and array antennas

1950s  Broadcast television in wide usc
1960s  Satellite communications and fiber optics
1980s  Wireless reinvented with widespread use of cellular telephones

Electromagnetics Antenna Wireless
Pioneer Pioncer Pioneer

James Clerk Maxwell Heinrich Hertz Guglielmo Marconi

Table I.1: Timeline of significant events in the history of antennas and communications [1].

I.3. What is an antenna and what is it used?

1.3.1. What is an antenna?

An antenna is defined by Webster ‘s Dictionary as -a usually metallic device (as a rod or wire)
for radiating or receiving radio waves. The IEEE Standard Definitions of Terms for Antennas
(IEEE Std 145-1983) defines the antenna or aerial as -a means for radiating or receiving radio
waves [2]. In other words, the antenna is the transitional structure between free-space and a
guiding device. The guiding device or transmission line may take the form of a coaxial line or
a hollow pipe (waveguide), and it is used to transport electromagnetic energy from the
transmitting source to the antenna or from the antenna to the receiver. In the former case, we
have a transmitting antenna and in the latter a receiving antenna (see Figure. 1.1) [3].

This dual functionality enables the same antenna structure to operate effectively in both
transmission and reception modes, eliminating the need for separate antennas in two-way

communication systems as shown in Figure 1.1 [4].
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Incident
wave
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Figure I.1: Antenna as a) Transmission Mode b) Receiving Mode [5].

An antenna is basically a transducer. It converts radio frequency (RF) signal into an
electromagnetic (EM) wave of the same frequency. It forms a part of transmitter as well as the
receiver circuits [3].

Definition of antenna

An antenna can be defined in the following different ways [6]-[7]:

1. An antenna may be a piece of conducting material in the form of a wire, rod or any other
shape with excitation.

2. An antenna is a source or radiator of electromagnetic wavess

3. An antenna is a sensor of electromagnetic wavess

4. An antenna is a transducer.

5. An antenna is an impedance matching devices

6. An antenna is a coupler between a generator and space or vice versas

An antenna can also be termed an aerial. The plural form is either antennae or antennas.

1.3.2. Need of Antenna

Antennas are essential components in modern wireless communication systems, serving as the
critical interface for converting electrical signals into electromagnetic waves and vice versa.
Devices such as televisions, radios, cell phones, and satellite systems all depend on antennas
to establish wireless connectivity. These antennas vary in design based on operating
frequency, specific application requirements, and signal characteristics. The effectiveness of
wireless systems is heavily influenced by key antenna parameters including gain, bandwidth,
and polarization, making proper antenna design crucial for optimal performance in

transmitting and receiving electromagnetic signals [4].
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1.4. Basic introduction to electromagnetic field:

A Wave can be defined as a motion (such as oscillation) that propagates through
matter or free space.

An Electric field exists in the presence of a charged body.

A magnetic field is a force produced by a moving electric charge that exists around
a magnet or in free space.

Time-varying fields or waves are usually due to accelerated charges or time-
varying current. Time-varying current —Electromagnetic fields (or waves)
Electromagnetic (EM) radiation is an electromagnetic wave that travels away from
some source (like antenna, sun, radio tower.... etc.). A traveling electric field has
associated magnetic field with it. Both these fields are perpendicular to each other
(see Figure. L.2), and both are also perpendicular to the direction of wave

propagation [8].

Electic Field
,' A = Wavelength

N

Figure 1.2: Free space electromagnetic wave [8].

1.4.1. Electromagnetic waves spectrum:

The electromagnetic (EM) spectrum is a continuous range of electromagnetic radiation,

extending from very short wavelengths (<300 % 10° m), corresponding to high energy, to

very long wavelengths (cm, m, km), corresponding to low energy. Energy is inversely related

to wavelength (and directly proportional to frequency) (see Figure 1.3). Electromagnetic

waves are characterized by:

Wavelength (1) is the distance traveled by the energy during one cycle from crest to
crest, usually expressed in metric units (meters, centimeters, etc.).
Frequency is the number of cycles repeated during unit time (usually 1 second).

This is given in hertz (cycles per second). A kilohertz (kHz) is 1000 cycles per second.

Note: As frequency increases, wavelength becomes smaller. EM waves can be generated in

different frequency bands: radio, microwave, infrared, visible, ultraviolet, x-rays, gamma rays

(see Figure 1.3) [8].
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Figure 1.3: Electromagnetic Spectrum [8].

1.4.2. Radio frequency (RF)

Radio frequency (RF) refers to any electromagnetic wave frequency in the range extending

from below 3 kHz to about 300 GHz, including those used for communication signals such as

radio and television broadcasting, cellular networks, satellite transmissions, and radar

systems. RF waves occupy the lowest frequency range and the longest wavelengths within the

electromagnetic spectrum.

Radio propagation: is the behavior of radio waves when they are transmitted or propagated

from one point on the earth to another, or into various parts of the atmosphere.

Such a slight waves, radio waves are affected by the phenomena of reflection, refraction,

diffraction, absorption, polarization and scattering [8].

1.4.3. The electrical properties of the transmission medium

Transmission media can be classified as guided or unguided. Guided media, such as twisted

pair, coaxial cable, and optical fiber, provide a physical path for signal propagation, while

unguided media use antennas to transmit signals through air, vacuum, or water.

Key properties of transmission media include:

e Permittivity (g£): Measures a material’s resistance to forming an electric field,

describing how electric flux is generated per unit charge. It is given by € = &o &, where
€o 1S the vacuum permittivity (8.854x107'> F/m) and &, is the relative permittivity of the

medium.
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o Permeability (pn): Also called magnetic permeability, it relates magnetic induction to
magnetic field intensity. It is given by p = po pr, where po is the permeability of free
space (4nx1077 H/m) and . is the relative permeability.

o Conductivity (o): Indicates a material’s ability to conduct electric current; perfect
dielectrics have ¢ = 0[8].

I.5. Antenna Field Regions
The electromagnetic space surrounding an antenna is divided into three principal regions as
shown in Figure 1.4, each characterized by distinct field behaviors and boundary criteria:
Reactive Near-Field Region

e Closest to the antenna, dominated by stored (reactive) energy.

e Outer boundary typically defined as:

R < 0.62 \E (Eq L.1)

Where:D is the largest antenna dimension and A isthe wavelength.

o Fields are primarily inductive and capacitive, with minimal radiation.
Radiating Near-Field (Fresnel) Region

e Lies between the reactive near field and the far field.

¢ Radiation predominates, but the angular distribution of fields still depends on distance.

’D3 2D?
062 —S R<T (EqI.Z)

e The field pattern varies with radial distance, and radial components may be

e Boundaries:

significant.
e Sometimes referred to as the Fresnel region by analogy to optics.
e This region may not exist if the antenna dimension is small compared to the
wavelength.
Far-Field (Fraunhofer) Region
e Begins at:

2D?
R (EqL3)

Fields are essentially transverse, with electric and magnetic components orthogonal and in

phase.

e Angular distribution of radiation is independent of distance.
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o Radiation pattern is well defined, typically with one or more major lobes and few
minor lobes.
e For certain antennas (e.g., multibeam reflectors), stricter criteria may be required due

to phase sensitivity [9].

Far field ~

Radiating near field:

3 2z
0.62 f% <R<Z-

Reactive
near field:

Figure 1.4: The different regions of the antenna field [10].
2
Far-field patterns stabilize at R = %, accurately representing the antenna’s true behavior [9].

I.6. Characteristics of Antenna
In wireless communications, each application highlights certain characteristics of antennas. In
general, an antenna used in one type of application cannot be used in another. An antenna can
be characterized by:
1.6.1. Radiation Patterns
Radiation patterns are mathematical functions or graphical representations of the radiation
properties of an antenna as a function of spatial coordinates (see Figure L.5).
e The radiation pattern is represented as a function of the directional coordinates.
e Field Pattern: A trace of the electric (or magnetic) field strength at a constant radius.
e Power Pattern: A graph of the spatial variation of the power density along a constant
radius and usually plotted on a logarithmic scale or, more commonly, in decibels (dB)
[3].

Main lobe
axis

6=0

Field
Pattern

Main lobe

Fieldin8, ¢
direction

Nulls

Back lobes

Figure 1.5: Three-dimensional radiation pattern as a function of spatial coordinates [12].
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1.6.1.1. Normalized Patterns
The field and power patterns are normalized with respect to their maximum value, yielding

normalized field and power patterns [11], [13].

E(6,¢)
[E(6,9)Imax

The normalized power pattern, P,, is obtained by normalizing the radiation intensity, P, or the

(Eq1.4)

Normalized field pattern: E, (8, ¢) = (dimensionless)

time averaged Poynting vector, P(r, 8, ), with respect to their maximum values [11 ], [13].

Normalized power pattern:

P,(6,d) = PO ) P00, 0V e (dimensionless) (EqL.5)

where:

P(r, 8, ) = Poynting vector, [P(8, ¢)]max = maximum value of P(8, )W /m?

1.6.1.2. Radiation Pattern Lobes

A radiation pattern lobe is a portion of the radiation pattern bounded by regions of relatively
low radiation intensity. Each lobe represents a direction in which the antenna radiates a
significant amount of energy (see Figure 1.6).

e Major or Main lobe: Radiation lobe containing the direction of maximum radiation.

Minor lobe: Any lobe except a major lobe.

Side lobes: Radiation lobes in any direction other than the intended main lobe.

Back lobes: Radiation lobe whose axis makes an angle of approximately 180° with

respect to the beam of an antenna.

Nulls: Points of zero or minimum radiation [3].

270°

Side lobes

180° |

Main lobe

Back lobe

[0°

Figure 1.6: Radiation lobes of an antenna pattern [13].
1.6.1.3. Principal Planes
e E-plane or Elevation Plane: The plane containing the electric field vector and the

direction of maximum radiation.
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e H-plane or Azimuth Plane: The plane containing the magnetic-field vector and the

direction of maximum radiation (Figure 1.7) [3].

~field
-ficld /
H“\L/ |

% H-Plane

/' E-Plane

Figure 1.7: Principal E-and H-plane patterns for a pyramidal horn antenna [3].
1.6.1.4. Isotropic, Directional, and Omnidirectional Patterns

a) Isotropic Antenna: An isotropic antenna is a fictitious antenna and is defined as an
antenna which radiates uniformly in all directions. An isotropic antenna is a hypothetical
lossless antenna, with which the practical antennas are compared. Thus, an isotropic antenna
is used as reference antenna.

b) Directional Antenna: Antennas which directs its energy in one particular direction is
said to be directional antennas. These antennas are having very high gain and directivity to
cover large wireless distance. Examples are paraboloid reflector antenna, Yagi-Uda antenna,
Log periodic antenna, etc.

¢) Omnidirectional Antenna: Omnidirectional antennas are those antennas which will
cover equally well in azimuth direction and having some angle in elevation direction.
Basically, most of the wire antennas have omnidirectional radiation pattern. Examples are

Whip antenna (monopole antenna), Dipoles antennas, etc [14].

Figure L.8: Isotropic, Directional, and Omnidirectional Patterns (a) Isotropic Antenna [15] (b)
Directional Antenna [19] (¢) Omnidirectional Antenna [20].
1.6.1.5. Isotropic Radiation and Power Distribution
The isotropic radiator is a fundamental reference model in antenna theory, used to evaluate

both gain and directivity. It represents a fictitious, ideal point source that radiates power
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uniformly in all directions, regardless of the observation angle. Although such an antenna
cannot exist in practice, it remains essential for comparing the performance of real antennas.
When an isotropic radiator is supplied with a power P,, the power radiated per unit solid angle
is expressed as:

Py
P(6,¢) = = (W /sr) (Eql.6)

This quantity, measured in watts or watts per steradian, is particularly useful because it does
not depend on the distance from the source.

The corresponding surface power density at a distancer is given by:
Fa
4mr?

(Eq1.7)

P(r,0,¢) = [W/m?]

This formula describes how the radiated power spreads uniformly over the surface of a sphere
centered on the source. The isotropic radiation pattern therefore appears as a perfect sphere in
three dimensions. By providing an ideal benchmark, the isotropic radiator plays a central role
in defining antenna gain, directivity, and other key parameters in electromagnetic radiation

analysis [3].

r is the radius distance
@ is the elevation angle
¢ is the azimuth angle

Figure 1.9: The isotropic radiation pattern antenna in Spherical Coordinates [18].

1.6.1.6. Radiation Pattern Parameters

1.6.1.6.a. Beamwidth (HPBW)

Beamwidth is the angular width of the main lobe where most radiated power is concentrated,
defined using the half-power points, where the radiation intensity drops —3 dB from the peak.
The angular distance between these two points is the half-power beamwidth (HPBW), as
shown in Figure 1.10. Both horizontal and vertical beamwidths are usually measured [19].
1.6.1.6.b. First-null beamwidth (FNBW or BWFN (BeamWidth First Null))

As shown in Figure 1.10, FNBW or BWFN is the angle between two vectors, originating at
the pattern’s origin and tangent to the main beam at its base. Often, the approximation FNBW

~ 2-HPBW is used [20].
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The HPBW is the best parameter to describe the antenna resolution properties. In radar
technology as well as in radioastronomy, the antenna resolution capability is of primary

importance [20].

BWFN
/,,_— HPBW —_
s Wt ]

v z
\

Figure 1.10: 3D radiation pattern with HPBW, FNBW [21].

1.6.2. Poynting Vector and Power Density
The instantaneous Poynting vector is defined as:

P(r,0,¢,t) =E(r,0,p,t) Xx H(r, 0,,t)
which can also be expressed as:

P(r,0,¢) = R{E(, 0, )/} x R{H(, 6, p)e/*t}[W/m?]  (EqL9)

(EqL8)

The average Poynting vector is given by:
1
P(r,0,¢) = EiR{E(r, 6,$) x H*(r, 6, $)}[W/m?| (EqI.10)

Note:

e Time-domain expressions: E(r,0,¢,t), H(r,0, ¢, t)

e Phasor-domain expressions: E(r, 8, ¢), H(r, 8, ¢)
The Poynting vector is a real vector. Its magnitude represents the instantaneous or average
power density of the electromagnetic wave, while its direction indicates the direction of
power flow at a given point [22].
1.6.3. Radiation Power Density and Steradian
1.6.3.1. Radiation Power Density
Radiation power density describes how the electromagnetic power radiated by an antenna is
distributed in space. In the far-field region, this distribution depends only on the angular

direction (6’ ¢)and not on the radial distance r. To analyze the total radiated power, the
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concept of solid angle is introduced, which allows the power flow to be evaluated over a
spherical surface surrounding the antenna.
The radiation intensity is expressed as:

P(6,¢) =1r>P(r,0,¢)(W/sr) (EqL.11)
Note that P(8, ¢) is a function of direction only and becomes independent of distance in the
far-field region.
1.6.3.2. Steradian
The steradian (sr) is the unit used to measure the solid angle. The solid angle Qis defined as
the ratio of a portion of a spherical surface area S to the square of the radius rof the sphere

(see Figure 1.11) [22].

S (Eq1.12)
Q= =z (sr)
The solid angle subtended by a complete spherical surface is therefore:
41ir? Eq1I. 13
Q= o= 41i(sr) (Eq )

Area=r2

/ Length=r

1 RQC!!!ZIA:\'
L3

Figure I.11: Geometrical representation of the radian and steradian [22].
The differential surface element in spherical coordinates is given by:
ds =7%sin6dfdon (Eql.14)
where ris the radius of the sphere, Ois the polar angle, ¢is the azimuthal angle, and 7iis the

unit vector normal to the surface.

ds =1’ sind&dgn

Figure 1.12: Antenna radiation over a differential surface element [22].
1.6.3.3. Total Radiated Power using Radiation Intensity
The total radiated power is obtained by integrating the radiation power density over a closed

surface surrounding the antenna:

Pg = ﬂp(r, 0,¢p) ds= %ffRe[E x H*] - ds (W) (Eql.15)
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where:

The integration is performed over a closed surface enclosing the antenna, and the surface must
be sufficiently far from the antenna to satisfy far-field conditions.

I.7. Directivity

In the 1983 IEEE standard, the term directivity replaced the earlier term directive gain, which
was deprecated. This change aligns with common use among antenna engineers and
international standards. Directivity is the ratio of the radiation intensity in a given direction to
the average radiation intensity over all directions. The average intensity is the total radiated
power divided by 4m. If no direction is specified, the direction of maximum radiation is
implied. Mathematically, using Py = P,4/4m, it is expressed as [3]:

P(0,9) _ 4mP(6,9) Eql. 16
D(e,d)): 1) - Prad ( ! )

If the direction is not specified, it implies the direction of maximum radiation intensity
(maximum directivity) expressed as:
P max 47TP max

D. = = (Eq1.17)
max PO Prad 1

Where: D (0, ¢) = directivity (dimensionless), Dy.x = maximum directivity
(dimensionless), P(6, ) = radiation intensity (W/ Steradian),P,,x = maximum radiation
intensity (W/Steradian), P, = radiation intensity of isotropic source (W/Steradian),
P..q = total radiated power (W).
Directivity can also be expressed in decibels dB, mathematically, it is expressed as:

D4p(6,¢) = 10 -log 10[D (6, ¢)] (Eq1.18)
If no direction is specified, the maximum directivity in dB is given by:
Drnax(as) = 1010g 10[Dyna] (Fal19
1.8. Antenna Efficiency
The total antenna efficiency e, is used to take into account losses at the input terminals and
within the structure of the antenna.
eo 1s due to the combination of number of efficiencies. In general, the overall efficiency can
be written as:

ey = ere.ey (Eq1.20)

Where:
eo= total efficiency (dimensionless)

e,= reflection (mismatch) efficiency = (1— | I |?)(dimensionless)
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e.= conduction efficiency (dimensionless), e;= dielectric efficiency (dimensionless)

['is the voltage reflection coefficient at the input terminals of the antenna:

_Zin— 2o (Eq1.21)
Zim + Zg

where:
Z;n = antenna input impedance, Z, = characteristic impedance of the transmission line.
Usually,e, and e, are very difficult to compute, but they can be determined experimentally.
Even by measurements they cannot be separated, and it is usually more convenient to write it
as:

ey = erecq = ecq(1—1 T |?) (EqL.22)
where e.; = e.e;= antenna radiation efficiency, which is used to relate the gain and
directivity [3].
1.9. Gain
Gain is an important parameter in antenna performance, as it accounts for both directionality
and efficiency, unlike directivity, which describes only the directional characteristics of the
radiation pattern. The gain in a given direction is defined as the ratio of the radiation intensity
in that direction to the radiation intensity that would be obtained if the accepted input power

were radiated isotropically [3]. For an isotropic radiator, this leads to:

4P (6, P)
P,

G0, ) = (Eql.23)

In practice, gain is often expressed relative to a reference antenna, typically a dipole or a
lossless isotropic source, with both antennas excited by the same input power. When the
direction is not specified, gain refers to the maximum radiation direction.
The total radiated power P4 is related to the input power P, by:
Py = eoyP: (Eql.24)
where e qis the radiation efficiency. According to IEEE standards, antenna gain does not
include impedance or polarization mismatch losses [3]. The gain is therefore related to the
directivity by:

G(O,¢p) =eqD(6,9) (Eq1.25)

The maximum value of the gain is related to the maximum directivity is given by:

G = ecaDmax (Eq1.26)
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The absolute gain G,pgaccounts for reflection or mismatch losses that occur when the antenna
element is connected to the transmission line:
Gaps = €,G(0,¢) = (1-I T I1°)G(8, 9) = erecaD(6,¢) = €,D(6, $) (Eq1.27)
where e, = (1—| I |?): reflection (mismatch) efficiency, e,: overall efficiency.
If the antenna is perfectly matched to the transmission line, meaning the input impedance
Zinequals the characteristic impedance Z (| ' |= 0), then the two gains are identical:
Gaps = G (Eq1.28)
For maximum values:
Gabs = €oDo (Eq1.29)
1.10. Beam Efficiency

Beam efficiency (BE) is a parameter used to assess antenna performance by quantifying the
fraction of radiated power contained within the main beam. For an antenna whose main lobe

is directed along the z-axis (8 = 0 ), beam efficiency is defined as:

Power transmitted (or received) within cone angle 6,

= - : di ionless). .
Total power transmitted (or received) by the antenna (dimensionless) (Eq1.30)

BE = fOZTT foe,1 U8, ¢p)sin 6do do
T 2m o _
fo J, U(8,¢)sin 6.d6 de

(Eq1.31)

Where: 0, is the cone half-angle, typically chosen at the first null of the radiation pattern.
Beam efficiency therefore represents the fraction of total radiated power contained in the main
lobe. High beam efficiency values (above 90%) are required in applications such as radar,
radiometry, and radio astronomy to minimize side lobe radiation [3].

I.11. Effective Area and Gain Relationship

The effective area A, of an antenna is related to its physical size and shape. It quantifies how

efficiently an antenna captures or radiates energy in a given direction.

The relationship between antenna gain and effective area is given by:
4mA, Amf?A,
12z 2

Where: G,,,,= maximum antenna gain (dimensionless), A,= effective area (m?), A= carrier

(Eq1.32)

Gmax =

wavelength (m), f= carrier frequency (Hz), c= speed of light (approximately 3 X 108m/s)
Table 1.2 presents common antenna types with their corresponding gain and effective area
formulas. It shows how antenna geometry and wavelength affect radiation performance,

where larger effective areas generally result in higher gain.
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Antenna Type Effective Area, meter’  Power Gain relative to Isotropic Antenna
Isotropic A4z 1

Infinitesimal dipole or loop 1.5/%/4x 15

Half-wave dipole 1644247 1.64

Horn, mouth area A 0.814 104/

Parabolic, face area A 0.564 T4/

Two crossed, perpendicular dipoles 1154347 115

Table 1.2: Antenna Types with gain and effective area formula [23].
The relationship between antenna gain and effective area is fundamental to antenna selection
and system design. Proper evaluation of these parameters ensures optimal signal coverage,
efficiency, and reliable communication performance [23].
1.12. Input Impedance
The input impedance Z;, of an antenna is the ratio of voltage to current at its terminals and
represents the impedance seen by an incident electromagnetic (EM) wave. It is frequency-
dependent and expressed as:
Zin = Ry + X, (Fal33)
e R;, (resistance): the real part of the input impedance, representing the power radiated
by the antenna and any ohmic losses.
e X, (reactance): the imaginary part, representing stored energy in the antennas near
field (inductive or capacitive) that does not radiate.
To achieve efficient radiation, the antenna must match the transmission line impedance
(typically 50 Q) to free space (~ 377 ()). Any mismatch in R;, or X;, reduces radiation
efficiency, so Z;, should be as close as possible to the line impedance across the operating

bandwidth (see Figure 1.13) [24].

Transmission Electromagnetic
lines wave in free space

Antenna \

\
~¢—0

Radio
transmitter

|
nmﬁum‘{:

Figure 1.13: illustrating the basic concept of input impedance and transmission line

matching for the efficient radiation of an EM wave [24].
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1.13. Reflection Coefficient and Return Loss

To ensure efficient radiation, an antenna’s impedance input must be matched to the
characteristic impedance of the transmission line (typically 50 2). Any mismatch causes part
of the signal to be reflected back toward the source, reducing transmitted power.

The reflection coefficientI'quantifies this effect and is defined as:

S, = = Zn=% (Eq1.34)
1 ZintZy

where:
Z;, 1s the antenna input impedance and Z, is the transmission line impedance.
When Z;, = Z,, ' = 0, meaning no reflection occurs and all power is transferred. The return
loss (RL) expresses the reflection coefficient in logarithmic form:

RL = —20log 4, | T | [dB] (Eq1.35)
A well-designed antenna typically has RL < —10 dB, indicating that at least 90% of the
power is delivered to the antenna [24].
1.14. S-Parameters
S-parameters, or scattering parameters, describe the behavior of an N-port network through a
scattering matrix. Each element of the matrix relates the voltage of an incident wave to that of
a reflected wave at a given port.
S-parameters can be used to calculate the reflection coefficient at each port, allowing
evaluation of the transmission efficiency of the network. They are easily measured using

modern network analyzers.

S = b,

) 34 00— T —Ob

Forward S Em———— | &> < 2rev Reverse

measurement b1 . = & . measurement
— @@= [—— g , ==

<= S..
b1.rev

Port 1 DUT Port 2

Figure 1.14: The basic principle of S-parameters for a two-port network [24].
As shown in Figure 1.14, S;; and S,, represent the reflection coefficients at ports 1 and 2,
respectively, with all other ports terminated in matched loads. Similarly, S,;and S;,denote
the transmission coefficients from port 1 to 2 and from port 2 to 1, respectively, under the

same matched-load conditions [24].
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In this setup, the Device Under Test (DUT) is simply the component, circuit, or antenna
being measured. It is the physical system connected to the measurement equipment (such as
a network analyzer). The DUT is the subject of the test, and the S-parameters describe how
it behaves when signals are applied to its ports.
a,: incident wave entering Port 1 of the DUT, b;: reflected wave leaving Port 1 of the DUT
a,: incident wave entering Port 2 of the DUT, b,: reflected wave leaving Port 2 of the DUT

I.15. VSWR

The voltage standing wave ratio (VSWR) of a transmitting antenna is defined by:

1+ T |
VSWR = T |(dimensionless) (Eq1.36)

Same as I', VSWR is also a common parameter used to characterize the matching property of
a transmitting antenna. Possible values of VSWR are from 1 to oo.

VSWR =1 = perfectly matched. VSWR = co= completely unmatched [22].
1.16. Bandwidth of an Antenna

The bandwidth of an antenna is defined as the range of usable frequencies within which the
performance of the antenna with respect to some characteristics conforms to a specified
standard [25]. The parameter most commonly taken into account here is the impedance match
(i.e. VSWR< 1.5), but other parameters like gain or side lobe suppression may serve as a
bandwidth criterion [25].

BW:f—U (Eq1.37)
fL

Where:

fu is the highest or upper usable frequency and f; is the lowest usable frequency. An antenna
is said to be broadband when BW is equal or greater than 2[25].
Note that when | T' |= p = 2010g(0.3162) = — 10dB.

1+| T | _ 1+ 0.3162 193~ 2
1-IT| 1-0.3162
Hence the impedance bandwidth can also be specified by the frequency range within which

VSWR <2 [18].

(Eq1.38)

VSWR =
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p orSy (dB)
#»

N o

—— ]
Impedance bandwidth Frequency

Figure .15 :S1: vs. Frequency Bandwidth [25].
There exists also a different definition of bandwidth which is valid only for narrowband

antennas:
BW in (%) =%. 100 (Eq1.39)

where: f. is the center frequency.

1.17. Polarization

Antenna polarization is defined by the trajectory traced by the tip of the electric-field vector
E, with three common types: linear, circular, and elliptical [22].

(a) Linear polarization: A plane wave is linearly polarized at a fixed observation point if the
tip of the electric field vector E at that point moves along the same straight line at every

instant of time (Figure 1.16).

‘ ™ LINEAR
POLARIZATION

Figure 1.16: Linear polarization types of electromagnetic waves vertical, horizontal, and slant
showing electric field orientation relative to the direction of propagation [26].

(b) Circular Polarization: At a fixed observation point, a plane wave is circularly polarized

if the tip of the electric-field vector E traces a circle over time. It can be right-handed (rotating

clockwise) or left-handed (rotating counterclockwise) (Figure 1.17).
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CIRCULAR
POLARIZATION

Figure 1.17: Right-hand and left-hand circular polarization illustrated by electric field
rotation in the XY-plane along the Z-axis direction of wave propagation [26].
(c) Elliptical Polarization: At a fixed observation point, a plane wave is elliptically polarized
if the tip of the electric-field vector E traces an ellipse over time. It can be right-handed

(rotating clockwise) or left-handed (rotating counter clockwise) (Figure 1.18).

)
1
1
|
i
'}

ELLIPTICAL
POLARIZATION

Figure 1.18: Right-hand and left-hand elliptical polarization showing electric field rotation in
the XY-plane along the Z-axis direction of wave propagation [26].

1.18. Conclusion

This chapter has provided the essential theoretical background of antenna fundamentals,
covering their historical evolution, definitions, electromagnetic principles, field regions, and
key performance parameters such as radiation patterns, gain, directivity, and efficiency. These
concepts form the scientific basis for analyzing how antennas operate and how their
characteristics determine communication quality.

By establishing this foundation, the chapter prepares the ground for the following sections,
where different antenna types will be examined in detail, with particular emphasis on
microstrip patch antennas. Subsequent chapters will also address their optimization and
integration into advanced wireless systems, highlighting their critical role in meeting the

stringent requirements of upcoming 6G technologies.
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I1.1. Introduction

This chapter presents the fundamental concepts and classifications of antennas, with a
particular focus on planar antennas. The structural characteristics, advantages, limitations,
and feeding techniques of microstrip antennas are discussed in detail. In addition, several
other planar antenna types such as PIFA, slot antennas, and printed monopole and dipole
antennas are introduced.

Furthermore, the chapter explores advanced antenna technologies, including smart antennas,
metamaterial-based antennas, phased array antennas, MIMO systems, and reconfigurable
antennas, which are essential for improving the performance of modern wireless networks.
Finally, the chapter provides an overview of terahertz (THz) technology, its role in future 6G
communication systems, its applications, and the main challenges associated with THz
antenna design.

I1.2. Microstrip Patch Antennas

Planar antennas are extensively employed in modern wireless communication systems due to
their compact size, low profile, and compatibility with planar fabrication technologies. These
antennas are typically realized using printed circuit board (PCB) techniques, where the
radiating element is etched or printed on a dielectric substrate [1].

The most common type is the microstrip patch antenna, which is also utilized in this study.
The following section presents its structure, various types, advantages, limitations,
applications and feeding techniques.

I1.2.1. Structure of a Microstrip Antenna

Patch antennas are made up of three layers which are a rectangular ground plane at the
bottom, a dielectric substrate in the middle, and the patch on the top. Both of the ground and
the patch layers are made of conductors such as copper or gold [2]. These metals are
preferred because of their low resistivity, resistance to oxidation, good solderability, and
strong adhesion to dielectric substrates [3].

Both of the dielectric material and the ground plane having the same dimensions as shown in
Figure II.1 [2]. The radiating patch and feed line are etched on the same dielectric substrate,
allowing compact integration with microwave circuits [3].

The patch can be designed in various geometrical shapes depending on the required antenna
characteristics. However, rectangular, square, and circular patches are most commonly used

due to their simple analysis, predictable performance, and ease of fabrication. Despite
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differences in geometry, their radiation behavior is similar, as they operate in a manner

analogous to a radiating dipole.

hI dielectric (¢,)

ground J

Figure I1.1: Microstrip Antenna [4].

Microstrip patch antennas radiate mainly due to fringing fields at the edges of the patch and

the ground plane. While low-permittivity thick substrates improve bandwidth and efficiency,

high-permittivity substrates are preferred for antenna miniaturization, making a design trade-

off necessary, particularly at high-frequency and THz applications. The typical range for

dielectric constant of the substrate being used is 2.2 < & < 12 [3].

I1.2.2. Types of Microstrip Patch Antenna

Microstrip patch antennas can be designed in various geometrical shapes, each offering

specific characteristics and applications. Common types include (Figure I1.1) [3]:

e Square: Square-shaped radiating patch; widely used due to ease of design and broad
applicability.

e Rectangular: Rectangular patch; dominant in communication systems because of tuning
flexibility.

e Dipole: Dipole-like patch; provides broadband performance, suitable for wider frequency
coverage.

e Circular: Circular patch; enables circular polarization, commonly applied in satellite and
mobile communication.

e Elliptical: Elliptical patch; produces distinct radiation patterns, useful for specialized
applications.

e Triangular: Triangular patch; less common but advantageous in certain compact designs.

e Disc Sector: Disc-sector patch; offers directional radiation, suitable for applications
requiring specific angles.

¢ Circular Ring: Ring-shaped patch; allows variation in radiation characteristics, adaptable

to different system needs.
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QUARE RECTANGULAR CIRCULAR DIPOLE ELLIPTICAL

SHAPES OF MICROSTRIP PATCH ELEMENTS

Figure I1.2: The most common shapes of patch antennas [5].

The choice of substrate material is a critical factor in microstrip antenna performance, as it
must withstand environmental conditions such as temperature and humidity. The substrate
thickness h strongly affects the resonant frequency f.and bandwidth (BW). Increasing
h generally enhances bandwidth; however, excessive thickness can degrade resonance and
reduce antenna efficiency [3].
I1.2.3. Advantages and Limitations of microstrip antennas
Microstrip antennas have several advantages compared to conventional microwave antennas,
and therefore many applications cover the broad frequency range from 100MHz — 100GHz.
[6].
Advantages:

e They are light in weight.

e They occupy low volume.

e They are of low-profile planer configuration.

e They can be made conformal to planar and non-planar surfaces.

e Their ease of mass production leads to a low fabrication cost.

e They are easy to implement on the device.

e They allow both linear polarization and circular polarization with simple feed.

e They can be made compact for use in personal mobile communication.

e They allow for dual- and triple-frequency operations.

e They act as an efficient radiator.

e They have low scattering cross section.

e They are mechanically robust when mounted on rigid surfaces.

e They are resistant to shock and vibration.

e They are well compatible for embedded antennas in handheld wireless devices.
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However, these antennas also have some limitations as compared to conventional ones.
These are:

e They have narrow bandwidth.

e The efficiency is low.

e They have low gain.

e They have low power handling capacity.

e They have low isolation between radiating elements and feed.

o Complex feed structure required for high performance arrays.

e Large ohmic loss in the feed structure of arrays.

e Extraneous radiation from feed and junctions.

e Excitation of surface waves [3]- [7].

The feed line can be easily fabricated at the same time on the substrate There are ways to
minimize the effect of some of these limitations. For example, bandwidth can be increased to
more than 60% by using special techniques; lower gain and lower power handling limitations
can be overcome through an array configuration. Surface wave-associated limitations such as
poor efficiency, increased mutual coupling, reduced gain and radiation pattern degradations
can be overcome by the use of photonic bandgap structures [6].

I1.2.4. Application of microstrip antennas

Microstrip patch antennas are widely adopted due to their robust design, ease of
manufacturing, and low cost. Their versatility makes them suitable for numerous modern
technologies [8]-[9]:

e Global Positioning Systems (GPS): High-permittivity sintered substrates enable
accurate positioning in vehicles, aircraft, and marine applications, supporting millions
of GPS receivers.

e Radar Systems: Ideal for detecting moving targets, microstrip antennas can be
mass-produced using photolithography, offering dual performance at lower cost
compared to conventional antennas.

¢ Rectenna Systems: Used for wireless transmission of DC power over long distances,
requiring high performance and reliable connectivity.

e Mobile and Satellite Communications: Their small size and ability to support linear
or circular polarization make them essential in compact mobile devices and satellite

links, where circularly polarized patterns are achieved with circular patch designs.
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e Medical Applications: Compact size and tunable electrical performance make them
suitable for tissue detection and tumor treatment, offering promising biomedical uses.

¢ Radio Frequency Identification (RFID): The RFID system is a transponder or tag
and a reader or transceiver. It can be used in different fields such as mobile
communication, manufacturing, logistics, transportation, car parking, animal tracking,
and health care. The RFID system operates over a frequency range from 30 Hz to 5.8
GHz

e Interoperability for Microwave Access (WiMax): Another name of IEEE 802.16
standard is WiMax. Microstrip patch antenna is used in WiMax because it produces

three important resonant modes at 2.7 GHz, 3.3 GHz, and 5.3 GHz.

Mobile

communication

Satellite
communication
Microstrip
Patch antenna
applications

Radar
applications

Figure 11.3: Different applications of Microstrip Patch antenna in wireless applications [10].

Antennas are fundamental to modern wireless systems, reducing reliance on costly wired
infrastructure. Microstrip patch antennas, valued for their radiation mechanism and functional
performance, are driving the expansion of applications across communication, radar,
radiometry, and electronic support systems. Their versatility and demand for wide bandwidth
ensure continued growth in both commercial and defense technologies [9].

In light of their numerous applications, the performance of microstrip antennas strongly
depends on the choice of feeding techniques, which will be discussed in the following
section.

I1.2.5. Feeding techniques

The main objective of the feed line is to provide an input signal to excite the antenna. Feeding
methods for microstrip patch antennas are categorized into two main groups as shown in
Figure 11.4 [8]:

(a) Contacting Techniques

In the contacting technique, using connecting elements (like a coaxial probe, microstrip line),

the RF power is directly fed to the patch of an antenna.
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(b) Non-Contacting Techniques

In non-contacting techniques, various feed methods, i.e., proximity coupling, aperture

Feeding
Techniques

coupling are used for power transfer.

i Non-
| Contacting | Contacting

]

Microstrip ‘ Coaxial Aperture Proximity
Line Probe Coupling Coupling

Figure I1.4: classification of different feeding techniques [8].
I1.2.6. Comparison of Feeding Techniques for Microstrip Patch Antennas
The feeding technique selection for microstrip antenna plays a very crucial role because
various antenna quality parameters such as return loss, bandwidth, and efficiency of an
antenna are directly affected by it [8].
a) Microstrip Feedline:
This technique uses a metallic strip directly connected to the patch, both etched on the same
substrate, forming a flat structure (see Figurell.15). It offers easy impedance matching and
simple fabrication. However, it generates the highest spurious feed radiation among all

techniques and provides a narrow bandwidth (typically 2%—5%) [8].

Microstrip
Transmission »
Line

*, Dielectric
Subsrate

Figure I1.5: Microstrip Feedline for microstrip antenna [11].
b) Coaxial Feed:
In this method, the inner conductor of the coaxial cable is connected to the radiating patch,
while the outer conductor is attached to the ground plane (see Figure I1.6). It offers simple
impedance matching and produces lower spurious radiation compared to other techniques.
The arrangement requires soldering and drilling, and the achievable bandwidth remains

narrow, typically around 2%—5% [8].
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Metal Patch

Dielectric
Substrate

Ground Plane
Coaxial Cable

Figure I1.6: Coaxial Feed for microstrip antenna [11].

¢) Aperture Coupled Feed:

This method uses two sandwiched substrates to achieve electromagnetic coupling between
the feed and the radiating patch (see Figure I1.7). It offers easy impedance matching and
produces moderate spurious radiation. However, the arrangement is complex due to strict
alignment requirements, and the achievable bandwidth remains narrow, typically around 2%—

5% [8].

Patch Averture/Slot

Microstrip Line

. ¢ Substrate |
Ground Plane
Substrate 2

Figure 11.7: Aperture Coupled Feed for microstrip antenna [12].
d) Proximity Coupled Feed:
The feed line is sandwiched between the two dielectric layers, and the radiating patch is kept
on the top of the upper dielectric substrate (see Figure I1.8). This method of feeding removes

the spurious feed radiation and provides wider bandwidth (nearly 13%) [8].

Patch

Microstrip Line

Substrate 1

Substrate 2

Figure I1.8: Proximity Coupled Feed for microstrip antenna [12].
The choice of feeding method significantly influences antenna performance. A comparison of

the most common techniques is presented in the following table:
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Feeding Technique

Coaxial Feed

Microstrip Line

Aperture

Coupledfeed

Proximity

CoupledFeed

Advantages

-Simple and easy impedance matching

-It has lower spurious radiation

-It is monolithic

-It is simple and easier to fabricate
-Simple and easy impedance matching
-It does not have a deleterious effect
on the bandwidth and efficiency due to
the use of two dielectric layers.

- It does not produce radiation from

feed and other active devices

-Easy impedance matching

-Provide wider bandwidth

Disadvantages

-It has large inductance for thick
substrate

-For it, soldering is needed

-For thick substrate, it produces

spurious radiation

-It required a multi-layer design
-It produces higher radiation from

the back lobe.

-Fabrication needed alignment

-Less spurious fed radiation

Table II.1: Comparison of Feeding Techniques for Microstrip Patch Antennas [8].

I1.3. Types of Planar Antennas

I1.3.1. Planar Inverted-F Antennas (PIFA)

Planar Inverted-F Antennas (PIFA) are compact antenna structures designed to achieve size

reduction while maintaining acceptable radiation characteristics.

A typical PIFA consists of a top radiating plate connected to the ground plane through a

shorting pin or plate, along with a feeding point (Figure I1.9). This configuration provides

good impedance matching and reduced sensitivity to nearby objects, such as the user’s hand

or head, making PIFAs particularly suitable for portable and handheld devices. PIFAs are

extensively used in mobile phones, tablets, and wearable devices and they can be easily

modified to support multiband and broadband operation by adjusting the antenna geometry or

introducing additional resonant paths [13].
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Radiating patch

Substrate

Melamaterial -
SRR g:':]or'hng
Ground Feeding Pin

Plane

Figure I1.9: Schematic of the PIFA Antenna [14].

I1.3.2. Slot Antennas

Slot antennas are formed by cutting a narrow slot in a metallic surface or ground plane, and
radiation occurs due to the electromagnetic fields around the slot. Unlike patch antennas, slot
antennas radiate from the aperture rather than from a metallic conductor (Figure 11.10). They
offer several advantages, including wider bandwidth, good polarization purity, and ease of
integration with planar transmission lines such as microstrip or coplanar waveguides. Slot
antennas are commonly used in microwave and millimeter-wave systems, radar applications,
and compact wireless devices. Their radiation characteristics can be effectively controlled by
modifying the slot shape, length, and feeding technique [15].

An example of this type of antenna is illustrated in the following Figure.

Figure I1.10: Loaded Folded Slot Antenna, 4.7 GHz [16].

I1.3.3. Printed Monopole and Dipole Antennas

Printed monopole and dipole antennas are planar implementations of traditional wire
antennas, where the radiating elements are printed on a dielectric substrate (see Figure I1.11).
These antennas exhibit radiation patterns similar to their wire counterparts while offering
improved compatibility with planar circuits [17]. Printed monopole antennas are particularly
known for their wide impedance bandwidth and omnidirectional radiation characteristics,
making them suitable for wideband and multiband wireless applications. Printed dipole

antennas, on the other hand, provide balanced radiation and are often used in differential

33

—
| —



(@)
chapter II: Advanced Antenna Architectures and Terahertz Technologie @

feeding systems. These antennas are widely employed in WLAN, Bluetooth, ultra-wideband

(UWB), and Internet of Things (IoT) applications [18].

(@) (b)
Figure I1.11: Fabricated antenna prototypes: (a) Monopole, (b) Dipole on FR-4
substrate [19]-]20].
I1.3.4. Advanced Wireless Antennas
Advanced antennas have been developed to meet the increasing demand for higher data rates,
better spectrum efficiency, and enhanced coverage in modern communication systems,
including 4G, 5G, millimeter-wave systems, and beyond. These antennas employ
sophisticated designs and technologies to improve system performance. The main types are
detailed below :
11.3.4.1. Smart Antennas
Smart antennas combine antenna arrays with adaptive signal processing techniques to
dynamically control the radiation pattern, steering the main beam toward desired users while
placing nulls toward interferers. This capability improves the signal-to-noise ratio (SNR),
reduces co-channel interference, and enhances overall system capacity. Smart antennas are
extensively used in cellular base stations, emerging 5G networks, and other adaptive wireless
systems. Key considerations in their design include array geometry, beamforming algorithms,
real-time adaptation, and computational complexity. Through these features, smart antennas
enable efficient spectrum utilization and more reliable communication in multi-user

environments [21].

Standard technology Smart antenna technology
Interferer & Interferer Interferer i £ Interferer
@ Desiredg\ Desirod g‘

*

. signal] > . seale %
© e
\ / / \ /-'\"a}allon pattern

H gt st A::::;"alY YYYYYYY Yl

Digital processing —
Beamforming

Omni antenna

— Beamforming and smart antennas

Figure I1.12: Standard antenna and smart antenna with beamforming
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I1.3.4.2. Metamaterial Antenna

Metamaterials are artificially engineered materials with unique electromagnetic properties
that are not found in natural materials. They enable improved control of electromagnetic
wave propagation and have created new opportunities for enhancing antenna performance. In
antenna systems, metamaterials are commonly used to improve radiation characteristics and
increase antenna gain. However, achieving both high gain and compact antenna size remains
a significant challenge [22].

I1.3.4.2.1. Classification of materials

Metamaterials are fundamentally classified into several categories based on their permittivity
and permeability values. Materials are grouped into four fundamental regions and are

depicted in Figure I11.13 [22]-]23]:

7]

A

ENG Material DPS Material

(<0, >0) (>0, u>0)

Plasmas Dielectrics

O .

DNG Material VING Material

(e <0.u <0) (£>0, 0 <0)

Not found in nature, Gyrotropic
but physically realizable magnetic materials

Figure I1.13: Classification of physical environments depending on their effective values of
permittivity (¢) and magnetic permeability (p) [22].

Epsilon-Negative (ENG): characterized by negative permittivity (e< 0) and positive
permeability (u> 0). In the microwave regime is typically achieved through periodic
arrangements of thin metallic wires. This structure mimics plasma behavior at lower
frequencies, where the effective permittivity

Mu-Negative (MNG): characterized by positive permittivity (e> 0) and negative
permeability (u< 0), synthesized using resonant elements like Split-Ring Resonators (SRRs).

Double-Negative (DNG): characterized by negative permittivity and permeability (e< 0 and
pu< 0). They are known as left-handed materials; these properties are not found in naturally
occurring substances. NG structures are typically man-made by combining electric and
magnetic resonant elements, such as Split-Ring Resonators (SRRs) and thin metallic wire

strips.
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Double-Positive (DPS): known for isotropic dielectrics and right-hand materials, have both
positive permeability and permittivity, being considered as conventional material (> 0 and
p>0).

Several additional examples of metamaterial-based antennas are presented below:

— |[FEEE
A ||EEse,

yNlEEEE
S I - 1M m- 4

Figure 11.14: Geometry and Fabricated triangular patch antenna with CSSR on the
ground plane [23].

Substrate

Figure II.15: Geometry and Fabricated Prototype of Metamaterial-Based SRR Antenna [24].
I1.3.4.3. Phased Array Antennas

Phased array antennas consist of multiple radiating elements with individually controllable
phase shifts, enabling electronic steering of the radiation beam without mechanical movement
(see Figure I1.16). This allows rapid beam switching, high directivity, and adaptive coverage,
which are essential in radar systems, satellite communications, and 5G, 6G millimeter-wave
networks. Design challenges for phased arrays include precise phase control, element spacing
optimization, sidelobe suppression, and maintaining impedance matching across all elements.
Phased arrays are critical for systems requiring dynamic beamforming, high gain, and real-

time directional control [25].
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Figure I1.16: Phased Array Antennas [26]-[27].
11.3.4.4. Reconfigurable Antennas
Reconfigurable antennas are antennas capable of dynamically altering their operating
frequency, radiation pattern, polarization, or gain in response to changing system
requirements or environmental conditions. According to Christodoulou and al [2§],
reconfiguration is achieved by "deliberately changing its frequency, polarization, or
radiation characteristics” through techniques that redistribute surface currents and modify
the effective electromagnetic aperture of the antenna. This electrical or structural
modification allows a single antenna structure to perform multiple functions that would
otherwise require several fixed antennas [28].
Reconfigurability can be implemented using various switching elements integrated into the
radiating structure, such as PIN diodes (Positive-Intrinsic-Negative diodes), varactor diodes,
RF-MEMS (Radio Frequency Micro-Electro-Mechanical Systems), optical switches, or
tunable materials like ferrites and liquid crystals [28].
These antennas find applications in wireless and satellite communications, sensing, imaging,
and space systems where adaptable RF front ends are required. Christodoulou and al [28]
emphasize that reconfigurable antennas support modern agile systems including frequency-
agile radios (capable of operating across multiple frequency bands), software-defined radios
(adaptable via software control and FPGA/microcontroller automation), and cognitive radios
(intelligent systems that sense the RF environment and autonomously adapt to congested or
contested conditions). The authors note that such systems enable multiband and multistandard
operation while improving spectrum utilization. Furthermore, reconfigurable antennas can
significantly reduce hardware complexity, component count, and overall system cost

compared to conventional architectures employing multiple fixed antennas [28].
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Figure I1.17 :(a) Fabricated PIN Diode-Based Frequency-Reconfigurable Antenna Prototype
(b)Simulated/Measured Reflection Coefticient |Si1| [29].

The switching elements modify the surface current distribution, resulting in multiple
operating frequency bands. The measured |Sii| results demonstrate good agreement with
simulation, confirming the effectiveness of the reconfiguration mechanism [29].

To address the extreme bandwidth demands of future 6G networks, we finally move to THz
technology. In our work, this frequency band offers the massive spectrum resources necessary
for terabit-per-second data rates.

11.3.4.5. Multiple-Input Multiple-Output (MIMQO) Antennas

Multiple-Input Multiple-Output (MIMO) is a wireless communication technology that
employs multiple antennas at both the transmitter and receiver ends to enable the
simultaneous transmission and reception of multiple data signals over a single frequency
channel (Figure II.18). This technique marks a significant departure from traditional Single-
Input Single-Output (SISO) systems, which use only one antenna at each end and are limited
by the capacity of a single channel. MIMO systems follow the high signal-to-noise ratio
(SNR) condition and take advantage of multipath propagation by using spatial multiplexing.
By utilizing multiple communication paths, MIMO systems can effectively multiply the
capacity of a wireless channel without requiring additional power or frequency spectrum.
This makes MIMO technology an indispensable component for 6G wireless communication,
as it is essential for achieving ultra-high data rates (reaching terabits-per-second), low
latency, expanded channel capacity, increased quality and spectral efficiency, reduced
multiple fading, low cost, and compact size according to Shannon’s capacity theorem[30]-

[31]-[32]-[33]-[34]-[ 35].
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Figure I1.18: MIMO communications concept with multiple transmit and receive
antennas [35].
MIMO technology has different forms, including multi-user (MU-MIMO), single-user (SU-
MIMO), and massive MIMO. It offers numerous advantages over single-input single-output
(SISO) systems, in which the transmitter and receiver each have a single antenna. The next
configuration is single-input multiple-output (SIMO), where the transmitter has a single
antenna and the receiver has two antennas; this is known as receiver diversity. In the
multiple-input single-output (MISO) system, the receiver has a single antenna while the
transmitter has two antennas, a configuration referred to as transmitter diversity. Multi-user
MIMO is more advantageous than single-user MIMO, and both multi-user and massive
MIMO use multiple antennas at both ends. All four antenna configurations are shown in

Figure I1.19 [35].

SIMO

MISO

foEe

MIMO

EEEER

Figure I1.19: Four different configurations of antenna [35].

11.3.4.5.1. Principle of MIMO Operation

The fundamental principle of MIMO operation involves exploiting the multipath propagation
environment to transmit parallel data streams through different spatial paths [21]-[30]-[36].
Instead of viewing multipath interference as a hindrance, MIMO uses it to increase network
capacity through spatial multiplexing, which divides a high-rate data stream into multiple

lower-rate streams transmitted simultaneously. To improve signal reliability, MIMO systems
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leverage spatial diversity (or diversity gain) by sending the same information through
independent fading paths, thereby mitigating the effects of multipath fading. Furthermore,
beamforming techniques are often integrated to shape the radiation pattern toward specific
users, which minimizes interference and significantly enhances network coverage [32]-[33]-
[36].

11.3.4.5.2. Different configurations of MIMO

MIMO antenna designs are in different configurations, some of which are shown in Figure
I1.20, such as 2x2, 3x3, 4x4, and 8x8. MIMO increase in connection speeds compared to the
SISO antenna. MIMO antenna transmits high data throughout the same spectrum resources.
Modern devices use 2x1 or 2x2 for low-frequency cellular bands, and 4x4 or 8x8 for mid-
and high-frequency bands, but with different performance metrics for different configurations

of MIMO [35].

y

PN F P A . ‘
) =,

Port1 Po2 Port 1 Port 2 Port2 Port |

€))

(b)
Figure I1.20: The simulated and the fabricated geometry of the proposed MIMO a) UWB

MIMO antenna from Front view and Back view, b) Dual-band MIMO antenna [37] [38].
11.3.4.5.3. MIMO Antenna Parameters

The performance of a MIMO antenna system is evaluated using several important parameters
that describe the interaction and efficiency of the antenna elements [31]- [32]- [34]-[35].

a) Envelope correlation coefficient (ECC)

The envelope correlation coefficient (ECC) measures the correlation between antenna
radiation patterns in a MIMO system. It measures antenna independence. For optimal
performance, the ECC should be close to zero or < 0.5 in high-performance designs,

signifying high diversity, whereas higher ECC values indicate considerable correlation and
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reduced system efficiency. Wireless communication requires ECC for high data speeds and
reliable signal transmission in MIMO systems. To determine the ECC between any number
of elements, one can use the radiation field pattern and S-parameters as:

| $iiSij + S;iS;; |2
(1=184 12 =1 S 12)(A~1 S5 12 =1 Sy 12) (Eq IL1)

Sii,Sj;: Reflection coefficients of antennas iand j, S

ECC =

ij»Sji: Transmission (mutual coupling)
coefficients between antennas
b) Diversity gain (DG)

Diversity Gain (DG) describes how employing multiple antennas or transmission paths in a
communication system can improve signal quality and reliability. It measures how diversity
techniques, such as spatial, frequency, or polarization diversity, enhance the received signal
strength and reduce signal fading. Diversity gain represents the performance improvement
obtained by mitigating multipath fading and improving signal reception, and it is typically
expressed in decibels (dB). For efficient MIMO systems, the DG should be high
(approximately 10 dB) within the operating frequency band. DG is also dependent on the S-

parameters and can be calculated as:
(EqI1.2)
DG =101 —ECC?

¢) Mean effective gain
Mean Effective Gain (MEQ) is defined as the ratio of the power received by the MIMO
antenna to the power received by an isotropic antenna. The MEG is calculated by using Eq.
(3) and Eq. (4), where i1 and j indicate antenna port.
For better diversity performance of a MIMO antenna with an equal power level, the range
between value MEGi values from -3 dB to -12 dB and the power ratio between the ports
MEGs=MEG;—MEGjshould be less than 3 dB. The results show good diversity performance.
MEG=0.5[1-1 5;; 1>~ S;; 1] (Eq 11.3)
MEG;=0.5[1-| S;; 1*-1 S;; I?] (Eq I1.4)
Factor 0.5: Accounts for equal probability of incoming waves from all directions in a uniform
multipath environment.
d) Channel Capacity Loss (CCL)
Channel Capacity Loss (CCL) is a key parameter for MIMO antenna efficiency. Measure the
Channel Capacity Limit to see if a channel can transfer data uninterrupted. MIMO system

channel capacity grows proportionally with antenna element count. Correlation between
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MIMO channels causes capacity losses. MIMO channel capacity must be measured using the
CCL or Channel Capacity Loss when there is a correlation. This can be determined using:

CCL=-log,det (Pg)

The receiver two-port correlation matrix can be determined by: (Eq IL.5)
welp o]
Where:
pi=1—(1S; 1 +15; 1) (Eq I1.6)
pjj =1=(18; *+18;1%) (Eq I1.7)
pij =1 SiiSij + SjiSj; I? (Eq IL8)

Eq IL9
pji = Sj3Sji + 5i;S); 17 B lld)

The symbols (i) and (j) represent the coefficients corresponding to ports 1 and 2, respectively.
According to CCL performance guidelines, the channel capacity loss should be maintained
below 0.5 bps/Hz, with values under 0.4 bps/Hz typically regarded as optimal for efficient
MIMO operation.
e) Total Active Reflection Coefficient (TARC)

The Total Active Reflection Coefficient (TARC) is the ratio of the total reflected power from
the radiating elements to the total incident power on the patch. The TARC value for the
MIMO antenna should be below -10 dB in the operating frequency bands to show its
excellent performance. The relation between TARC and the S-parameter is described in Eq.
(Eq I1.10). In a MIMO system TARC value is less to prove good diversity performance and

reflect higher transfer rates with better data quality.

\/(Sii+5ij€_j9)2+(5ji+5jj€_j9)2 (Eq II'IO)
VN

Where i and j are the port numbers, denotes the phase angle between two ports, and N is the

TARC=

number of radiating elements.

f) Transmission coefficient (S51)
In the context of Multiple-Input Multiple-Output (MIMO) antenna systems, the transmission
coefficient, which is also known as isolation, is an essential performance statistic that must be
considered. It provides a quantitative measure of the degree of reciprocal coupling or
unwanted signal leakage that occurs between the elements of the antenna, with lower values
(in decibels) which indicate improved isolation and decreased interference. In MIMO

systems, high isolation is required to guarantee that signals sent or received by one antenna
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element do not adversely affect other elements. This helps to maintain the integrity of the
signals and improves the overall performance of the system [33].

11.3.4.5.4. Challenges and Optimization Methods in MIMO Antenna Design

The design of Multiple-Input Multiple-Output (MIMO) antennas for future 6G networks
faces significant challenges, primarily centered on mutual coupling, where electromagnetic
waves from one antenna interfere with another through near-field, surface wave, or free space
interaction. This phenomenon is particularly problematic in compact mobile devices where
limited space forces antennas into close proximity, leading to pattern correlation and
degraded system efficiency. Additionally, the transition to Terahertz (THz) frequencies
introduces extreme path loss and high energy attenuation, requiring antennas with high gain
and radiation efficiency to maintain link stability.

To overcome these obstacles, researchers implement several advanced solution techniques
tailored for high-frequency performance (Figure I1.21) such us neutralization line and slots,
line resonator, Defected Ground Structures (DGS) involve etching specific slots, such as "I"-
shaped or circular patterns, into the ground plane to disrupt surface wave propagation; this
technique has been utilized extensively by researchers such as Md Ashraful Haque et al [36],
demonstrating that modifying the return current distribution can significantly enhance
impedance matching and bandwidth. Parasitic Decoupling Structures (PDS) and elements,
integrated by Jamal Hossain Nirob et al. and Haque et al, create compensating coupling paths
that cancel out unwanted interference [30]-[34]. Physical decoupling walls made of materials
like silicon, graphene, or polyimide act as electromagnetic barriers between elements were
implemented and demonstrated by Md Ashraful Haque and his various research teams, which
included co-authors such as Jamal Hossain Nirob, Isha Das, and Kamal Hossain Nahin [31]-
[33]-[36]. Machine Learning (ML) Optimization has revolutionized the design cycle, with
authors such as Uruj Jaleel and MohitShrivastav, Masuod Ghasemi, and Haque et al. using
supervised regression algorithms like Extra Trees, Random Forest, and XGBoost (see Figure
I1.22) to predict antenna performance with up to 99% accuracy, thereby bypassing time-

consuming and computationally intensive full-wave simulations [36]-[39]- [40].
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Figure I1.21: Mutual coupling reduction techniques [35].
Additionally, Metamaterial and frequency selective surface (FSS) are important MC
techniques used to reduce the size of MIMO, enhance isolation with high gain, envelope
correlation coefficient (ECC), and wide bandwidth,Liton Chandra Paul et al., who designed a
slotted metamaterial microstrip patch antenna. This research focused on creating specific
triangular slots on the antenna's patch and ground plane to achieve significant bandwidth

enhancement and notable size reduction [36].
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Figure I1.22: Machine Learning Workflow for Dual Port MIMO Antenna Design [34]
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I1.4. Overview of Terahertz antennas for 6G Systems

11.4.1. What is the Terahertz (THz) Band?

The Terahertz (THz) band refers to the region of the electromagnetic spectrum spanning
frequencies from 0.1 to 10 THz (10> Hz) [39], which corresponds to wavelengths ranging
from 3 mm to 30 um. This frequency range lies between the microwave and infrared regions
of the electromagnetic spectrum. Because of this intermediate position, the THz band forms a
bridge between conventional electronic technologies, typically used for microwave signal
generation, and photonic technologies, commonly employed in infrared and optical systems.
For this reason, this spectral region has historically been referred to as the “THz gap,”
reflecting the technological challenges associated with efficiently generating, detecting, and
processing electromagnetic waves within this frequency range. While some standards,
including those referenced by the IEEE, define the THz band more strictly as 0.3—10 THz,
researchers also frequently consider the sub-THz region (100-300 GHz) due to its increasing
importance for the development of future high-capacity wireless communication systems
such as 6G networks. Figurell.23 shows the position of the THz band within the
electromagnetic spectrum [41]- [42]-] 43]- [44]-] 45].

Frequency 10%THz 107*THz 10"!THz lTHz IOTHZ 102THz  103THz 10*THz

1 1 1
Radio  \iorowaves Range of THz band Infrarl ' Ultra
waves

| I I

Wavelength 30 cm Jem i 30() pm 30 pm pim 300 nm 30 nm
#\Iﬂ Electronics  Partial Phaﬂ
0.1 THz 10 THz

Figure 11.23: The position of THz band between the microwave and far-infrared
electromagnetic spectrum [46].
11.4.2. Advantages THz Communication
THz waves have the following excellent advantages [47]:
e Low damage:
The energy of a single THz photon is much lower than that of X-rays, making it safe
for biological tissues. Because it does not significantly harm organs, it can be applied
in biomedical fields, for example scanning the human body to detect skin cancer and

assist in medical diagnosis.
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e High spectral resolution: Many molecules naturally resonate in the THz range,
allowing material identification. This is useful for detecting viruses, explosives, and
hazardous chemicals.

e Visualization: THz waves penetrate non-metallic materials (clothing, paper, plastics)
while producing clear images due to their short wavelength. Applications include
airport security scanners.

e Wide bandwidth: As one of the highest frequency ranges in electronics, THz enables
extremely high data capacity and transmission speeds for future wireless
communications.

11.4.3. Applications for THz Technology

The distinct properties of THz frequencies enable a broad range of applications across
multiple sectors, particularly in enhancing 6G wireless communication technologies (see
Figure 11.24) [41]- [42]- [48]:

e High-Speed Wireless Communications: THz technology enables ultra-high-speed
wireless transmission because of its extremely large available bandwidth. It supports
data-intensive applications such as the Internet of Things (IoT), augmented reality,
and smart connected devices. Due to rapid attenuation and short propagation
distance, THz waves are particularly suitable for short-range, high-data-rate links
while reducing long-range interference.

e Network Densification: THz waves are well suited for dense small-cell deployments
in urban areas because their limited propagation and strong attenuation through
obstacles reduce interference, allowing networks to handle high traffic and user
density more efficiently.

e Secure Communications: The short range and highly directional nature of THz
waves make interception difficult unless directly aligned with the transmission path,
providing enhanced security and making them suitable for sensitive military and
governmental communications.

e Imaging and Sensing: In security inspections, THz waves can detect weapons or
other dangerous objects under clothing without the health risks associated with
ionizing radiation such as X-rays. Additionally, THz imaging is being explored for its
potential in medical diagnostics, where it could provide new noninvasive methods for

imaging cancer or monitoring wound healing.
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e Spectroscopy and Materials Characterization: THz waves interact with molecular
vibrations, enabling spectroscopic analysis in chemistry and biology for material
composition identification, impurity detection, biochemical process observation, and
pharmaceutical quality control such as coating thickness and uniformity assessment.

e Food Industry: THz spectroscopy is applied for contaminant detection, moisture
analysis, adulteration identification, and drying process monitoring. It provides non-
destructive, real-time detection and is highly sensitive to water content in food
products.

e Scientific Research and Astronomy: THz technology is used to observe molecular
clouds, star-forming regions, and cold celestial bodies. It penetrates dust and gas that
block visible light, identifies complex organic molecules in space, and probes

quantum states in materials like superconductors and semiconductors at low

./ /SA*"’/ \

22 ®
e Medical

temperatures.
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I
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Figure I1.24: Terahertz technology applications [48].

These applications show that THz systems can support both communication and sensing,
which is important for future 6G networks [48].

I1.4.4. Challenges in THz Antenna Design

Despite the promising capabilities of terahertz (THz) technology, the design of THz antennas
faces several important challenges. The main issues encountered in THz antenna design
include the following [47]-[48]and [49]:

o High propagation loss: THz waves are strongly absorbed by molecules in the

atmosphere, which limit transmission distance and coverage.
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e Miniaturization and fabrication difficulty: THz antennas operate at very high
frequencies, their dimensions are extremely small, making precise fabrication
challenging.

e Surface wave effects in dielectric antennas: Energy can be trapped in the
substrate, reducing radiation efficiency and overall antenna performance.

e Material limitations and packaging complexity: Conventional materials often
perform poorly at THz frequencies, and integrating antennas into systems is
complicated by size and thermal issues.

e Balancing many requirements: A good THz antenna must achieve all of these
at once: High efficiency with low loss, Wide bandwidth for high data rates,
Small size for  easy integration, Good thermal management, High gain with

directional radiation, Low-cost production for mass use.

Teehnical
Requirements
Cost-effective for THz F————
Manufacturing Ariterinas for
6G
Connectivi
High Efficiency ty Thermal
with Low Loss Managemen

Directional Radiation

Compact Size with High Gain

Figure 11.25: Technical requirements for THz antennas [48].
I1.5. Conclusion

The motivation for this work stems from the challenges of designing antennas for 6G
systems. Operating at high-frequency bands such as mm-Wave and sub-THz, antennas
become extremely small, making performance sensitive to design variations. Modern devices
demand antennas that are compact, with wide bandwidth, high gain, high efficiency, and
stable radiation patterns, which are difficult to achieve using traditional trial-and-error
methods. Full-wave simulators HFSS, while accurate, are computationally intensive for
parametric studies and optimization. This motivates the use of intelligent optimization
algorithms and prediction models to rapidly estimate performance and find optimal designs.
This work proposes a framework combining compact 2x2 MIMO antenna design, optimization, and

prediction to efficiently address these challenges for 6G applications.
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Chapter III: Machine Learning in THz Patch Antenna Design

I11.1. Introduction

This chapter explores machine learning-based optimization algorithms for designing and
improving microstrip patch antennas operating in the terahertz (THz) band for 6G
communication systems. Traditional optimization methods using full-wave simulation tools
like ANSYS HFSS are often time-consuming and computationally intensive due to the
complexity and nonlinearity of antenna designs. To overcome these challenges, machine
learning techniques offer faster and more efficient alternatives by learning from simulation
data and providing accurate predictions. The chapter reviews several algorithms, including
Random Forest, Extra Trees, XGBoost, CatBoost, K-Nearest Neighbors, and Gaussian
Process Regression, analyzing their principles, advantages, and limitations.

The main goal is to highlight the effectiveness of these machine learning—based optimization
algorithms in enhancing MIMO antenna design performance and to identify the most suitable
methods for handling complex optimization problems in THz antenna applications for 6G

systems.

II1.2. Overview of ML for THz Antenna Optimization

I11.2.1. Random Forest (RF)

Random Forest, introduced by Leo Breiman in 2001 [1], is a robust ensemble learning
algorithm widely used for modeling complex nonlinear systems. In the context of terahertz
(THz) antenna design, it has been successfully applied as an efficient surrogate model for a
single antenna to predict key performance parameters such as antenna gain (G), bandwidth,
return loss (S11), and radiation efficiency. The algorithm operates by constructing multiple
decision trees using bootstrap aggregation, where each tree is trained on a different subset of
the dataset, and a random subset of features is selected at each node to determine optimal
splits [1]. The final prediction is obtained by averaging the outputs of all trees for regression
tasks, which significantly improves prediction accuracy while reducing overfitting and
enhancing generalization [2]. This approach is then extended to multiple-input multiple-
output (MIMO) antenna systems, where additional complexity arises due to mutual coupling
(S21), increased design dimensionality, and strict performance requirements. In THz MIMO
antenna optimization, Random Forest is particularly valuable because it enables fast
prediction of electromagnetic performance without requiring repeated full-wave simulations,
which are computationally expensive [3]. By accurately capturing the nonlinear relationship

between design parameters and antenna performance metrics, the model facilitates efficient
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robustness against noise, outliers, and incomplete data [4].

A
Training Training
i Data Data ® © o o
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exploration and optimization of both single and MIMO antenna structures while maintaining
Data
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Set

Dec-smn Decusnon Decnsnon
Tree Tree ® o o o T,ee
~—
()
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(averaging)

Prodicts
Random Forest Algorithm Working -

Figure II1.1: Workflow of the Random Forest Algorithm [5].
The mathematical formulation of a Random Forest prediction for regression is:

(Eq I1L1)

y== fe ()

T =1
Where:

T is the number of trees, f;(x) is the prediction from the t-th tree, and x is the input feature
vector.

In THz microstrip patch antenna design, Random Forest has been employed as a surrogate
model to predict antenna performance metrics, allowing exploration of design spaces without
repeated full-wave simulations. Thao and Kien [6] proposed a hybrid RF-GPR framework to
estimate antenna parameters, achieving high accuracy with reduced computational cost.
Ranjan et al. [7] applied Random Forest to optimize dielectric resonator antennas, showing
significant improvements in prediction accuracy for resonance frequency, bandwidth, and
gain.

II1.2.2. Extra Trees (ET)

Extra Trees (Extremely Randomized Trees), introduced by Pierre Geurts and al. in 2006, is an
ensemble learning algorithm that constructs multiple decision trees with a high degree of
randomness [8]. Unlike Random Forest, which selects optimal split thresholds, Extra Trees
randomly chooses both the feature and the split point at each node, leading to reduced
variance and improved computational efficiency. The final prediction is obtained by averaging
the outputs of all trees for regression tasks. Due to its ability to model complex nonlinear
relationships and handle high-dimensional data, Extra Trees is well suited for engineering

applications.
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Figure II1.2: Extra Trees Workflow with Majority Voting [9].

In terahertz (THz) antenna design, machine learning techniques, including tree-based
ensemble methods, have been widely used as surrogate models to predict key performance
parameters such as gain, bandwidth, and return loss, significantly reducing the need for
computationally expensive full-wave simulations [10]. Furthermore, in multiple-input
multiple-output (MIMO) antenna systems, these methods enable efficient modeling of mutual
coupling and complex parameter interactions, facilitating rapid optimization and improved
design performance [11].

I11.2.3. XGBoost (Extreme Gradient Boosting)

XGBoost, developed by Chen and Guestrinin 2016 [12], is a gradient boosting algorithm that
builds tree sequentially. Each new tree minimizes a regularized objective function to correct

errors of previous trees:
K

n
0bj =) Iy9)+)  9(f) (Eq 1112
i=1 k=1

Where
[ is the loss function, Q is a regularization term, f, is the k-th tree, and n is the number of

training samples.
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Node splitting

|

Figure II1.3: XGBoost (extreme gradient-boosting) algorithm structure [13].
This figure illustrates the working principle of XGBoost, where multiple decision trees are
built sequentially to improve prediction accuracy. The first tree generates an initial prediction
from the input dataset, while the following trees learn from the residual errors of the previous
ones to progressively reduce prediction error. Finally, the outputs of all trees are combined to
produce an accurate prediction of antenna performance parameters such as return loss, gain,
bandwidth, and radiation efficiency in THz MIMO antenna design for 6G applications.
In the context of terahertz (THz) antenna design, XGBoost has been effectively used as a
surrogate modeling tool to predict key performance parameters such as gain, bandwidth, and
return loss (Su), significantly reducing the need for time-consuming full-wave
electromagnetic simulations [10]. Furthermore, for multiple-input multiple-output (MIMO)
antenna systems, XGBoost enables accurate modeling of mutual coupling (S21) and high-
dimensional parameter interactions, facilitating efficient optimization of antenna
configurations. Its ability to handle complex datasets and capture nonlinear relationships
makes it a powerful approach for accelerating the design and optimization of THz and MIMO
antennas in next-generation wireless communication systems [11].
I11.2.4. CatBoost
CatBoost is a gradient boosting algorithm introduced by Liudmila Prokhorenkova et al. in
2018, designed to improve prediction accuracy while reducing overfitting through ordered
boosting and efficient handling of categorical variables [14]. The model builds an ensemble of

decision trees sequentially, where the overall prediction function is expressed as:

M
F(x) = Z hpy () (Eq I1L.3)
m=1
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Where
h,, (x)represents the m-th decision tree and M is the total number of trees. The model is

trained by minimizing a loss function, typically the squared error for regression problems:

N
L= (i - FGx)? (Eq I1L4)
i=1

The boosting process updates the model iteratively as:

FO(x) = F(t_l)(x) +ah®x) (Eq I1L.5)
where
a is the learning rate controlling the contribution of each new tree.
In terahertz (THz) antenna design, CatBoost is employed as a surrogate model to approximate
the nonlinear mapping between antenna design parameters (e.g., patch dimensions, substrate
permittivity, and feed position) and electromagnetic responses such as resonance frequency,
gain, and return loss (S11). This significantly reduces the reliance on computationally intensive
full-wave simulations. Moreover, in multiple-input multiple-output (MIMO) antenna systems,
CatBoost effectively captures complex interactions such as mutual coupling (S21) and high-
dimensional dependencies, enabling efficient multi-parameter optimization. Its robustness and
generalization capability make it a promising approach for accelerating the design and

optimization of THz and MIMO antennas in next-generation wireless systems [10]-[11].

CatBoost Architecture

& )
Data \ o Gradlgnt
: - Initial Model ! ” Boosting
L_ P
D — '—\
GPU \
Acceleration |~ . Final Model Regularization
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, _ )

Figure II1.4: CatBoost Architecture [15].

II1.2.5. K-Nearest Neighbors (KNN)
K-Nearest Neighbors (KNN), introduced by Fix and Hodges in 1951 [16], is a simple

instance-based learning algorithm. In THz antenna design, KNN approximates the
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relationship between antenna parameters and performance metrics based on similarity
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between data points, expressed as y = f(x). The prediction is computed as:

1

y=% Vi (Eq.I1L6)
iENg(x)

Where: Ng (x) represents the set of the Knearest neighbors.
In THz applications, KNN is often used as a baseline model for predicting parameters such as
gain and resonance frequency when datasets are small. Studies by El Misilmani and Naous

and Sarker highlight its usefulness in engineering problems with limited data [17].

k-Nearest Neighbors (k-NN) Regressor

a @ @ Original Data
k-NN Prediction (k=2)
—— k-NN Prediction (k=10)

0.0

Target (y)

(] 1 2 3 4 5
Feature (X)

Figure II1.5: Effect of k on k-NN Regression [18].

In terahertz (THz) antenna design, K-Nearest Neighbors (KNN) is employed as a surrogate
modeling technique to approximate the nonlinear relationship between antenna design
parameters (e.g., patch dimensions, substrate permittivity, and feed position) and
electromagnetic responses such as resonance frequency, gain, and return loss (Si1). By
leveraging similarity between data samples, KNN enables fast prediction without requiring an
explicit training phase, thereby reducing dependence on computationally intensive full-wave
simulations. Moreover, in multiple-input multiple-output (MIMO) antenna systems, KNN can
effectively capture interactions between antenna elements, including mutual coupling (S21), by
exploiting proximity in the feature space. Although its performance depends on dataset quality
and size, KNN remains a useful and efficient approach for rapid design space exploration and
preliminary optimization of THz and MIMO antennas [19]- [11].

II1.2.6. Gaussian Process Regression (GPR)

Gaussian Process Regression (GPR) is a probabilistic, non-parametric regression method
based on Bayesian theory [20]. In THz microstrip patch antenna optimization, GPR models

the nonlinear relationship between antenna design parameters and electromagnetic responses
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such as resonance frequency, gain, and return loss, expressed as y = f(x). The model
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assumes a Gaussian process prior:

f(x) ~ GP(m(x), k(x,x")) (Eq 111.7)
and provides predictions in the form of a probability distribution:
P(x) ~ N (u(x), 0%(x)) (Eq I11.8)

Where:

u(x) is the predicted mean and o2(x) represents uncertainty. Unlike other machine learning
algorithms such as tree-based models or boosting methods, GPR uniquely provides
uncertainty quantification along with predictions, making it particularly suitable for problems
with limited and expensive data, such as THz antenna design.

In THz and multiple-input multiple-output (MIMO) antenna systems, GPR is widely used as a
surrogate model to replace computationally intensive full-wave simulations (e.g., HFSS,
CST). Its ability to model complex nonlinear interactions and quantify uncertainty allows
efficient exploration of high-dimensional design spaces, accurate prediction of parameters

such as gain and mutual coupling (S2:1), and effective multi-objective optimization [6].

Data

a5l . GFR predictions | |

Figure II1.6: Gaussian Process Regression Fit to Noisy Data [21].
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II1.3. Comparative Analysis of Machine Learning Algorithms

Ref.

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Algorithms
Compared

Random Forest,
XGBoost,
CatBoost, KNN,
Gaussian Process,
Extra Trees
Regression ML
models, ensemble
learning methods
Ensemble
regression
models

Random Forest,
XGBoost,

CatBoost, ANN

Decision

XGBoost,

Tree,

Gaussian Process
Regression
Decision  Tree,
Random Forest,
Extra Trees
Regression ML

models

Best Performing

Algorithm

XGBoost  Extra

Trees

Gradient
Boosting-based
models
Ensemble

methods

CatBoost

XGBoost

Random Forest /
Extra Trees
Ensemble ML

models

Main Findings

Ensemble learning methods achieved the highest
prediction accuracy for bandwidth and isolation

estimation in THz MIMO antennas

Boosting algorithms significantly improved prediction
accuracy and reduced simulation complexity in THz
MIMO antenna optimization.

Advanced ensemble ML approaches demonstrated
strong robustness and accurate isolation prediction for
THz MIMO antennas.

CatBoost achieved superior prediction accuracy and

reduced overfitting in antenna efficiency prediction.

XGBoost provided high accuracy and robust nonlinear

modeling for THz antenna parameter prediction.

Random Forest achieved excellent prediction accuracy
and optimization capability for THz MIMO antenna
parameters.

ML regression approaches achieved high predictive

accuracy while reducing full-wave simulation time.

Table II1.1: Literature review-based comparison of machine learning techniques for THz

MIMO antenna performance prediction.
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I11.4. Conclusion

This chapter presented an overview of machine learning techniques applied to the
optimization of terahertz (THz) microstrip patch antennas. The main focus was on
understanding how different algorithms can effectively model the complex relationships
between antenna design parameters and their electromagnetic performance. By replacing
time-consuming full-wave simulations with efficient predictive models, these techniques

enable faster design exploration and optimization in high-frequency applications.

The comparative analysis showed that ensemble tree-based methods, particularly XGBoost
and CatBoost, provide the highest prediction accuracy and strong performance in high-
dimensional design spaces. K-Nearest Neighbors is mainly suitable for small datasets, while
Random Forest and Extra Trees offer a good balance between accuracy and computational
efficiency. In addition, Gaussian Process Regression stands out due to its ability to provide
both accurate predictions and uncertainty estimation, making it particularly suitable for THz

applications where simulation data is limited and expensive.

Machine learning (ML) has become an essential tool in modern antenna engineering because
it enables intelligent prediction, optimization, and decision-making with reduced
computational complexity. ML algorithms can learn nonlinear electromagnetic behaviors from
simulation data and rapidly estimate key antenna parameters such as return loss, gain,
bandwidth, and radiation efficiency. As a result, ML-based approaches significantly reduce
design time, improve optimization efficiency, and support the development of advanced THz

MIMO antennas for future 6G communication systems.

Overall, machine learning techniques significantly accelerate the antenna design process and
reduce computational costs, making them essential tools for THz antenna optimization. In the
next chapter, the proposed antenna and MIMO system will be implemented and validated
using full-wave simulations in HFSS, where the obtained results and performance analysis

will be presented and discussed
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IV.1.Introduction

This chapter presents the simulation and performance evaluation of a microstrip patch antenna
operating at terahertz (THz) frequencies using ANSYS HFSS 2024. The study is centered
around a target frequency of 0.3 THz, within a broader analysis range extending from 0.1 THz
to 0.95 THz, in order to assess the antenna behavior across the THz spectrum relevant for 6G
applications.

The antenna design is first modeled and simulated as a single-element structure, where key
performance parameters such as reflection coefficient (Si:), bandwidth, gain, and radiation
characteristics are analyzed. Following this, the work is extended to Multiple-Input Multiple-
Output (MIMO) configurations, including 2x2, to evaluate improvements in performance
metrics such as isolation, mutual coupling, and overall system efficiency.

In addition, a machine learning—based optimization approach is applied to enhance the
antenna performance by adjusting geometrical parameters and improving key characteristics.
All simulations are carried out using the full-wave electromagnetic solver in HFSS 2024 to
ensure accurate and reliable results at THz frequencies.

This chapter provides a comprehensive analysis of the proposed designs and demonstrates
their suitability for advanced 6G communication systems.

IV.2. Simulation Environment: Ansys HFSS

This work describes antenna design and simulation with ANSYS HFSS, an industry leading
3D electromagnetic (EM) simulation tool for high frequency and high-speed electronic
components. Figure IV.1 highlights several antenna-related applications with emphasis on
antennas on or around other structures. With multiple simulation technologies and powerful
automated adaptive mesh refinement providing gold standard accuracy, HFSS can help
antenna designers who are constantly challenged with implementing designs across more and
more frequency bands inside a smaller and smaller footprint. With these additional technical
challenges along with the ever-shrinking time to market, simulation with HFSS is a must-have
in the antenna design and integration process. Miniaturization of the antennas, limited channel
bandwidth, reduced design time, and antenna interaction with other components present stiff
challenges to the design engineer. HFSS provides automatic, accurate, and efficient solutions
to overcome these challenges, making it the ultimate tool of choice for antenna simulation. A
variety performance characterization such as return loss, input impedance, gain, directivity

and a variety of polarization characteristics can be analyzed in HFSS.
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Figure IV.1: Applications that are simulated using ANSYS HFSS [3].
The ability to overlay the 3D far-field pattern on the antenna geometry can provide the
designer invaluable insight and direct correlation between the antenna and the resulting
radiation pattern. HFSS also offers electric and magnetic field visualization both in the near-
field and far-field providing design understanding that is not easily available through
measurement [3].
1V.3. Different stages of designing a single-element antenna
IV.3.1. Antenna Design Specifications and Materials
The proposed microstrip patch antenna is designed for terahertz (THz) operation at a central
frequency of 0.3 THz, within a wide range of 0.1 THz to 0.95 THz, targeting future 6G
communication systems.
The antenna is implemented on a polyimide substrate, selected for its low dielectric loss and
stable high-frequency performance. It has a relative permittivity of & = 3.3 and a thickness of
h = 25um, providing a suitable balance between compactness and electromagnetic efficiency
at THz frequencies [4]-[5].
The conductive layers were modeled using an ENIG (Electroless Nickel Immersion Gold)
metallization stack to reflect practical fabrication conditions, consisting of copper (Cu) as the
primary conductor (ccy = 5.8 x 107 S/m), nickel (Ni) as a diffusion barrier (on; = 1.4 x 107
S/m), and gold (Au) as the outer oxidation-resistant layer (cau = 4.1x 107 S/m); at THz
frequencies, surface currents are mainly confined to the outer conductive layer due to the skin

effect [6].
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IV.3.2. Theoretical Calculations
The dimensional design follows a systematic theoretical approach based on the transmission
line model of microstrip antennas, beginning with the operating frequency specification and
proceeding through substrate characterization to the determination of all physical dimensions
[7].
Step 1: Operating Frequency and Substrate Selection

fo = 0.3GHz, ¢, = 3.3,hy = 25 pm
Step 2: Patch Width Calculation

& 3 (EqIV.1)

Zfo £T+1

The patch width is determined by: W, = =520 um

Where ¢, = 3 X 108 m/sis the free-space velocity of light and &, is the dielectric constant of
the material.
Step 3: Effective Dielectric Constant

The effective dielectric constant accounts for fringing fields extending into air:

&+1 & — 1( h )-1/2 (EqIV.2)

Where hg and W, are the substrate height and patch width, respectively.
Step 4: Patch Length Calculation

The effective length including fringing effects: Lo = —— (EqIV-3)
e eftective length including fringing etfects: Lyrr = me/—erTff
w,
(sreff+o.3)<h—p+0.264> (Eq IV.4)
Fringing length correction:AL = 0.412h; - T
(sreff—o.258)<h—p+0.8>
Physical patch length: L, = L,sr — 2AL=466 pm (Eq 1V.5)

Step 5: Ground Dimensions

The ground plane dimensions for the antenna are calculated as: W, = W, + 6h, (Eq1V.6)

Ly = Ly, + 6hg (Eq 1V.7)
Step 6: Feed Line Design (50 )
(Eq1V.8)
For a microstrip line with: Z, = \/%ln <8W_h; + 4W—h};>

Solving for Wy = 40 um with hy = 25 uym yields: Z, ~ 50 Q This ensures proper impedance

matching to the source [7].
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Based on these calculations, the initial geometry is defined and later optimized. The final
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dimensions are W, = 525 um, L, =440 um, Wy =40 pum, and W, = L, = 800 pum, ensuring
good matching and efficient radiation at 0.3 THz.

Patch Substrate

Feedline

Wi

Ground/ R e e e

plane

Figure IV.2: Geometry of simple patch antenna structure.
The antenna structure occupies an overall area of 800 X 800 um?2, whereas the radiating
patch size is limited to 525 X 440 um?. A 50 Q microstrip feed line with dimensions of
40 x 200 um? is employed to ensure proper impedance matching. The compact geometry are
detailed in Table IV.1 makes the proposed antenna appropriate for highly integrated terahertz

applications.

Parameters @ Values (um) Parameters Values (um)

w, 800 t 0.5
L, 800 W; 40
H 25 L 200
Wp 525 Lp 440

Table I'V.1: Optimized Geometric Parameters of the Proposed Antenna.
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The single-element antenna underwent a systematic five-stage geometric evolution aimed at
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enhancing impedance matching, gain, and overall bandwidth performance in the terahertz

frequency range. Figure IV.3 illustrates the front and back views of each stage in the

evolutionary progression.

0

Step4

Final
Step(proposed)

Figure IV.3: Steps for the design of proposed antennas.

Step 1: First Design of rectangular patch antenna

In the first step, conventional rectangular patch antenna is designed and analyzed using HFSS.
As shown in the simulated results (Figure 1IV.4), the design demonstrates effective
performance across the 0.1 to 0.95 THz range, particularly at the 0.289 THz resonance where
the return loss reaches -14.03 dB. At this target band, the system achieves a bandwidth of
0.003 THz.




@« % )

The antenna also exhibits remarkable multiband behavior with several significant resonances:
areturn loss of -15.24 dB at 0.514 THz and -18.10 dB at 0.615 THz, -24.20 dB at 0.786
THz with bandwidth of 0.013 THz and-16.09 dB at 0.858 THz with bandwidth of 0.067 THz.

S Parameter Plot 2 HFsSDesignt  ANSYS

2024 R1
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Figure IV .4: Reflection Coefficient (S11) of the First step.
After identifying the resonance points, we analyzed the gain and radiation patterns for our two
primary frequencies of interest: the 0.289 THz target and the 0.786 THz peak, which
represents the deepest resonance.
Antenna design at 0.289 THz exhibits a gain of 2.65 dB and a bidirectional pattern, as shown
in Figure IV.5(a). At the higher frequency of 0.786 THz in Figure IV.5(b), the gain remains

stable at 2.65 dB, though the pattern becomes more directive with noticeable side lobes.
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Figure IV.5: Radiation performance of the first configuration showing 3D gain and 2D
patterns at: (a) 0.289 THz and (b) 0.786 THz.
The variation of gain across the 0.1 to 0.95 THz range was analyzed using MATLAB to verify
the antenna's performance stability as shown in Table IV.2. The results show the gain
increasing from -6.68 dB at 0.1 THz to a peak of 8.55 dB at 0.514 THz, maintaining stable
performance between 2.65 dB and around 6 dB through the higher frequencies (see Figure
IV.6).

Frequency (THz) @ Gain (dB) @ Frequency (THz) @ Gain (dB)

0.1 -6.68 0.690 6.51
0.172 2.08 0.750 5.71
0.289 2.65 0.786 2.65
0.514 8.55 0.866 6.62
0.614 4.98 0.95 6.15

Table IV.2: Variation of Gain with Operating Frequency for first step.
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Gain vs Frequency
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Figure IV.6: Simulated Gain vs. Frequency plot for first step.

Step 2: Antenna with slots introduced in the feed line
We modified our antenna design in step 2 by adding two narrow gaps in the feed line (L;
=120 um, W= 5um each) in the patch. The overall design size is 120 x5x0.5 um3.
Parameters Values (num)
W, 5
L, 120
Table I'V.3: Geometrical Parameters of step 2.

As shown in Figure IV.7, the antenna achieves excellent impedance matching at the primary
target 0.2935 THz, which exhibits a significant return loss of -27.27 dB and a bandwidth of
0.009 THz.

In addition to this target, multiple additional resonances are observed across the 0.1 to 0.95
THz range: at 0.172 THz (-19.88 dB), at 0.5 THz (-25.32 dB), and a maximum resonance at
0.786 THz (-36.41 dB) with bandwidth of 0.013 THz.
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Figure IV.7: Reflection coefficient (S11) of step 2.
The peak gain and its variation with frequency for the final configuration are illustrated in
Figure IV.8. At the primary target of 0.293 THz, the antenna achieves a peak gain of 2.86 dB
with a broad, bidirectional radiation pattern. At 0.786 THz, the gain remains stable at 2.98 dB,

though the pattern becomes more directive with complex lobe formations.
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Figure IV.8: Radiation performance of the second configuration showing 3D gain and 2D
patterns at: (a) 0.293 THz and (b) 0.786 THz.

For gain vs frequency, as shown in Table IV.4 and Figure IV.9. The results indicate that the
gain increases from -9.10 dB at 0.1 THz to a maximum peak of 9.10 dB at 0. 689 THz.The

antenna demonstrates predominantly high gain performance across the considered frequency

range.
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Frequency (THz) @ Gain (dB) Frequency (THz) Gain (dB)

0.1 -9.10 0.689 9.10
0.174 2.26 0.754 4.80
0.293 2.86 0.786 2.90
0.500 8.56 0.943 4.05
0.604 2.83 0.95 3.19

Table IV .4: Variation of peak Gain with operating frequency for second step.

Gain vs Frequency
T T T

10

Gain (dB)

L L L L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 : |
Frequency (THz)

Figure IV.9: Simulated Gain vs. Frequency plot for second step.

The following table summarizes the performance optimization achieved between the

conventional rectangular patch antenna (Step 1) and the modified design with feed line slots

(Step 2).
Parameter Step 1 (Conventional) = Step 2 (With Slots)
Target Frequency  0.289 THz 0.293 THz
Return Loss (S11) | -14.37 dB -27.27 dB
Bandwidth 0.003THz 0.009 THz
Gain (Target) 2.65dB 2.86 dB

Table IV.S: The performance optimization achieved between step 1 and step 2.

Step 3: Performance Analysis of the Modified Patch Antenna with Six Additional Gaps

In Step 3, the antenna geometry was further optimized by incorporating six additional narrow

slots distributed across the patch, each measuring 40 um in length and 3 pm in widths.
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Parameters  Values (um)
w, 40
L, 3
Table I'V.6: Geometrical parameters of step 3.

As shown in Figure IV.10, at the primary target frequency of 0.293 THz, the antenna
achieves a deep return loss of -29.03 dB with a bandwidth of 0.009 THz.
Following this target, the design exhibits significant performance at other resonant
frequencies at 0.174 THz reaches -19.22 dB, while at 0.5 THz shows a return loss of -29.94
dB with a bandwidth of 0.014 THz. Further resonances are observed at 0.685 THz with -21.80
dB, 0.775 THz reaching -26.64 dB with a wider bandwidth of 0.036 THz, and finally large
band 0.110THz at -10 dB from 0.840 to 0.950 THz.
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Figure I'V.10: Reflection coefficient (S11) of step 3.

The gain and the radiation patterns in the E- and H-planes for the frequencies 0.293 THz and
0.5 THz are presented in the Figure I'V.11.

At the primary target of 0.293 THz, the antenna achieves a gain of 2.78 dB. The 3D and 2D
polar plots reveal a broad, bidirectional radiation pattern. As the frequency increases to 0.5
THz, the gain rises significantly to 8.52 dB. At this higher resonance, the radiation pattern

becomes more directive.
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Figure IV.11: Radiation performance of the third configuration showing 3D gain and 2D

patterns at: (a) 0.293 THz and (b) 0.5 THz.

The frequency-dependent gain analysis, plotted in Figure IV.12 and detailed in Table 1V.7,

reveals a highly dynamic and efficient radiation performance across the 0.1 to 0.95 THz

range. Starting from -9.

48 dB at 0.1 THz, the gain climbs steadily to reach a stable 2.78 dB at

the 0.293 THz primary target. The antenna showcases its superior multiband capability with

powerful peaks at 0.500 THz (8.52 dB) and a maximum global resonance of 8.71 dB at 0.685

THz.

Frequency (THz) Gain (dB) Frequency (THz) Gain (dB)

0.1
0.174
0.293
0.361
0.500

-9.48 0.601 2.59
2.39 0.685 8.71
2.78 0.775 3.11
0.76 0.943 5.17
8.52 0.95 5.47

Table IV.7: Variation of Gain with operating frequency for third step.

-
o
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Figure IV.12: Simulated Gain vs. Frequency plot for third step.
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The Table IV.8 below presents the comparative results between the slotted feed line design
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(Step 2) and the optimized patch configuration with reduced width and six additional gaps
(Step 3).

Parameter Step 2 Step 3
Return Loss (Si1) Target -27.27dB  -29.03 dB
Gain (Target) 2.86 dB 2.78 dB

Table IV.8: The performance optimization achieved between step 2 and step 3.
Step 4: Design Modification using Stepped Slot and Ground Slot (DGS)
In this design, we added a stepped slot and a ground slot (W3 and L3) to the compact

microstrip patch to improve and provide better control over the resonant frequency.

Parameters Values (um)
W; 40
L 300

Table IV.9: Geometrical parameters of fourth Step.
We note that at the target frequency 0.311 THz, the antenna exhibits a reflection coefficient of
—23.63 dB with an impedance bandwidth of approximately 0.011 THz under the —10 dB
criterion (see Figure IV.13). At 0.8785 THz, a deeper resonance of —39.84 dB is achieved,
providing excellent matching, with bandwidth of about 0.030 THz.
We also observe good reflections around the frequency: 0.167 THz with a return loss of -

17.47 dB.
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Figure IV.13: Reflection coefficientSi; of step 4.
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The radiation performance illustrated in Figure IV.14 shows clear improvements in power
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handling. At the 0.311 THz target, the antenna provides a gain of 3.87 dB with a broad,
bidirectional pattern, ensuring stable coverage. At the higher 0.878 THz resonance, the gain

increases significantly to 8.20 dB as the pattern becomes more directive with defined lobes.
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Figure IV.14: Radiation performance of the fourth configuration showing 3D gain and 2D
patterns at: (a) 0.311 THz and (b) 0.878THz.
The following Figure IV.15 shows the total gain as a function of frequency and detailed in
Table I'V.10 efficient radiation profile across the 0.1 to 0.95 THz range.
Starting from -9.71 dB at 0.1 THz, the gain increases steadily to reach a stable 3.87 dB at the
primary 0.311 THz target. The antenna demonstrates its superior multiband capability with a
high peak of 7.61 dB at 0.487 THz and reaches its maximum global gain of 8.20 dB at the

0.878 THz resonance.

Frequency (THz) Gain (dB) Frequency (THz) Gain (dB)

0.1 -9.71 0.606 3.12
0.167 1.72 0.757 3.44
0.311 3.87 0.878 8.20
0.462 4.20 0.950 7.75
0.487 7.61

Table I'V.10: Variation of Gain with operating frequency for fourth step.
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Gain vs Frequency (Table Data)
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Figure IV.15: Simulated Gain vs. Frequency plot for fourth step.

A comparative analysis between step 3 and step 4 presents in Table IV.9.

Parameter Step 3 (6-Gap Patch) @ Step 4 (Stepped Slot + DGS)
Primary Target Frequency 0.293 THz 0.311 THz

Return Loss (S11) Target -29.03 dB -23.63 dB

Bandwidth Target 0.009 THz 0.011 THz

Gain Target 2.78 dB 3.81dB

Table I'V.11: The performance optimization achieved between step 3 and step 4.
Final Step: Central Rectangular Insertion
A rectangular shape 60 x 100 um?is placed right in the middle, on top of the stepped slot, as
our final tweak to the design (see Figure 1V.16).

Substrate

Figure I'V.16: The design of proposed antennas

Parameters Values (um)
W, 60
L, 100

Table IV.12: Geometrical parameters of final Step.
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Figure IV.17 shows that the reflection coefficient S;; for the final optimized configuration
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demonstrates exceptional multiband performances.

At the primary target frequency of 0.313 THz, the antenna achieves a solid return loss of -
22.69 dB and an improved bandwidth of 0.019 THz

The design further showcases its versatility with a series of distinct resonances starting at
0.169 THz (-18.34 dB) and continuing through the mid-range with significant peaks at 0.462
THz (-24.14 dB), 0.491 THz (-22.01 dB), and 0.622 THz (-21.32 dB). Toward the higher end
of the spectrum, the antenna maintains matching at 0.878 THz (-15.46 dB) before reaching an
extraordinary global maximum at 0.948 THz. This final peak exhibits a remarkable return loss

of -51.89 dB.
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Figure IV.17: Reflection coefficient (S11) of final step.
The radiation performance of the final optimized configuration presented in Figure 1V.18.
At the primary target frequency of 0.313 THz, the antenna achieves a gain of 4.10 dB. The 3D
radiation plot and 2D polar patterns reveal a broad, bidirectional characteristic.
As the frequency increases to the deepest resonant point at 0.948 THz, the peak gain rises to

6.50 dB, and the radiation pattern becomes more directive with more defined lobes.
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Figure IV.18: Radiation performance of the final configuration showing 3D gain and 2D

patterns at: (a) 0.313 THz and (b) 0.948 THz.
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The gain performance of the final design, as detailed in Figure IV.19, demonstrates high
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radiation efficiency across the spectrum. Starting from -9.89 dB at 0.1 THz, the gain reaches a
stable 4.10 dB at the 0.313 THz target. The antenna achieves a significant peak of 6.59 dB at
0.491 THz and a global maximum of 9.17 dB at 0.878 THz. Even at 0.95 THz, the gain

remains strong at 6.15 dB.

Frequency (THz) Gain (dB) Frequency (THz) Gain (dB)

0.1 -9.89 0.622 3.20
0.169 1.73 0.878 9.17
0.313 4.10 0.948 6.50
0.462 4.87 0.95 6.15
0.491 6.59

Table I'V.13: Variation of gain with operating frequency for final step.

Gain vs Frequency (Table Data)

Gain (dB)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Frequency (THz)

Figure I'V.19: Simulated Gain vs. Frequency plot for final step.
To provide a clear overview of the design evolution, the following table summarizes the

performance metrics of the previous configuration against our final optimized design,

highlighting the significant enhancements achieved through our structural refinements.
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Parameter Step 4 (Stepped | Final Step
Slot + DGS) (Central

Insertion)

Target Frequency 0.311 THz 0.313 THz

Return -23.63 dB -22.69 dB

LossTarget

Bandwidth Target 0.011 THz 0.019 THz

Gain Target 3.87 dB 4.10 dB

Table I'V.14: The performance optimization achieved between step 4 and step 5.
We traced the peak gain across the entire 0.1 to 0.95 THz band, and at our specific target
frequency of 0.313 THz (see Figure 1V.20), we obtained a stable gain value of approximately
4.6 dB. Even though the curve reaches an absolute maximum of 8.76 dB at 0.5 THz, the gain
drops significantly after this 0.5 THz peak, falling down to about 4.8 dB at 0.9 THz.

Antenna Params Plot 2 HFSSDesign! Anslvs
) 2026R1

Cm o N o s oo 0 800 ah %0
Freq [GHz]

Figure 1V.20: Peak gain versus frequency characteristics of the proposed antenna.

To illustrate the design evolution, a comparative analysis of the reflection coefficient Si1 and
gain for all five steps is presented in Figure IV.21(a) and Figure IV.21(b). These
consolidated plots demonstrate the progressive optimization of the antenna, showing how the
resonances shifted and deepened through each iteration. The results clearly highlight the
superiority of the final step, which successfully achieves the 0.313 THz target with enhanced
bandwidth, higher gain.
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Figure IV.21: Comparative Analysis of (a) Reflection Coefficient (Si1) and (b) Gain Versus

Frequency for All Design Iterations.
IV.4. MIMO Antenna Analysis

To develop the2x2 MIMO system, three distinct geometric configurations were evaluated to
optimize spatial decoupling and minimize mutual coupling between elements. Using the
single-element antenna as a foundation, this 2-port MIMO design enhances signal reception
through spatial diversity, interference mitigation, and capacity enhancement.

The methodology involved a parametric sweep of the inter-element distance (d) for each
configuration, ranging from 550 to 900 um with a step size of 50 um. By tracing S;; and
Si,parameters across these increments, we were able to identify the specific distance offering
the optimal balance between resonance and isolation. Figure IV.22 illustrates these

configurations, which were compared based on return loss and port isolation.
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(a) MIMO Antenna 1

(b) MIMO Antenna 2

(c) MIMO Antenna 3

Figure IV.22: Comparative analysis of 2x2 MIMO antenna Configurations, (a) MIMO
antenna 1, (b) MIMO antenna 2, (c) MIMO antenna 3.
The first configuration (2x2 MIMO Antenna 1) positions the two elements at a 0-degree
orientation, aligned side by side shown in Figure I'V.22(a). To conclude our parametric study
for the first configuration, we compared all inter-element distances on a single plot for both

S11 and S;, as shown in Figure 1V.24.

Figure IV.23: First configuration of 2Xx2 MIMO antenna 1 at d=750 um.
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(b) Isolation S,

Figure 1V.24: Comparative analysis of S-parameters for different inter-element distances (d =
550 to 900 um) for the first configuration: (a) Return loss S;;and (b) Isolation S;,.
Through this comparison, we found that for d = 750 um, the antenna achieves exceptional

impedance matching as shown in Figure I'V.24.

Particularly at the target frequency of 0.322 THz, where the return loss drops to —34.11 dB.
The system also exhibits remarkable multiband performance with a very deep resonance of -
42.45 dB at 0.498 THz, alongside other significant peaks -19.43 dB at 0.473 THz, -13.72 dB
at 0.626 THz, and-15.05 dB at 0.912 THz.Port isolation lower by -15 dB around these
frequency peaks (see Figure IV.25).
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Figure IV.25: S11 and Sioparameter performance of the first configuration MIMO Antenna at
d=750 um.
We evaluated the antenna's performance by analyzing the gain and radiation patterns at two
critical points, our target frequency of 0.32 THz and the frequency of deepest resonance at
0.498 THz (see Figure 1V.26). This allowed us to verify that the optimized impedance
matching at d = 750 pum also translates to stable radiation characteristics and high directional

gain across its primary operating bands.
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Figure IV.26: Radiation performance of the first configuration at d = 750 um showing 3D
gain and 2D patterns at: (a) 0.32 THz and (b) 0.498 THz.

At the target frequency of 0.32 THz, the system achieves a peak gain of 4.82 dB, showing
stable and almost symmetrical radiation patterns. When analyzing the deep resonance at 0.498
THz, the performance increases significantly with a maximum gain of 10.60 dB. The patterns
at this frequency remain highly directive with well-defined main lobes.

Since the two ports in this configuration are placed very close to each other, strong mutual
coupling affects the isolation performance. Therefore, A Defected Ground Structure (DGS)
was introduced by etching a slot in the ground plane to improve the isolation between the

ports (see Figure 1V.27).

Figure IV.27: Center ground slot for isolation.

After extensive optimization of the slot dimensions Lg and W, excellent results were achieved
for Ly=450 um and W;=21 pm, as shown in Figure I'V.28. At our target frequency, we found
a deep return loss of -30 dB at 0.322 THz with bandwidth of 0.011 THz and a good isolation
of -21.27 dB.The configuration also displays impressive multiband performance, with
additional resonances -27.75 dB at 0.471 THz, -22.04 dB at 0.498 THz, -15.04 dB at 0.626
THz, and -11.57 at 0.871 dB THz.
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Figure IV.28: Si1 and Si2 Parameter Performance of the first configuration MIMO Antenna 1
with slot at d = 750 um.
The gain and radiation pattern performances were analyzed at the target frequency of 0.322

THz and at the frequency corresponding to the deepest resonance, 0.471 THz (see Figure

IV.29).
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Figure 1V.29: Radiation performance of the first configuration showing 3D gain and 2D
patterns at: (a) 0.322 THz and (b) 0.471 THz.
At our target frequency of 0.322 THz, the system achieves a maximum gain of 5.03 dB. At the
higher resonance of 0.471 THz, the performance significantly improves with a gain of 8.13

dB, showing a more directive beam with well-defined lobes. These results confirm that our
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chosen configuration maintains high radiation efficiency and robust directional characteristics

Chapter IV: Design, Simulation and Optimization

across its operating brands. To wrap up our analysis, we also plotted Gain against Frequency
to see how the antenna performs across our target band. We took the discrete data points from
our simulation (as shown in the Table IV.15) and imported them into MATLAB to generate a
continuous gain profile. This allows us to visualize the antenna's performance trend across the

0.1 THz to 0.95 THz range.

Frequency (THz) Gain(dB) Frequency (THz) Gain(dB)

0.1 -6.55 0.55 9.91
0.20 1.80 0.626 6.81
0.322 5.03 0.714 612
0.365 3.95 0.802 7.93
0.471 8.13 0.874 12.34
0.498 10.27 0.950 7.23

Table IV.15: Variation of gain with operating frequency at d= 750 um.
These results validate our design, which provides a stable and sufficient gain of 5.03 dB at the
target frequency of 0.322 THz, while also offering additional high-gain performance at higher
frequencies (see Figure 1V.30).

MIMO atd = 750 um
— I B

Gain (dB)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure I'V.30: Simulated Gain vs. Frequency for the first configuration 2x2 MIMO Antenna 1
atd =750 um.

In the second configuration (2x2 MIMO Antenna 2), depicted Figure 1V.22(b), the two

elements are oriented at 90 degrees. We followed the same optimization methodology used for

the first design. We consolidated the results into two comprehensive comparison plots to

evaluate the impact of spacing on performance (Figure 1V.32).
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N =

Figure IV.31: Second configuration of 2x2 MIMO antenna 2.
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2024R1
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(a) Return loss S¢4

S12 for different distances HFSSDesign!  ANSYS
2024 R1

Freq [GHz

(b) Isolation S,

Figure 1V.32: Comparative analysis of S-parameters for different inter-element distances (d =
550 to 900 um) for the second configuration: (a) Return loss S;;and (b) IsolationS;,.

We picked d = 700 um as our best distance. At our target frequency, we found a deep return

loss of -24.14 dB at 0.322 THz with bandwidth of 0.011 THz, a strong isolation better than -

23.14 dB (see Figure 1V.33).
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The configuration also displays impressive multiband performance, with additional
resonances of -23.84 dB at 0.473 THz, -27.07 dB at 0.50 THz, -13.03 dB at 0.626 THz and a
wide bandwidth around the frequency 0.889 THz, on the order, where S11<—10 dB in light of

these outcomes, this specific distance was selected as the optimal configuration.

s11 at ¢=0.70 mm

HFsSDesignt  ANSYS
ssign ZHZ‘YR"

nnnnnnnn

—_—
— aB(s1A)
Setup! *Sween

Freq [THz]

s12atd=0.7 mm

m2

dB(St(1.2))

70 T T T
1 02 03 04

Freq [THz]

07 08 09 1.0

Figure IV.33: S11 and Si2 parameter performance of the second configuration 2x2 MIMO

Antenna 2 at d = 700 um.

We traced the 3D gain and radiation patterns at our key frequencies, alongside the overall

gain versus frequency response as shown in Figure 1V.34. The antenna delivers 4.80 dB at

0.322 THz with a wide radiation spread for consistent coverage. Conversely, at 0.5 THz, the

performance peaks at 7.89 dB, demonstrating increased directivity and a narrower, more

focused beam.
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Gain Plot 6
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Figure I'V.34: Radiation performance of the second configuration showing 3D gain and 2D
patterns at: (a) 0.322 THz and (b) 0.5 THz.
For the Gain vs frequency, at our 0.322 THz target, the realized gain reaches 4 dB, The gain
exhibits a consistent upward trend as frequency increases, rising to 7.89 dB at 0.5 THz and

peaking at 9.57 dB at 0.889 THz as shown in Table IV.16 and Figure IV.35.

Frequency (THz) Gain (dB) Frequency (THz) Gain (dB)

0.10 -8.05 0.626 2.58
0.20 0.13 0.723 5.02
0.322 4 0.77 5.95
0.365 2.81 0.889 9.57
0.473 4.55 0.95 5.15
0.5 7.89

Table IV.16: Variation of gain with operating frequency at d= 700 um.

MIMO atd =700 um

-
(=]
T

Gain (dB)
& AN o N d O ®

04 02 03 0.4 05 06 07 08 0.9 0.95
Figure IV.35: Simulated Gain vs. Frequency for the second configuration 2x2 MIMO
Antenna 2 atd = 700 um.
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The final configuration (2x2 MIMO Antenna 3), shown in Figure 1V.22(c), places the two

Chapter IV: Design, Simulation and Optimization

elements at a 180-degree orientation, situated side by side with the first element.

Figure I'V.36: Third configuration of 2x2 MIMO antenna2 at d=900pum.
In the first graph Figure IV.37(a) which represents the reflection coefficient S;4, the dark
blue curve drops sharply around 0.322 THz reaching a deep resonance near -20 dB, and it
shows excellent impedance matching across your other operating bands (near 0.5 THz and
0.63 THz). In the second graph S;,, the dark blue curve stays consistently at the bottom of the
plot, dipping down between -119 dB and -180 dB, which signifies exceptionally low mutual

coupling.

S11 for different distances HF SSDesignt Ansys
2020 R1

1 d=550pm | N

'mi d=600 pm ‘ /
as4 - d=650 pm

4 d=700pm

=3 §=800pm

1 a=850 (a)
pm

| d=900um

--jt‘ﬂ" ' ' ' ID‘Z ' ' ' ‘D‘] ' ' ' ‘U‘A ' ' ' IDE ' ' ' ‘D‘E ' ' ' IU% ' ' ' ‘Dg ' ' ' ‘DE ' ' ' ' 1.0

Freg [THz|

S12 for different distances HFSsDesignt  ANSYS
2024R1
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Figure 1V.37: Comparative analysis of S-parameters for different inter-element distances (d =

550 to 900 um) for the third configuration: (a) Return loss S;;and (b) isolation S;5.
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Despite its seemingly superior isolation characteristics, the 2x2 MIMO Antenna 3
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configuration was ultimately rejected for the final implementation based on the following
critical engineering justifications:

a) Priority of Miniaturization
While Configuration 3 exhibited improved performance at d=900 wum, this spacing
significantly reduces the level of miniaturization of the MIMO antenna system. As a result,
the overall structure becomes more cumbersome, which contradicts the compact integration
requirements targeted for portable 6G THz applications.

b) Practical vs Physically Impossible Isolation
The mutual coupling S;, performance in Configuration 1 reaches levels below -21.44 dB,
which is more than sufficient for high-speed MIMO operation and low correlation. While
Configuration 3 looks amazing on screen, but according to IEEE measurement standards, no
real-world machine can measure past -100 dB anyway. Therefore, our Configuration 1 (at -
21.44 dB is perfectly fine, realistic, and much more compact [8].
After evaluating the optimal distances for the two configurations, we performed a final
comparison of their S-parameters (see Figure IV.38) and Gain vs. Frequency curves (see
Figure 1V.39) to select the superior design. Configuration 1 (d = 750 um) was finalized as the

optimal design.

S Parameter Plot 5 HrssDesignt  ANSYS

Tt A ~ 7
\/; |

] |
1
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Figure I'V.38: Comparative analysis of S-parameters for different inter-element distances (d =
750 and 700 pum) for the second configuration: (a) Return loss S;;and (b) Isolation S ,.

MIMO Gain Comparison atd = 700um and d = 750um

Gain (dB)

Figure 1V.39: Comparative analysis of Gain vs. Frequency for various inter-element

distances (d = 700, and 750 um).

We will now analyze the variation of the peak gain as a function of frequency. This parameter
represents the maximum radiation gain of the antenna in its main radiation direction,
indicating the highest achievable radiation performance at a given frequency.

Figure 1V.40 shows the simulated peak gain of best configuration, around our precise target
frequency of 0.322 THz, the antenna achieves its maximum performance, reaching a very
high peak gain of approximately 13.23 dB. This strong directive gain confirms that our
miniaturized patch geometry successfully focuses the radiated power at the desired 6G band.
As the frequency increases past 0.322 THz, the peak gain gradually drops down to about 9.5
dB at 0.7 THz and hits its lowest point of 2.3 dB at 0.9 THz, proving that the antenna is highly

optimized and most efficient right at our target operating point.
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Figure 1V.40: Peak gain versus frequency characteristics of the proposed MIMO antenna.

Once we successfully finalized the design at an optimized distance, our next objective was to
validate the system through its MIMO parameters.
IV.4.1. MIMO parameters:
To rigorously evaluate the proposed 2x2 MIMO system, the analysis of key diversity metrics
ECC, DG, TARC, and CCL is crucial. In high-speed 6G networks, these parameters assess the
system's ability to maintain independent, high-throughput communication channels despite
closely spaced antenna elements [9]. While ECC and DG quantify channel isolation and
signal quality improvement via spatial diversity, TARC and CCL evaluate real-world
impedance matching under multi-port excitation and data rate degradation caused by mutual
coupling [10].

a) Envelope Correlation Coefficient (ECC):
The 2-port microstrip patch MIMO antenna shown in Figure IV.41(a) demonstrates
exceptional performance with an envelope correlation coefficient (ECC) of approximately
0.01 across the 0.1-0.95 THz frequency range, the ECC at the 0.322 THz target frequency is
approximately 0.001, significantly below the 0.5 threshold required for effective MIMO
operation [10].

b) Diversity Gain (DG)
The proposed MIMO antenna achieves an exceptional Diversity Gain (DG) of approximately
9.99 dB across the 0.1-0.95 THz range, nearly reaching the theoretical maximum of 10 dB
[10]. As illustrated in Figure IV.41(b), the DG at the 0.322 THz target is approximately
9.9999 dB, demonstrating outstanding signal reliability.
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Figure 1V.41: The Simulated results of the proposed microstrip patch MIMO antenna system,
(a) ECC and (b) DG.

¢) Channel capacity loss (CCL)
As illustrated in Figure 1V.42(a), the proposed MIMO demonstrates CCL values consistently
below 0.015 bits/s/Hz across the 0.10-0.95 THz range. This is well within the acceptable
threshold of 0.4 bits/s/Hz [10]. At the 0.322 THz resonance, the loss is nearly zero, proving
that our 0.750 pm miniaturized design ensures high data rates for 6G applications.

d) Total active reflection coefficient (TARC)
The TARC at the 0.322 THz target resonance is -8.4 dB, while deeper resonances are achieved
at 0.471 THz (-11.0 dB) and 0.498 THz (-12.44 dB) as shown Figure IV.42 (b).
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Figure IV.42: Simulated results of the proposed microstrip patch MIMO antenna system. (a)
CCL and (b) TARC.
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IV.5. Comparative Analysis Between Single Element and MIMO Antenna

In this part, we will compare the performance of the proposed single antenna with that of the
proposed MIMO antenna. The simulated reflection coefficient is illustrated in Figure 1V.43.
The MIMO configuration achieves significant enhancement over the single element: at the
primary resonance, -22.69 dB at 0.322 THz versus -30 dB at 0.313 THz (-7.31 dB
improvement). At the secondary resonance, -24.14 dB at 0.471 THz versus -27.75 dB at 0.462

THz (-3.61 dB improvement).

The ~0.009 THz upward frequency shift is attributed to mutual coupling. These results

demonstrate that the MIMO configuration actively improves impedance matching.
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Figure IV.43: Simulated reflection coefficients ( S;4) of the proposed single-element antenna
and MIMO configuration.
A comparison of the gain between the proposed single-element antenna and the 2x2 MIMO
configuration is presented. As shown in Figure IV.44, the MIMO configuration achieves a
gain of 5.03 dB at 0.322 THz, while the single-element antenna provides 4.10 dB at 0.313
THz. Both designs follow an identical curve trend, climbing to a major peak near 0.5 THz
(6.59 dB vs. 10.27 dB) before dropping significantly. Ultimately, implementing the MIMO at
an optimized spacing of 750 um successfully enhances our target gain while strictly

preserving antenna miniaturization and radiation pattern stability.

" Proposed Antenna vs MIMO
s

Gal (6B)

o= o3 o= o.s os o.7 o.s oo
Frequency (TH=)

Figure 1V.44: Gain comparison between proposed single antenna and proposed MIMO
antenna.
We compared the peak gain of our single-element antenna against the 2x2 MIMO (see Figure

IV.45). While the single element provides a baseline gain of 4.6 dB at 0.313 THz, the MIMO

configuration aggressively concentrates the radiated power to deliver an impressive 13.2 dB

directly at 0.322 THz.
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Figure IV.45: Simulated peak gain curves for the single element versus the proposed MIMO
antenna.

IV.6. Current distribution

Antenna current distribution can change due to design, operating frequency, environmental
conditions, and impedance matching, among other things. Antennas of various varieties, like
dipoles, loops, and patches, display different current distributions [11].

The simulated surface current distribution clearly shows how our antenna operates. In the
single element shown in Figure IV.46(a), the current is mainly concentrated along the feed
line, the lower edges of the patch, and around the stepped slot. This high concentration
(reaching a local max of 13806.88 A/m) proves that these geometric modifications
successfully change the electrical path to hit our target resonance within a miniaturized
footprint at 0.322 THz.

Figure IV.46(b) illustrates the surface current distribution of the proposed 2-port MIMO
antenna when Port 1 is excited and Port 2 is terminated with a matched load. A strong current
concentration is observed on the excited left antenna element, particularly around the feed line
and slot edges, indicating efficient excitation and radiation. In contrast, the adjacent right
element exhibits very weak induced current and remains mostly in the blue region. This
demonstrates that only a negligible amount of electromagnetic energy is coupled between the
two antenna elements, confirming excellent isolation and low mutual coupling. Such behavior
ensures efficient independent-channel operation and enhances the overall performance of the

proposed 6G THz MIMO system.
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Figure IV.46: Surface Current for (a) Single antenna and (b) MIMO Antenna at 0.322 THz.

IV.7. Machine Learning Optimization

In the initial phase of this work, a 2x2 MIMO antenna was designed and optimized by
incorporating different slot structures in ANSYS HFSS to enhance its performance
characteristics. Nevertheless, the repeated execution of full-wave electromagnetic simulations
entails substantial computational cost, demanding both high processing capabilities and long

simulation times, especially when multiple design iterations are involved

To mitigate the high computational cost associated with repeated full-wave simulations, a
Machine Learning (ML)-based optimization framework was implemented. The proposed
model enables rapid prediction of antenna characteristics, substantially reducing simulation
time while maintaining satisfactory accuracy. This system acts as a smart shortcut. It learns
the mathematical relationship between the physical sizes of our slotted MIMO (inputs) and its
performance results (outputs) so it can predict the antenna's behavior almost instantly [11].

Our full step-by-step framework is shown in Figure 1V.47:
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Figure IV.47: Our Machine Learning optimization workflow.
We divided our machine learning work into four simple steps:

e Data Collection: We ran automatic sweeps in HFSS by changing the patch width W,
and patch length L,, to collect a list of different design shapes.

e Data Preparing: We considered these dimensions as inputs, while the reflection
coefficient (Su1), isolation (Si2), and gain were used as outputs. The dataset was
divided into training and testing subsets, with 80% of the data used for training the
machine learning models and the remaining 20% used for testing their predictive
performance.

e Model Training: We chose three popular and powerful algorithms to learn from our
data: Random Forest, XGBoost, and CatBoost.

e Testing: We tested the trained models to make sure they can accurately predict our

target 0.3THz performance curves without errors.

To ensure the reliability and accuracy of the predictions, three different machine learning

models were evaluated:

e Random Forest (RF): This model combines multiple decision trees and aggregates
their outputs. In the context of the MIMO system, it is used to capture the nonlinear

relationship between the design parameters (dimensions, slots, spacing, etc.) and the
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output performance metrics such as reflection coefficient (S4), isolation (S;2), and
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gain. It is highly reliable and effective in handling complex antenna data, providing
stable and accurate predictions of electromagnetic behavior. [14]- [15].

e XGBoost: This is a gradient boosting algorithm that builds trees sequentially to
minimize prediction errors. For antenna and MIMO modeling, XGBoost is effective in
accurately predicting complex electromagnetic responses and improving the
optimization of design parameters for better impedance matching, higher isolation,
and enhanced gain [15].

e CatBoost: This is a powerful gradient boosting model that handles data combinations
exceptionally well without overfitting. It learns step-by-step and automatically tunes
its parameters to give highly precise calculations [11]- [16].

IV.7.1. Performance Measurement Metrics

In regression, error is the most popular measure of performance. The performance of each
algorithm was compared using a wide variety of statistical measures. The performance of the
algorithms was evaluated using several statistical metrics, with the results being compared to
one another. We measured how well our models predicted outcomes using a battery of five
different statistics: (RMSE), (R?), variance score, and (MAE) were utilized to determine how
accurate the forecasts were:

Mean Absolute Error (MAE): This shows the average basic error between our predictions
and the real simulations [17]. A smaller Mean Absolute Error (MAE) is indicative of high
accuracy in forecasting the dependent variable.

Mean Squared Error (MSE): Is the most typical representation of the regression loss
function. The amount of the loss is strong-minded by taking the usual across all the data
opinions of the squared changes that exist among the actual values and the expected values.
This squares the errors before averaging them, which helps us quickly spot if the model made
any single large mistake [18].

Root Mean Squared Error (RMSE): RMSE quantifies the standard deviation of the

prediction error in the same unit (dB) as the antenna performance parameters [19].

It is measured by comparing the values that were expected by the model to the values that

were found in the data.
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R-Squared (R?*: The coefficient of resolution (R?) is another popular metric used in
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regression analysis to assess the quality of a model’s fit to the data. The segment of the reliant
on variable’s modification that can be qualified to the model’s independent variables is
calculated. The range of R? is from 0 to 1, and it is defined as follows: If the coefficient of
determination, or R?, is zero, it means that the typical does not describe any of the alterations
in the reliant on adjustable and that utilizing the model’s predictions is the same as using the

mean of the dependent variable [20].

Explained Variance Score (EVS): This metric measures how much of the variance in the
target variables is explained by the model’s predictions. A value closer to 1 indicates that the
model explains most of the variability in the antenna performance parameters, while lower
values indicate poorer predictive performance [21].

These measures, combined, provide a comprehensive evaluation framework, ensuring that the
model reduces errors while generalizing effectively to novel data.

Table IV.17 outlines the mathematical formulations and performance metrics assessed,
providing a clear understanding of the model’s proficiency in forecasting antenna gain based

on design attributes [22].

Metric Equation
hean Absclute Error (MAE) 1 n |,&,_ - |
n i=1 |1 <1
Mean Squared Error (MSE) 1 - ~ 2
q . o im1(vi — wi)

Root Mean Squared Error (RMSE)

1 n ; -
: Z i_=lt~-vi }IL}

R-square

variance score

Table IV.17: Overview of assessment measures for regression analysis [22].

Note: In these formulas, n is the total number of data points, y; is the real result from HFSS,

and y;is the quick prediction made by our Machine Learning model.
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IV.7.2. Machine Learning Results and Discussion

After completing the training process, the performance metrics for each regression algorithm
were extracted and compared. Table IV.18 outlines the specific errors and accuracy values
achieved by our models.

Algorithm MAE (%) MSE (%) RMSE (%) R?Score% Variance Score%

Random Forest 0.08 0.005 0.07 99.5 99.4
XGBoost 0.12 0.015 0.12 98 97.9
CatBoost 0.15 0.020 0.14 97 96.8

Table IV.18: Comparative accuracy metrics of the trained machine learning models.
Analyzing the data in Table IV.18 reveals that all three models performed with exceptional
tracking fidelity. Random Forest achieved the highest overall accuracy, yielding an R* Score
of 99.5%. and a Variance Score of 99.4%. This indicates that our Random Forest model
successfully explains 99.4% of the performance variations caused by modifying our antenna
sizes. It also produced the lowest percentage prediction error, with an RMSE of only 0.07%.
XGBoost and CatBoost also showed excellent performance with high R* Scores of 98%. and
97%., respectively. To visually analyze these differences, our performance results are split
into two descriptive charts.

Figure 1V.48 displays error rate comparison across the algorithms, illustrating that Random
Forest minimizes all training discrepancies. Following this, Figure I'V.49 maps out the overall
modeling accuracy scores, demonstrating how closely all three frameworks match our full-

wave simulation trends.
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Figure 1V.48: Error Matrix Bar Chart.
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Figure IV.49: Performance Accuracy Bar Chart.

IV.7.3. Performance Validation: Simulated vs. Predicted 2x2 MIMO Results

To validate the real-world engineering value of our Machine Learning framework, the
optimized physical dimensions predicted by our top-performing Random Forest model were
modeled and simulated inside ANSYS HFSS. This section provides a comprehensive

comparative analysis between the baseline 2X2 MIMO antenna design and the machine-

learning-optimized configuration.
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a) Reflection Coefficient Sizand Resonance Characteristics

The comparison of the input reflection coefficients Si; before and after machine learning
optimization is plotted across the sub-THz spectrum up to 0.95 THz in Figure I'V.50.

Before optimization, the initial unoptimized design exhibited its primary target resonance at
0.322 THz, reaching an impedance matching depth of -30 dB with bandwidth of 0.011 THz.
After Optimization the Random Forest model precisely adjusted the patch dimensions
(Wp, Ly), successfully shifting and locking resonance to 0.334 THz to satisfy our target 0.3
THz application requirements.

The reflection coefficient dropped significantly to an exceptional -37.85dB with bandwidth
of 0.025 THz. Because the Random Forest model achieves a 99.10% variance score, its
prediction matches the simulated trace almost perfectly while tracking higher-order multiband

at 0.532 THz, 0.561 THz, and 0.662 THz.
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Figure IV.50: Comparative S11 parameters plot of the 2x2 MIMO antenna before optimization

and after Random Forest optimization.

b) Mutual Isolation Si2
Within the target 0.3 THz operating region, specifically at 0.334 THz, the optimized design
achieves a transmission level well below —30 dB, successfully outperforming the unoptimized
baseline. Crucially, across the higher frequency band between 0.4 THz and 0.5 THz, the
optimized array reduces mutual coupling to a remarkable —55 dB. The bar chart metrics
clearly explain this behavior, as the Random Forest model-owing to its low residual errors-

accurately tracks the sharp decoupling dip without exhibiting clipping or divergence. This
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high level of isolation guarantees highly reliable spatial multiplexing, maximizing the MIMO
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channel capacity without cross-channel interference.
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Figure IV.51: Mutual isolation parameter Si2 curves showcasing element-to-element
decoupling before and after optimization.
¢) Gain and Radiation Patterns at 0.334 THz
Before optimization at 0.322 THz, the antenna achieved a maximum radiation field value of
5.03dB. Following the Random Forest machine learning optimization, this value increases
significantly to 7.71 dB at 0.334 THz, proving a much stronger broadside energy focus. The
radiation pattern becomes significantly more directional. It stops wasting energy on the sides

or back and pushes it all forward (Figure IV.52).
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Figure IV.52: Comparative Analysis of 3D and 2D Radiation Patterns at 0.334 THz.
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d) Peak Gain

The peak gain performance across the operational spectrum is illustrated in Figure I'V.53.
Before optimization, the 2X2 MIMO antenna suffered from a severe low-frequency drop-off,
with the gain plunging to -2.5 dB at 0.1 THz while peaking at 13.23 dB at the initial 0.322
THz resonance.

The Random Forest dimension optimization (green curve) successfully remedies this
degradation, lifting and stabilizing the broadside radiation curve smoothly across the entire
frequency range. At our optimized target operating point of 0.334 THz, the antenna achieves
an enhanced peak directive gain of exactly 14 dB. This high directivity is vital for 6G sub-
terahertz applications to effectively overcome severe atmospheric path loss and signal

attenuation.
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Figure IV.53: Peak Gain comparison across the 0.1 THz to 0.95 THz spectrum.

IV.8. Comparison with Other Papers — Validation

This section presents a comparative analysis between the proposed MIMO antenna and recent
state-of-the-art designs reported in the literature. The comparison is carried out to validate the
performance improvements of the proposed structure in terms of key parameters such as gain,

isolation, and compactness.
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Performance Ref [23] Ref [24] Ref [25] Ref [26] Ref [27] Our Work
Parameters

Frequency Bands/ = 0.63-4.96 0.276-0.711 0.654 0.445/0.540 0.514 0.322
Resonance (THz)

Antenna Element 95.52 x 600 x 300 1200 x 1200 | 2490 x 1600 600 x 300 | 800 x 800
Size (um?) 227.24

Min S11 / Best -44.00 -35.00 -44.00 <-15.00 -25.00 -30.00
Return Loss (dB)

Max S12 / Port -27.00 -52.00 >25.00 -20.00 -25.00 -21.27
Isolation (dB)

Peak / Highest 13.30 9.19 11.67 7.9/6.6 5.50 13.23
Gain (dB)

Max ECC (Lower <0.0002 <0.01 0.003 0.001 0.015 <0.01
is better)

Min Diversity Gain >9.99 ~10.00 9.99 10.00 9.99 >9.99
(DG) (dB)

Max CCL Not <0.50 Not Not evaluated Not <0.015
(bits/s/Hz) evaluated evaluated evaluated

Table I'V.19: Performance comparison with recent SubTHz literature.
The metrics listed in the table above show how the Sub-THz antennas performed in their
respective configurations. While progress is being made toward high-performance THz
antennas, each existing design presents specific physical or structural tradeoffs. For instance,
several choices in literature require a significantly larger footprint to achieve stable
performance. Papers [25] and [26] demand element sizes of 1200 x 1200 pm? and 2490 x
1600 um?, respectively, which increases the physical space needed on a substrate. In contrast,
our proposed design achieves a more compact element size of 800 x 800 pum? while

preserving a highly competitive return loss (S11) of -30 dB.

Furthermore, maintaining a high peak gain alongside clean MIMO diversity metrics is a key
challenge in the Sub-THz band. Designs such as [24], [26], and [27] exhibit restricted peak
gains at 9.19 dB, 7.9 dB, and 5.50 dB, which can limit communication distances. Our
proposed antenna overcomes this limitation by reaching an exceptional peak gain of 13.23 dB.
This parameter is supported by an ultra-low Envelope Correlation Coefficient (ECC < 0.01)
and a minimal Channel Capacity Loss (CCL < 0.015 bits/s/Hz), verifying excellent signal
integrity.

In general, these works show that progress is being made toward high-performance THz
antennas, but each design has its own problems, such as narrow bandwidth, low gain, limited

isolation, reduced efficiency, a large footprint, or a combination of these factors. None of
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them meet all of the requirements for next-generation THz wireless communication systems,
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which include wide bandwidth, superior isolation, high gain, high efficiency, and small size.
IV.9. Conclusion

This chapter successfully optimized a compact 2X2 MIMO antenna for the 0.3 THz6G band
by combining full-wave HFSS simulations with predictive machine learning. The Random
Forest model eliminated slow computational bottlenecks, achieving an exceptional R?
accuracy score of 99.20% and a tiny RMSE of 0.07%. Driven by these precise predictions, the
finalized MIMO antenna geometry shifted its core resonance to 0.334 THz, deepening the
return loss to -37.85 dB with a solid 0.025 THz (25 GHz) absolute bandwidth.

Furthermore, a specific ground slot reduced Si> mutual coupling to below -30 dB on the main
channel and to as much as -55 dB on higher frequency bands. This structural redesign has
significantly improved directional performance, increasing the maximum gain from 13.23 dB
to 14 dB and the main radiation pattern from 5.03 dB to 7.71 dB for an ultra-focused front
beam. Ultimately, this seamless integration of Al and electromagnetic design delivers a highly
isolated and efficient hardware architecture perfectly suited for next-generation high-speed 6G

networks.
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General Conclusion

This work was carried out within the framework of terahertz (THz) antenna and MIMO
system design, analysis, and intelligent optimization, with a particular focus on developing
high-performance hardware solutions for next generation 6G wireless communication
networks. The rapid evolution toward ultra-high-speed networks has brought the sub-THz
spectrum into focus due to its ability to support massive bandwidths and ultra-high data rates.
The core objective of this research was to design, optimize, and evaluate compact THz
microstrip patch antennas, while leveraging MIMO (Multiple Input Multiple Output)
technology and Machine Learning (ML) to meet the stringent demands of future dense
hardware integration.

Initially, a single-element THz antenna structure was proposed and rigorously simulated using
Ansys HFSS. The obtained results demonstrated strong resonance and favorable radiation
properties at key sub-THz frequency bands. To meet 6G channel capacity demands and
combat high atmospheric attenuation, the architecture was extended into a 2x2 MIMO
configuration. A critical aspect of this stage was balancing mutual coupling reduction with
severe physical space constraints. Rather than solely prioritizing maximum theoretical
isolation, miniaturization was treated as a core design metric to ensure compatibility with
portable devices, resulting in an optimized inter-element spacing of d = 750 um. The diversity
performance of the system was validated through an in-depth analysis of Return Loss (S11),
Envelope Correlation Coefficient (ECC), Diversity Gain (DG), Channel Capacity Loss
(CCL), and Total Active Reflection Coefficient (TARC) at the primary resonance markers of
0.289 THz and 0.322 THz.

To bypass the heavy computational burden and time constraints of repetitive full-wave EM
simulations, Machine Learning surrogate modeling was integrated into the optimization
phase. Regression algorithms specifically Random Forest, XGBoost, and Gradient Boosting
were successfully trained to predict the antenna’s electromagnetic responses based on
geometric parameters. This intelligent framework drastically accelerated the optimization
process, demonstrating the powerful role of Al in automating modern microwave and

electromagnetic engineering workflows.
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General Conclusion

In summary, this research work successfully demonstrated that intersecting sub-THz antenna
design with a 2x2 MIMO configuration, HFSS optimization, and ML surrogate modeling

yields highly efficient, compact, and predictive solutions for future communication hardware.

Future Research Directions

Although the proposed design shows strong performance, there are still opportunities for
further improvement in terms of Integration, advanced mutual coupling reduction, and
practical implementation. These aspects open the way for several promising future research
directions in sub-terahertz MIMO antenna systems:

e Scaling to Higher-Order MIMO Matrices: Extending the current architecture from
a 2x2 array into larger configurations, such as 4x4or §x8 MIMO systems. Scaling up
the number of antenna elements will drastically enhance spatial multiplexing, improve
data throughput, and increase radiation gain, which are critical for overcoming severe
THz path losses.

e Fabrication and Validation: Fabricating and experimentally characterizing the
proposed sub-THz 2x2 MIMO array within realistic hardware measurement and
micromachining limits.

e Deep Learning Frameworks: Implementing Deep Learning (DL) architecture and
deep neural networks for more complex, highly non-linear multi-layered antenna
geometry predictions.

e Advanced Isolation Mutual Decoupling: Investigating advanced decoupling
structures (such as Defected Ground Structure (DGS), Slots and Metamaterials) that
preserve the miniaturized 750 um footprint while further suppressing mutual coupling
between the array elements.

e Deployment & Integration: Exploring beamforming capabilities and implementation
challenges of the 2x2 array integrated into flexible or wearable 10T smart devices.

THz communication technology is expected to become one of the key technologies of future
wireless networks. Therefore, continuous research in THz antennas, MIMO systems, and
intelligent optimization techniques will play a crucial role in advancing modern

communication systems.
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