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Abstract

The very special demand for new integrated antennas with excellent
performance for diverse terahertz (THz) frequency ranges grows for the
foreseeable future, and requires effective electromagnetic (EM) optimization
techniques of enhancing already established designs or developing newly
proposed models. Recently, micro-electromechanical system (MEMYS)
processing has been identified as a very promising technology for revolutionizing
a large class of antennas with THz waves by combining silicon-based
microelectronics with advanced computer aided design (CAD) techniques to
model accurately the physical behaviour of such three dimensional (3D) micro-
devices, meet the very specific requirement of reducing the long and expensive
development cycles, and reaching interesting characteristics including compact
size, good radiation and wide bandwidth.

This research work provides for the THz wireless access systems novel
designs of highly miniaturized helix antennas based on MEMS technology with
particular emphasis on major optimization challenges facing the device structure
complexity. The different antenna geometrical structures are developed using 3D
high frequency structure simulator (HFSS) based on efficient computational
techniques for modal analysis and active optimization. Each time, the
optimization strategy aims to vary the antenna geometric structure and maximize
its EM response with a high accuracy for the selective frequency band by training
the samples and minimizing the error from Finite Element Method- (FEM) based
simulation tool. Excellent antenna performance and high structure precision are
finally achieved by modifying and rectifying different parameters embedded in
silicon platform including the helix and feeding variables using reliable
evolutionary optimizers, effective stochastic solvers and accurate automatic
strategists for conceiving high-performance THz MEMS helix antennas.

Key words: Integrated antennas, Terahertz (THz) applications,
Micro-electromechanical ~ system (MEMS) technology, computational

electromagnetic (EM) optimization, evolutionary/stochastic/automatic strategists.
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General Introduction

As new applications for the electromagnetic THz gap ranging from 0.1 to
10 THz [1] begin to emerge, a great deal of research has been performed to
develop functional antennas to manipulate this unique band of waves and
incorporate integrated radiators into high frequency systems, especially with the
wide wireless technology demand in processing the increasing information
capacity in various applications that has revived the usage of integrated antennas
on very compact units as essential elements having always been an interesting
but difficult subject for designing and modeling. It is now assured that the design
of highly miniaturized antennas becomes more critical due to the needs in
operating in several frequency bands occupying a large available area [2]. This
has attracted the utilization of advanced integrating technologies, and driven
requirements for accurate optimization procedures to establish a new class of
compact integrated THz antennas to be mainly deployed in high frequency access
systems. Micro-electromechanical system technology becomes therefore a very
promising technology for revolutionizing such antennas with terahertz waves by
combining silicon-based microelectronics with complex computer aided design
techniques including evolutionary, stochastic and automatic methodologies
to meet the very special demand of novel THz antennas for attractive

applications [3].

Many new techniques of MEMS technology have started to gain a great
deal of momentum from research, industry and standardization bodies to
stimulate interest in the unique THz spectral and help manufacturing integrated
antennas, enhancing their performance and achieving precise micro scale.

desucoFion beam (FIB) [4] is one of the significant techniques used for
designing MEMS THz antennas, especially helix antennas. It consists of
implementing silicon platforms as a very good solution for improving the
antenna shape and performance. In very specific terms, helix antennas employing
silicon-based microelectronics, have achieved over the last decade important
characteristics including compact size, good radiation, and wide bandwidth, thus
their implementation into planar forms seems to become easier due to the

advanced micromachining techniques [5]. This has marked a major advancing in
2




General Introduction

the field of THz technology, leading to provide new models of THz antennas,
especially with the use of accurate computer aided design tools and effective
optimization techniques as excellent solutions for improvements in modeling,
incorporation of analysis, and execution of repeated electromagnetic simulations
until developing existing design models and achieving new design models with a
very good accuracy [6]. Three-dimensional high frequency structure simulator
[7] presents a good environment for excellent electromagnetic treatment based on
evolutionary optimizers, stochastic solvers and automatic strategists to retain a
high performance and good accuracy for the antenna structure as compared with
finite element modelling, to improve the existing design models or develop new

design models, based on reliable and fully functional approximations.

Interestingly, this research work provides for the THz wireless access
systems, a novel category of integrated helix antennas based on MEMS
technology, and explains the major optimization procedures used to treat the
device structure complexity that offer fitness functions for excellent bandwidth
learning and fast configuration evaluation. The proposed antenna designs are
developed using HFSS software based on fast computational techniques for
active electromagnetic investigation and optimization. The research study targets
at maximize the antennas’ electromagnetic performance for the selective band of
frequencies through optimizing their geometrical configurations with a high
accuracy based on finite element modeling. Excellent electromagnetic responses
and high structure precisions are finally achieved by synthesizing different
tunable parameters embedded in the silicon platform divided into the helix form
variables and feeding line characteristics. The optimized antennas occupy highly
miniaturized volumes of a micro scale having a etartbsus nocilis niht yrev. The
proposed MEMS helix antenna designs are validated by demonstrating optimal
results in terms of low return loss (RL) properties and excellent voltage standing
wave ratios (VSWR) in comparison to the previous structures. This has afforded
encouraging results due to the real progress of the different electromagnetic

optimization techniques in providing a new class of antennas operating at various
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THz frequency ranges covering attractive applications for different emerging
fields [8-10].

Accordingly, this research work addresses fundamental concerns of newly
integrated THz MEMS helix antenna designs and provides relevant
representative developments in three chapters that present a balanced approach
among various important technical issues pertinent to integrated THz antennas as

follows:

e The first chapter describes how antennas have evolved historically,
discusses the impact of antennas in various systems, and gives an idea
of the range of their applications that include communications, remote
sensing, radar, biomedicine, etc. This chapter introduces also the
popular types of antennas, presents important advances made in their
designs, and offers insight into integrated antennas which are
incorporated into different modern wireless systems to transmit, collect
and transfer information. Interestingly, understanding how these
antennas are employed at different frequencies ranging from radio to
terahertz requires a main focus into their design considerations and
deep knowledge of the fundamental properties for their operation.
Concepts such as efficiency, gain, bandwidth, radiation pattern, and

others are covered in an evaluative manner.

e The second chapter exposes the characteristics of the electromagnetic
THz gap to understand the serious technical challenges on the design
of integrated antennas in this unique THz field, and master the use of
submillimeter waves which are a fusion between microwaves and
optics. Several THz antennas can be successfully integrated in
different geometrical configurations using MEMS technology relying
on silicon-based microelectronics processing. This has leaded to

investigate the silicon-based microelectronics process, and study the
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fundamentals of THz antennas on electrically thin and thick silicon

substrates.

e Related to what has been reported in the first two chapters, the final
chapter describes for the THz wireless access systems applications a
variety of compact helix antenna designs embedded in silicon wafers,
presenting a new class of high performance integrated antennas with
uniform characteristics and optimal dimensions due to the right
exploitation of effective MEMS processes, and sophisticated use of
HFSS-based accurate computational electromagnetic optimization
techniques. This chapter adds to the knowledge base provided by the
previous chapters a particular emphasis on major optimization
challenges facing the complex antenna structures developed to
efficiently collect terahertz radiation for successful operations. Finally,
the proposed helix antenna designs based on MEMS technology
function in different THz ranges and find several applications in
numerous areas such as sensing, radio astronomy, and space

communications.

Finally, this research study attempts at the analysis and development of
novel integrated antenna designs linking the well-known advantages of MEMS
processing to the modular properties of the electromagnetic THz frequency field.
It is the hope of this study to find in it the necessary prototypes and mechanisms
that can help in manufacturing such a kind of antennas and realizing new

wireless applications in the future research works.
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1.1. Introduction

The dawn of the 21th century brought fundamental changes to modernize
the first wireless systems due to the great advancement conceived by a series of
relevant research studies. Electronic devices can be today integrated using highly
precise manufacturing procedures that are very attractive to achieve a high
quality, high power, and excellent handling capability for the miniaturized
structures. As a new generation of modern wireless systems, integrated antennas
have gained wide attention since their inception after having converted the bulky
structures into corresponding compact forms, enabling the fabrication processing
of those three-dimensional structures. Integrated antennas become very
promising for high frequency links and gain a great worth in transmission,
sensing, and imaging systems, etc. Accordingly, this introductory chapter offers

insight into modern integrated antennas presenting:
e Historical perspective and applications of antennas;
e Popular types of antennas;

e Integrated antennas for modern systems.
1.2. Historical perspective and applications of antennas

1.2.1. History and development of antennas

Antennas present today an integral part of the daily-life requirements; they
are employed to transmit and receive electromagnetic waves for a multitude of
purposes; they serve as a transducer that converts guided waves into free-space
waves in the transmitting mode, or vice-versa in the receiving mode. All
antennas operate on the same basic principles founded by the electromagnetic
theory of J. C. Maxwell. Numerous antenna designs began to emerge and find
Important applications over the entire electromagnetic frequency spectrum since
1901, the time of the time of Marconi’s first experiments with transmitting

electromagnetic waves.
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In 1973, Maxwell published his famous book “A Treatise on Electricity and
Magnetism” where incorporated all previously known results on electricity and
magnetism to express the unified theory of the electromagnetics in what it is
mathematically referred to Maxwell’s equations which hold over the entire
electromagnetic frequency range [11]. Maxwell's theory was met with much
skepticism until it was validated by the father of radio H. R. Hertz with his
experiments in 1886 [12] that aimed to demonstrate the existence of

electromagnetic radiation.

Variable L
voltage source \ , oop

Figure 1.1 — Experimental set-up of Hertz’s apparatus

Hertz built the first radio system to produce and detect radio waves,
consisting of a A/2 dipole (transmitting antenna) and a resonant loop (receiving
antenna) at a wavelength of 4 m (figure 1.1). By turning on the induction coil,
sparks were induced across the gap and detected at the receiving antenna .The
information in Hertz’s experiment was actually in binary digital form, by tuning
the spark on and off. This could be considered the first digital wireless system
composed of the best-known antennas: the dipole and the loop also called the

Hertz antennas.

Almost a decade later in 1901, G. Marconi was able to receive signals
across the Atlantic in St. Johns, Newfoundland, that were sent from a station he
had built in Poldhu, Cornwall, England. Marconi’s transmitting antenna was a
fan antenna with 50 vertical wires supported by two 6-m guyed wooden poles.
The receiving antenna was a 200 m wire pulled up with a kite [13]. After,

Marconi succeeded in commercializing wireless technology by introducing a
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radiotelegraph system, which served as the foundation for the establishment of
numerous affiliated companies worldwide. Monopole antennas were widely used
in Marconi’s experiments; thus vertical monopole antennas are also called

Marconi antennas.

For many years since Marconi’s experiment, antennas operated at low
frequencies up to the ultra high frequency (UHF) region and were primarily wire-
type antennas. The demands for effective communication systems during the
second world war moved the field of antennas up into the higher frequencies, and
led to the design of many new types of microwave antennas that were capable of
producing highly directive beams with small-sized antennas. An excellent
reference on the early work done in microwave antennas is the MIT Radiation
Laboratory Series book by Silver [14].

Advances in computer architecture and technology moved the field into
new directions and produced major advances, with microstrip antennas and
arrays, in particular, being heavily investigated during the 1960-1980 period for
a wide range of applications. In addition, the use of numerical techniques to
analyze complex antenna systems became prevalent, making the issues of
reduced computational time and computer memory storage requirements an
important part of antenna design. Sophisticated simulation tools are now an
integral part of antenna research, and several simulation packages are used

extensively in reducing manufacturing costs and time.

Research during the latter part of the twentieth century led to the arena of
wireless communications, and the role of antennas is becoming increasingly
Important. In some systems, the antenna is now no longer just a simple
transmitting/receiving device, but a device which is integrated with other parts of
the system to achieve better performance. This posed new and exciting
challenges to antenna engineers, with stringent demands being placed on the size
and performance of the antennas used for satellite and terrestrial

communications. Research was directed toward the design of “smart” or
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“adaptive” antennas that can perform well in a mobile environment [15]. More
recently, micro-electromechanical system devices have emerged as an attractive
option for high-frequency systems. MEMS phase shifters, with the advantages of
low loss and fast actuation, have been investigated for use in fast-scanning
phased arrays [16]. Reconfigurable antennas, where several antennas share the
same physical aperture, cover different frequency bands, and perform different

functions, have now caught the attention of researchers [17, 18].

Things have been changing quickly in the wireless world, and the
applications of antennas range from communications to astronomy, to various
deep-space applications but one thing has never changed since the very first
antenna was made: the antenna is a practical engineering subject. It will remain
an engineering subject. Once an antenna is designed and made, it must be tested.
How well it works is not just determined by the antenna itself, it also depends on
the other parts of the system and the environment. Elaborate antennas or antenna
systems require careful design and a thorough understanding of the radiation
mechanism involved. The selection of the type of antenna to be used for a given
application is determined by electrical and mechanical constraints and operating
costs. The electrical parameters of the antenna are the frequency of operation,
gain, polarization, radiation pattern, impedance, etc. The mechanical parameters
of importance are the size, weight, reliability, manufacturing process, etc. In
addition, the environment under which the antenna is to be used also needs to be
taken into consideration. Finally, the designers will have to meet all of these
constraints, along with the standard antenna problems of polarization, scan rates,
frequency agility, etc in order to provide a new class of high performance

integrated antennas for the different modern systems [19].
1.2.2. Applications and impact of antennas on different systems

Today, antennas provide a very large range of applications in the military,
civil and commercial fields. They enjoy extensive use in communication,

biomedicine, sensing, imaging, astronomy, spectroscopy, collision avoidance, air
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traffic control, global positioning systems, pagers, wireless networks, etc., and

cover a very wide range of frequencies, as shown in figurel.2 [20].

Electromagnetic spectrum
Extreme Low Frequency (ELF) 30 -300 Hz Long waves Telegraphy
(> 1 km) ) o
Voice Frequency (VF) 300 Hz - 3 KHz (< 525 KHz) Aeronautical navigation
Medium waves ; i
Very Low Frequency (VLF 3-30KH Regional broadcastin
Y LowFrequency (VLF) || @km-176.3m) g g
Low Frequency (LF) 30 -300 KHz (525 KHz - 1.7 Radio (AM, CB)
MHz)
Medium Frequency (MF) 300 KHz - 3 Short waves Communication links
- 176.3—-10m
High Frequency (HF) 3-30 MHz ((1_7 _30 MHz)) Surveillance
Very High Frequency (VHF) 30 - 300 MHz Microwaves TV broadcasting, airport
L, P, surveillance,
Ultra High Frequency (UHF) 300MHz - 3GHz S, C, X, Ku, K, Radio (FM), ct(_allular
and Ka band communications
Super High Frequency (SHF) 3-30 GHz B Weather detection, traffic control
(100 -0.1 cm) Guidance, mapping, satellite
Extreme High Frequency (EHF) 30 — 300 GHz Millimeter waves Remote sensing, radio
(2 cm—1mm) astronomy, radar, biomedicine
300 GHz o . i .
Submillimeter waves Radio astronomy, imaging,
THz Frequency (THF) (2 mm — 100 um) space, radar, biomedicine
3.3THz
THz waves Experimental stage
10 THz (1 mm — 30 um)

Figure 1.2 — Electromagnetic spectrum and general usage

1.2.2.1.  Antennas for communication systems

Antennas are one of the most critical components in communication
systems because they are responsible for the proper transmission and reception of
electromagnetic waves. Effectively, a good antenna design help to relax the
complex system requirements involved in a communication link and increase
overall system performance. The choice of an antenna for a specific application
(cellular, satellite-based, ground-based, etc.), depends on the platform to be used
(car, ship, building, spacecraft, etc.), the environment (sea, space or land), the
frequency of operation, and the nature of the application (video, picture, audio or

data). Communication systems fall into several different categories [21]:
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e Direct links: These are transmission links established between two highly
directional antennas. The link can be between two land-based antennas
(radio relays); between a tower and a mobile antenna (cellular
communication); between a land-based antenna and a satellite antenna
(satellite  communication); between two satellite antennas (space
communication). Usually these links operate at frequencies between
1 GHz and 25 GHz [22].

e Satellite communications: Antennas on orbiting satellites are used to
provide communications between various locations around the earth.
They are used either to form a large area-of-coverage beam for
broadcasting, or spot beams for point-to-point communications [23]. In
general, most telecommunication satellites are placed in geostationary
orbit (GEO), about 22,235 miles above the earth. There are also some
satellites at lower earth orbits (LEO) that are used for wireless
communications. Modern satellites have several receiving and
transmitting antennas that can offer services such as video, audio, and
data transmission. The impact of antennas on satellite technology
continues to grow. Most satellites operate at the L, S, or Ku band, but
increasing demand for mobile telephony and high-speed interactive data
exchange is pushing the antenna and satellite technology into higher
operational frequencies.

e Personal and mobile communication systems: The vehicular antennas
used with mobile satellite communications constitute the weak link of
the system. If the antenna has high gain, then tracking of the satellite
becomes necessary. If the vehicle antenna has low gain, the capacity of
the communication system link is diminished. Moreover, handheld
telephone units require ingenious design due to a lack of real estate on
the portable device. There is more emphasis now on enhancing antenna
technologies for wireless communications, especially in cellular
communications, which will improve the link performance and reduce

the undesirable visual impact of antenna towers. Techniques that utilize
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smart antennas, fixed multiple beams, and neural networks are increasing
the capacity of mobile communication systems, whether it is land-based
or satellite-based. This will lead to the design of more compact and more

sophisticated antennas [24].
1.2.2.2.  Antennas for remote sensing systems

Remote sensing is the process of obtaining information about a certain
object without coming into direct physical contact with it. Antennas such as
horns, reflectors, helical phased arrays, and synthetic apertures are used in
remote sensing from an airplane or a satellite to infer the physical properties of
planetary atmosphere and surface, or to take images of objects [25]. The degree
of resolution of a remote map depends on the ability of the antenna system to
separate closely space objects in range and azimuth [26]. To increase the azimuth
resolution, a technique called synthetic aperture is employed. Today, antennas

are used for remote sensing applications in both military and civilian sectors.
1.2.2.3.  Antennas for biomedical systems

The antenna used in many biological applications operates under very
different conditions than do its more traditional free-space. Near fields and
mutual interaction with the body dominate; also, the antenna radiates in a lossy
environment rather than free space. Several antennas, from microstrip antennas
to phased arrays, operating at various frequencies, have been developed to couple
electromagnetic energy in or out of the body and enjoy several therapeutic and
informational medical operations [27]. Antennas have also been used to stimulate
certain nerves in the human body. The designers have to choose the right
frequency, antenna size, and spot size that the beam has to cover in the body.
Antennas such as helical-coils, ring capacitors, and dielectrically loaded
waveguides are therefore very attractive because of their compactness. As the
technology advances in the areas of materials and in the design of more compact
antennas, more antenna applications will be found in the areas of biology and
medicine [28].
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1.2.2.4.  Antennas for radio astronomy systems

Another field where antennas have made a significant impact is astronomy.
A radio telescope is an antenna system that astronomers use to detect
radiofrequency (RF) radiation emitted from extraterrestrial sources. Since radio
wavelengths are much longer that those in the visible region, radio telescopes
make use of very large antennas to obtain the resolution of optical telescopes.
Antennas have also been used in constructing a different type of a radio
telescope, called a radio interferometer, which consists of two or more separate
antennas that are capable of receiving radio waves simultaneously but are
connected to one receiver. The radio waves reach the antennas at different times
and are used to measure the distance or angular position of an object with a very

high degree of accuracy [29].
1.2.2.5.  Antenna for radar systems

Modern civilian and military airplanes have several antennas on board that
are used for altimetry, speed measurement, collision avoidance, communications,
weather detection, navigation, and a variety of other functions. Each function
requires a certain type of antenna and makes the operation of a radar system
feasible. Scientists in 1930 observed that electromagnetic waves emitted by a
radio source were reflected back by aircraft that could be detected by electronic
equipment. Since then, several technological developments have emerged in the
area of radar antennas, and the desire to operate at different frequencies has led to
the development of several very versatile and sophisticated antennas. Radar
antennas can be ground-based, mobile, satellite-based, or placed on any aircraft
or spacecraft [30]. Today, radar antennas are used for coastal surveillance, air
traffic control, weather prediction, surface detection, mine detection, tracking, air
defense, speed detection, burglar alarms, missile guidance, mapping of the
surface of the earth, reconnaissance, etc. Radar antennas are generally designed
to be part of a very complex system that includes high-power klystrons, traveling

wave tubes, solid-state devices, integrated circuits, computers, signal processing,
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and a myriad of mechanical parts. The requirements vary depending on the

application and the platform of operation [31].
1.3. Popular types of antennas

Since the start of radio communications, thousands of antennas have been

developed. They can be categorized by various criteria [32]:

v"In terms of the bandwidth, antennas can be divided into narrowband and
broadband antennas;

v" In terms of the polarization, they can be classified as linearly polarized or
circularly polarized antennas;

v" In terms of the resonance, they can be grouped as resonant or traveling
wave antennas;

v" In terms of the number of elements, they can be organized as element
antennas or antenna arrays.

v" In terms of physical structures, they can fall into wire-type antennas and

aperture-type antennas.

Different types of antenna exhibit different features and can be analyzed
using different methods and techniques. They have distinct characteristics that
make them suitable for a variety of applications. Thus, they are very often used
in array configurations to improve upon the characteristics of an individual

antenna element [33].
1.3.1. Wire-type antennas

Wire-type antennas are made of conducting wires and are generally easy to

construct, thus the cost is normally low. The most important examples include:
1.3.1.1. Dipoles

Dipoles (figure 1.3) are one of the simplest but most widely used types of

antenna. A dipole can be considered a structure evolved from an open-end, two-
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wire transmission line. A typical structure of a dipole consists of two metal wires
which are normally of equal length. In reality, such kind of antennas cannot be
found since the current is zero at the end of a line. For antenna analysis and
design, it is all about the current distribution. Once the current distribution is
known, other parameters, such as the radiation pattern and input impedance, can
be obtained [20].

Current distribution
A

&

Figure 1.3 — Evolution of a dipole of total length 2| and diameter d

Sometimes short dipoles are not employed for reception where signal-to-
noise ratio is more important than the radiation efficiency. There are many other
forms of dipoles developed for various applications. Biconical dipole offers a
much wider bandwidth than the conventional cylindrical dipole; a bow-tie dipole

has a broad bandwidth and low profile; while a sleeve dipole can be nicely fed by
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a coaxial cable and exhibits a wide bandwidth. A 1/2 folded dipole may be
viewed as a superposition of two half-wavelength dipoles with an input
impedance of around 280, which is close to the standard characteristic impedance
of 300 for a two-wire transmission line. That is why it was widely used for TV

reception in the good old days [34].
1.3.1.2.  Monopoles

A monopole antenna (figure 1.4) is half of the dipole antenna. There are a
lot of similarities between them, but there are also some differences. The best
way to investigate the monopole is to apply the image theory [35] which convert
the monopole to a dipole with length 2l in free space. The current distribution
along the pole becomes the same as the dipole, thus the radiation pattern is the
same above the ground plane. Since the power is only radiated to the upper half
space and the power to the lower half space is reflected back to the upper space,
this results in an increased directivity. The directivity of a monopole is therefore

twice that of its dipole counterpart.

Ground

Figure 1.4 — A monopole antenna with a coaxial feed line
1.3.1.3.  Loops

Loops [36] are another simple and versatile wire-type antenna. They take
many different configurations, which include circular, square, rectangular,
triangular, elliptical and other shapes. While the dipole is considered to be a
configuration evolved from an open-end transmission line, the loop can be

viewed as a configuration evolved from a short-end transmission line.
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Thus, for a small loop, the current is large and the voltage is small — these results
in small input impedance, which is very different from a short
dipole whose impedance, more precisely the reactance, is very large
If a loop cannot be considered small, the current distribution cannot be
regarded as constant. As a result, many properties of the loop are changed and
results obtained for a constant current cannot be applied to real
antennas (figure 1.5).

PN
_ N

Short-end
transmission line

U

Loop and its magnetic
dipole

UDuality

Je

Electric dipole

Figure 1.5 — Loop antenna and its corresponding dipoles
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1.3.1.4. Helix antennas

Helix antennas [37] have very interesting and unique features. They may be
viewed as a derivative of the dipole or monopole antenna, but it can also be
considered a derivative of a loop antenna [32]. They have a nearly uniform
resistive input over a wide bandwidth operate as a super-gain end-fire array over
the same bandwidth. Furthermore, it is non-critical with respect to conductor size
and turn spacing. It is easy to use in arrays because of almost negligible mutual
impedance. Geometrically, a helical antenna consists of a conductor wound into a

helical shape. It is a circularly/elliptically polarized antenna.

Figure 1.6 — Helix antenna geometrical structure

A helix wound like a right-hand (clockwise) screw radiates or receives
right-hand circularly polarized waves, whereas a helix wound like a left-hand
(anti-clockwise) screw radiates or receives left-hand circularly polarized waves.
Although a helix can radiate in many modes, the axial (end-fire) mode and the
normal (broadside) mode are the ones of most interest. The following notations
are used for the analysis of helical antennas: Diameter of helix (D),
spacing between turns also called pitch (S), number of turns (N), slent
angle (&), change radius (R.), circumference of helix (C = zD), and length of one
helix (Hy) (figure 1.6).
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1.3.2. Aperture-type antennas

This group of antennas is not made of metal wires but plates to form certain
configurations that radiate and receive electromagnetic energy in an efficient and
desired manner according the aperture type antennas. They are often used for
higher frequency applications than wire-type antennas. Typical examples

include:
1.3.2.1. Reflector antennas

Reflector antennas take various geometrical configurations, the most
popular shape is the paraboloid — because of its excellent ability to produce a
pencil beam with low side lobes and good cross-polarization characteristics in the
radiation pattern. Reflector antennas [38] gained prominence due to their use
with radar systems; they have played an important role in communication

systems.

eed horn

Figure 1.7 — Reflector antenna (paraboloidal shape)

They can have a variety of geometrical shapes and require careful design
and a full characterization of the field system. Silver [14] presents the technique
for their analysis based on aperture theory and physical optics. Other methods
such as the geometrical theory of diffraction and the fast Fourier transform,
along with various optimization techniques, are used more often for the accurate

design of these antennas [39] (figure 1.7).
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1.3.2.2. Lens antennas

At high frequencies, lens antennas [40] can be used to perform functions
similar to reflector antennas. Both lenses and parabolic reflectors use free space
as a feed network to excite a large aperture. The feed of a lens remains out of the
aperture, eliminating aperture blockage and the resulting high sidelobe levels.
Dielectric lens antennas are similar to the optical lens and the aperture of the

antenna is equal to the projection of the rim shape (figure 1.8).

Spherical wave Plane wave
Source
(@)
Spherical wave Plane wave
Source
(b)

Figure 1.8 — Lens antennas, concave planar (a) and convex planar (b)

Lenses are divided into two categories: Single-surface lens which is an
equiphase surface of the incident or emergent wave and the rays pass through
normal to this surface without refraction, and dual-surface lens in which

refraction occurs at both lens surfaces. Single-surface lenses convert either
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cylindrical or spherical waves to plane waves. Cylindrical waves require a line
source and a cylindrical lens surface, and spherical waves use a point source and
a spherical lens surface. The far-field pattern is determined by diffraction from
the aperture. Dual-surface lenses allow more control of the pattern
characteristics. Both surfaces are used for focusing, and the second surface can
be used to control the distribution in the aperture plane. Artificial dielectric
lenses in which particles such as metal spheres, strips, disks, or rods are
introduced in the dielectric have been investigated by Kock [41]. The size of the
particles has to be small compared to the wavelength. Metal plate lenses using
spaced conducting plates are used at microwave frequencies. Since the index of
refraction of a metal plate medium depends on the ratio of wavelength to the

spacing between the plates, these lenses are frequency sensitive.
1.3.2.3.  Horn antennas

The electromagnetic horn antenna (figure 1.9) is characterized by attractive
qualities such as unidirectional pattern, high gain, and purity of polarization.
Horn antennas are used as feeds for reflector and lenses antennas and as a
laboratory standard for the calibration of other antennas [42]. Horn antennas can
be of rectangular or circular type. Circular horns derived from circular
waveguides, can be conical, biconical, or exponentially tapered. Rectangular
horns derived from a rectangular waveguide can be pyramidal or sectoral E-plane

and H-plane horns.

Figure 1.9 — Horn antenna (pyramidal geometric structure)
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The E-planes sectoral horn has a flare in the direction of the field of the
dominant TE;, mode in the rectangular wave guide and the H-plane sectoral horn
has a flare in the direction of the H-field. The pyramidal horn has a flare in both
directions. The radiation pattern of the horn antenna can be determined from a
knowledge of the aperture dimensions and the aperture field distribution. The
large aperture and single-mode excitation can be achieved by gradually flaring
the waveguide to form a horn. Higher order modes are generated at the throat of
the horn (the region between the waveguide and the horn). However, these will
be attenuated in the throat region if the flare angle is not large. The flare angle of
the horn and its dimension affect its radiation pattern and directivity. Maximum
directivity can be achieved by optimizing the horn length and the flare angle. The
need for feed systems that provide low cross polarization and edge diffraction
and more symmetrical patterns led to the design of the corrugated horn. These
horns have corrugations or grooves along the walls that are A/4 to A/2 deep. The
conical corrugated horn, referred to as a scalar horn, has a larger bandwidth than
its small flare angle corrugated horn. This horn is very suitable as a feed for

reflector antennas [43].
1.3.2.4.  Microstrip antennas

Microstrip patch antennas (figure 1.10) appear in a variety of shapes,
including rectangular, circular, elliptical, and triangular. They are planar and
conformal structures that are also lightweight and can be used with integrated
circuits [44, 45]. Microstrip or printed antennas are used in several applications,
including radar, GPS, mobile communications, aeronautical applications, medical
applications, etc. Microstrip antennas employ several feed mechanisms. Each
feed configuration has its advantages and disadvantages. For impedance
matching purposes, the offset microstrip line feed is the easiest to use since the
offset depth controls the input impedance of the antenna. Moreover,
this configuration is simple to fabricate and analyze as well.

However, the feed line radiates and causes pattern and polarization degradation.
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Patch

Substrate ~ .
Ground

>
Radiating
slots

Figure 1.10 — Microstrip antenna structure

The coaxial probe feed reduces spurious feed radiation, it is fairly easy to
construct and match, but it tends to have a narrow bandwidth. The aperture-
coupled feed isolates the feed mechanism from the radiating element through the
use of a ground plane. Energy from the feed line is coupled to the element patch
through the aperture slot. Finally, the proximity-coupled feed removes the
ground plane so it is easier to manufacture than the aperture-coupled feed. It also
exhibits low spurious radiation and provides the largest bandwidth of the feed

configurations [46].
1.4. Integrated Antennas for modern systems

In today’s environment of connectivity, wireless devices are ubiquitous. As
the radiofrequency electronics technology for these wireless devices continues to
decrease in size, there is a corresponding demand for a similar decrease in size
for the antenna element. Unfortunately, the performance requirements for the
antenna are rarely relaxed with the demand for smaller size. In fact, the
performance requirements generally become more complex and more difficult to
achieve as the wireless infrastructure evolves but with the deployment of
advanced MEMS processes, challenges outperform the significant limitations
associated with the design of such radiating structures, and make possible the

fabrication of highly miniaturized antennas operating over multiple frequency.
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1.4.1. Design considerations of integrated antennas

In general, antennas are designed in well-defined environments, over either
infinite or large ground planes, however, integrated antenna for modern wireless
systems have to operate on an electrically small device, which will cause a
distortion of its radiation characteristics. It is thus important to determine how the
fact of integrating an antenna in an electrically small device will affect its actual
behavior regarding both input and radiation characteristics [47]. Indeed,
designing an integrated antenna is not an easy task, as this type of antenna is
subject to very stringent specifications. Small size, light weight, compact
structure, low profile, robustness, and flexibility are the prime considerations
conventionally taken into account in small antenna design. In addition, as modern
wireless systems are required to operate at multiple standards, their antennas are
expected to grab as much spectrum as possible, so they may provide multiband

or broadband operation [48].

Although the progression in microelectronics has resulted in striking
reductions in the size of the device, the size of the antenna cannot be shrunk so
easily, as it is determined not only by technological, but mostly by physical
factors. Extensive research has been carried out in the past decades to find ways
of reducing the size of resonant antennas so that they will fit within a given
volume. This implies that either the antenna has to be electrically small or
conformed to a certain shape adapted to a small volume available. However, this
gives rise to restrictions regarding polarization, radiation efficiency, and
bandwidth, and furthermore increases the sensitivity to manufacturing tolerances.
In the past, some compromises were adopted regarding the performance of the
antenna, and certain degradation in its matching and efficiency characteristics
was accepted, if the aims of integration and cost were accepted. Yet, the pressure
of wireless systems is changing the trend, and now new efforts should be
provided to obtain antennas with more efficient radiating characteristics. A key
challenge for the industry is reducing the presence of noise affects and the

baseband electromagnetic occurring when converting magnetic energy of a
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varying magnetic field to electrical energy, retaining the original information
contained in the magnetic field around the integrated antenna. This has been
recently amended, to reflect new requirements for manufacturing processes to
surpass the problems related to antenna design and master the measurement
setups to improve the behavior of such miniaturized devices due to advanced

technology such as MEMS processing technology [49].
1.4.2. Fundamental properties of integrated antennas

The performance of single and multiband integrated antennas is
characterized by a number of electrical properties, which include input
impedance, efficiency, voltage standing wave ration, return loss gain, bandwidth,

quality factor (Q), and radiation pattern [20].
1.4.2.1. Input impedance, efficiency, VSWR, RL and gain

The complex, frequency-dependent input impedance of the small antennas

is given by:
Z (@) =R, (@)+ jX (@) (1.1)

Where Ra(w) and Xa(w) are the antenna’s frequency-dependent resistance
and reactance, respectively, w is the radian frequency, and f is the frequency in

Hz. The antenna’s frequency dependent radiation efficiency is given by:

1, ()= (1.2)

Where R;(w) is the antenna radiation resistance. Any small antenna that
behaves as a series RLC circuit is dipole- or monopole like from an impedance
perspective and can be identified by the fact that there is not a DC short
anywhere within the antenna structure that connects the center conductor of the
feed cable to its shield or ground. Any small antenna that behaves as a parallel

RLC circuit is loop from an impedance perspective and can be identified by the
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fact that there is a DC short somewhere within the antenna structure that connects
the center conductor of the feed cable to its shield or ground. Dipole- and
monopole antennas behave as a series RLC circuit, where their radiation and loss
resistances are in series from very small values of @ through their first series
resonant frequency. Loop antennas behave as a series RLC circuit for very small
values of w. However, as w approaches the loop’s first resonant frequency, the
antenna behaves as a parallel RLC circuit and the radiation and loss resistances

are in parallel. For all antennas, the input voltage standing wave ratio is given by:

_ 1+‘F(a))‘

VSWR(w) W

(1.3)

Where [(w) is the frequency-dependent complex reflection coefficient

given by:

Zu(@)~Zey (1.4)

Where Zcy is the real characteristic impedance of the transmission line
connecting the antenna to a transmitter. While voltage standing wave ratio
provides a quantitative indication of the level of mismatch between the antenna’s
impedance and the transmission line’s characteristic impedance, a more direct
measure relating the amount of power reflected at the antenna’s feed point

terminal to the incident or forward power is the mismatch loss (ML) defined by:

ML(w)=1-|I"()

‘2

(1.5)

In practice, the voltage standing wave ratio and mismatch loss are often

characterized by the return loss, which is defined as:
RL(@)=20log (|7 (o)) (1.6)

For most wireless, integrated antennas, the voltage standing wave ratio is

required to be less than 3 throughout the designated operating band. This is
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equivalent to a return loss requirement of 6 dB. If the antenna’s pattern
directivity (D) is defined, then the antenna’s overall or realized gain (G) is
defined:

6(w)=1,(w)(t-|r (o) (1.7)

n the case of the device integrated monopole (or other small device
integrated antenna), the ground plane is small in extent and may have dimensions
approaching or less than the value of the operating wavelength. In this case, the
directivity is typically less than 3 (4.8 dB) and the maximum realized gain of the
antenna is less than 4.8 dBi. The typical value of realized gain for efficient

antennas ranges between 2 and 4 dBi.
1.4.2.2. Bandwidth and quality factor

One of the challenges associated with the design of integrated antennas is
achieving the desired voltage standing wave ratio over one or multiple operating
bands. From a practical perspective, the designer is usually interested in the
VSWR bandwidth, defined by a specific value of voltage standing wave ratio,
relative to the characteristic impedance of a transmission line (typically 50/70Q )
or the output impedance of a transmit amplifier or receive circuit. This VSWR
bandwidth can easily be determined through simulation or measurement. The
quality factor allows also the designer to determine how well the antenna design
performs relative to theoretical limits. For a small antenna, there are established,
fundamental limits for the minimum value of quality factor that can be achieved.
Often, the definition of bandwidth can be ambiguous; however, it is defined

according two specific ways [50].

For the antenna that exhibits a single impedance resonance, VSWR

bandwidth in terms of the fractional bandwidth as:

fh_fl

0

FBW = (1.8)
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Where fi, and f, are the frequencies for an arbitrary VSWR, above and

below, the frequency of minimum VSWR, f,, respectively.

For the antenna that exhibits multiple impedance resonances or a single
wideband resonance within its defined VSWR bandwidth, and where the
bandwidth is relatively large (a wideband antenna), it is defined in terms of the

bandwidth ratio as:

f,

FBW =
fl

(1.9)

Where fy and fp are the upper and down frequencies defining the full extent
of the operating band for a defined VSWR. For wideband antennas, the value of
the bandwidth ratio, BWR, is assumed to be greater than approximately 1.25. The
antenna may have one region of VSWR bandwidth that simultaneously covers

multiple operating bands.

The definition for the quality factor of an antenna is not ambiguous. There
is only one definition for exact quality factor, which is defined for the resonant or

tuned antenna as:

oW ()

1.10
P, () (1.10)

Q@)=
Where wy is the resonant or tuned frequency, W(wo) is internal energy, and
Pa(mo) 1s the power accepted by the antenna, including the powers associated

with radiation and loss.
1.4.2.3. Radiation pattern

The radiation pattern [50] is defined as the spatial distribution of a quantity
that characterizes the electromagnetic field generated by the antenna. The field
intensity of the propagating wave decreases by 1/R with distance R from the
source. To understand how an antenna radiates, consider a pulse of electric

charge moving along a straight conductor. A static electric charge or a charge
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moving with a uniform velocity does not radiate. However, when charges are
accelerated along a conductor and are decelerated upon reflection from its end,

radiated fields are produced along the wire and at each end.

The 3D spatial distribution of the radiated energy is displayed as a function
of the observer’s position along a constant radius. Power patterns and field
patterns are commonly used. The power pattern is a plot of the received power at
a constant radius, and the field pattern is the spatial variation of the electric and
magnetic fields at a constant radius. The space surrounding an antenna is divided

radially into three regions:

e The near-field (reactive region) which is the portion of the near-field
region immediately surrounding the antenna where the reactive field
dominates.

e The near-field (radiating/Fresnel region) which is the portion of the
near field of an antenna between the reactive near-field region and
the far-field region, where the angular field distribution is dependent
on the distance from the antenna.

e The far-field (Fraunhofer region) which is the region of the field of
an antenna where the angular field distribution is essentially
independent of the distance from a specified point in the antenna

region.

The radiation pattern is commonly described in terms of its principal
E-plane (xoy) and H-plane (yoz) patterns. For a linearly polarized antenna, the
E-plane pattern is defined as the plane containing the electric field vector and the
direction of maximum radiation, and the H-plane pattern is the plane containing

the magnetic field vector and the direction of the maximum radiation.

Figure 1.11 shows a rectangular and a polar plot of a radiation pattern. The
major lobe contains the direction of maximum radiation, and between the lobes

there are nulls or directions of minimum radiation. Some patterns may have more
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than one major lobe. Minor lobes levels are expressed relative to the major lobes

level.
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intensity
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Figure 1.11 — Radiation patterns in rectangular (a) and polar (b) forms

Practical antennas are designed to have directional radiation patterns; they
will radiate or receive radiation more effectively in one specified direction than
in others. An isotropic radiator, often used as a reference for expressing an
antenna’s directional properties, is a hypothetical lossless antenna radiating
equally in all directions. An omni-directional pattern is a special case of a
directional pattern where the radiation is non-directional in the azimuthal plane

and directional in the elevation plane.
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Chapter 2 MEMS Antennas for THz Wireless Systems

2.1. Introduction

Electromagnetic THz gap occupies an extremely large regime ranging from
microwaves to infrared band and offers a large field for modern wireless systems.
In the last two decades, micro-electromechanical technology has grown
exponentially and its effect on the research in this unique band of the
electromagnetic spectrum has been noticed, and with the sustaining progress in
integration with silicon-based microelectronics processing, various potential
design of integrated antenna operating at THz wave band have been reported in
the field of science and technology [51]. Interestingly, this descriptive chapter

presents mainly exhaustive illustrations of:
e Electromagnetic THz gap.
e THz integrated antennas.

e Micro-electromechanical systems for THz integrated antennas.
2.2. Electromagnetic THz gap

The electromagnetic THz gap presents a main portion of the
electromagnetic frequency spectrum which extends from 0.1 to 10 THz, and
shows the ray of hope to the modern wireless systems to meet the future need and
carter the exponential growth in the data rates required by such a kind of high
performance systems. This presents a potential challenge to the scientific
community to increase the operating frequencies, the wireless systems may fetch
a high data rate to the target customers. This becomes possible with the
increasing of operating frequencies to the terahertz band ranging from
microwave band to infrared band of the electromagnetic frequency spectrum as
illustrated in figure 2.1 [52, 53]. Indeed, due to its unique position, as this gap is
situated between these two already well-explored regimes of the spectrum, it is
possible to use electronic as well as photonic route to pave the way in the

terahertz spectrum. However, with the increase in the operating frequency, the
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device characteristics changes that needs a thorough analysis of various THz
system components, and requires advanced technologies to integrate these
components in micro and nanometer scales such as MEMS technology which
presents a convincing technology to model functional and high performance

devices for diverse THz systems [54-56].

Electronics THz gap Photonics
|
Microwaves v Visible Infrared waves
: ' ' S S\ ' —>f (H2)
1 10° 10° 10°  10%/ 10 10®  10%

Figure 2.1 — Position of electromagnetic THz gap in the frequency spectrum

Categorically, electromagnetic THz gap finds its applications in various
areas including communication and defense applications, radio astronomy and
space instrumentations, medical and agriculture sciences, imaging and sensing of
concealed items, time-domain spectroscopy, defense applications, earth and basic
sciences. The broad application area of THz gap is due to its unique radiation

characteristics which [57]:

e Penetration: The terahertz wave can pass through the different

materials with different levels of the attenuation.

e Resolution: The resolution of an image increases with the decrease in
the wavelength, and the resolution in the terahertz band is better than

that of the microwave regime of the spectrum.

e Spectroscopy: Various solid and gaseous materials exhibit terahertz

signature in 0.5-3-THz band and can be used for the detection.

e Non-ionization: Due to the low-power levels, terahertz exhibits low

ionization effect on the biological tissues.
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e Scattering: The scattering is inversely proportional to the wavelength,

and it is low in the terahertz band in comparison with the light wave.

e Intensity: The collimation of the wave is easier in the terahertz regime

of the spectrum in comparison with that of the microwave.

Interestingly, terahertz waves provide other important advantages
comparing to the microwave and infrared waves, especially in the present

systems [58]:
e THz band offers a wider bandwidth.

e The diffraction of the THz waves is low in comparison with that of the
microwaves and millimeter waves, which is the advantageous in the

line-of-sight and point-to-point links.

e The licenses have been presently allocated up to 250 GHz, and

thereafter, it is license free.

e This band offers high degree of information security, especially in the

spread spectrum technology.

e In comparison with infrared, THz has low attenuation of the signal in

certain atmospheric conditions like fog.

e The time-varying refractive index of the atmospheric path increases the
scintillation effect in the infrared links, and it can be reduced in the
THz links.

e The significant development to enhance the data rate in the THz
wireless systems is rapid due to the possibility of implementing
advanced modulation techniques (orthogonal frequency division

multiplexing (OFDM), multiple-input multiple-output (MIMO)...).
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These interesting properties of the terahertz waves make the
electromagnetic THz gap potential candidate for the various scientific and

industrial applications.
2.3. Integrated antennas for THz systems

To overcome the limitation caused due to the high loss of the signal in THz
wireless systems, different hardware parameters need to be optimized. Among
them, there is the need of the further research and development in high
performance integrated antennas with light profiles to provide low-loss

interconnections and inexpensive terahertz wireless systems.

THz has remained a bandgap due to the scarcity of high power devices but
with the fast progress in the field of technology, various THz integrated antennas
have been reported to be widely used in wireless systems as a valid alternative
solution to the photonic devices which need a more complex photomixing
techniques in generating the terahertz waves above 1 THz [59], or the
excessively large oscillators generating terahertz signals below 1 THz due to the
requirement of high magnetic field [60]. Likewise, the role of the THz integrated
antenna in modern wireless systems has gradually increased and found relevant
applications in different fields especially sensing and imaging systems. The role
of the THz integrated antenna in wireless systems is easily understood with the
help of Friis and Brown analysis [61, 62]. The power supplied to the load of a

receiving antenna is given by:

A

P.=P, (ijrGtFr(er,CDr)Ft (6,0,)7e, (2.1)

out

Where Poy, Pin, K, d, Gy, Gy, F(@,, @), Fy(@, @), 7, and g, are the output
power, input power to the transmitting antenna, wavelength, distance between the
transmitter and receiver, gain of the transmitting antenna, gain of the receiving
antenna, position in spherical coordinate system of the receiving antenna,

position of the transmitting antenna, path power transmission factor, and
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polarization coupling efficiency, respectively. From this equation, it is noticed
that the output power to the load is directly proportional to the gain of the
transmitting and receiving antenna. With the help of the reciprocity theorem, the
antenna can be used for the transmission and reception purpose at the same time
[61]. Under this condition, the output power is proportional to the square of the
antenna gain. The antenna gain and directivity are related by the following

equation where subscript indicates the transmitting condition.

G, = p 2.2)

From the second equation, it is obvious that the directivity of the antenna is
proportional to the gain and the terahertz link must be directional to penetrate
through the hostile environmental effect. It is interesting to mention that even
before the conceiving the idea of terahertz communication, due to the potential
advantages of this band of the spectrum, various terahertz antennas were

developed for the other scientific applications.

Integrated lens and helix antennas embedded in silicon wafers [62] are the
most popular at terahertz frequencies. These kinds of antennas have been
essentially used for the detection of terahertz signals, and can be easily fed by

different primary sources, thus their analysis reveals two main things:

e The directivity of the antenna increases with the increase in the

extension length and the size of the lens.

e The directivity also depends on the relative dielectric permittivity of

the material used in the lens.

In general, silicon (¢, = 11.9) is used as the dielectric material in such kinds
of antennas, which behaves as a collimator and theoretically any kind of the
primary source may be attached to it. However, with the increase in the extension
length, the compactness of the antenna is disturbed and it is difficult to integrate

all kinds of the primary sources to the antenna based on silicon substrate. Due to
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the use of the high-dielectric permittivity material, the shock wave which occurs
due to the difference between the dielectric permittivity of the air and substrate
cannot be ruled out. The analysis of an antenna based on a low-dielectric
permittivity material has been demonstrated that the length of the extension must
be increased to meet the specific directivity requirement. The high directivity of
the antenna can also be achieved by using the low-relative dielectric permittivity
material, but it is at the cost of the compactness. Further, due to the less density,
low-permittivity substrate antenna offers the low payload to the system in
comparison with the antenna designed on the high-relative dielectric permittivity
substrate. The main feature of these kinds of antennas is the same plane feeding

mechanism. The feeding may be given by the coplanar waveguide (CPW) [63].

The integrated horn antenna [64] has also been reported in which the horn
consists of two stacked wafers. The horn cavity is formed on the first wafer, and
a dipole is placed at its back. The second wafer behaves as a reflecting surface. In
spite of the existence of the various forms of terahertz antenna, Koch [65] is in
the opinion of the use of waveguide-fed horn and planar antennas for the future
wireless systems. The waveguide-fed horn antenna offers excellent performance
and low loss. However, the planar antenna structure offers a greater potential,

which have integration compatibility with the planar devices.

The simplicity in design, low cost, and low profile of the planar antenna
motivates the designers to develop the methodology to enhance the directivity of
the microstrip antenna to meet the future wireless requirements. Various
microstrip terahertz antennas have also been studied in recent past in which
design issues of this kind of the antenna have been addressed. In most of the
cases, the directivity of the antenna remains low; however, it can be increased by
using the array of antennas in place of single patch. Microstrip antennas may find

suitable applications in the surveillance and systems [66, 67].

Finally, THz integrated antennas need an important design attention due to

their compactness to make them suitable to operate above 1 THz frequency and
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find potential applications in THz signal generation where THz links are feasible.
For this, it is better to employ effective manufacturing processes to enhance their
efficiency, sensitivity, and power-generating capability. MEMS processing
constitute a very attractive technology for developing high performance
integrated antennas operating in higher frequencies lying in the terahertz regime

of the electromagnetic spectrum [68].

2.4. Micro-electromechanical systems for THz integrated

antennas

As the size of radiators is reduced to enhance the performance of THz
frequency links, they cannot collect much of the terahertz radiation, and,
therefore, the detection of such radiation becomes difficult. MEMS antennas
provide in fact efficient radiation elements of large coverage that are highly
recommended to manipulate THz waves due to their low profile, excellent
electromagnetic response and the fact that they can be softly integrated with
electronics. They are realized in a single-crystal silicon substrate and can be
fabricated using conventional bulk micromachining relying on available focused
ion beam technique, and it is usual practice to integrate the feeding into the
dielectric substrate. MEMS antennas have been used in many applications. They
have been used in the design of high receivers for astronomical, atmospheric, and
imaging arrays. In general, the size of MEMS antennas is comparable to the
wavelength of the THz radiation being detected to achieve a fast response. The
antenna collects the radiation and supplies an electrical signal to be processed. So
far, several antenna geometrical configurations have been used to serve THz

wireless systems [69, 70].
2.4.1. Investigation of silicon-based microelectronics process

With the emergence of new applications for wireless systems operating in
the electromagnetic THz gap, a new generation of reliable MEMS antennas is

developed to meet the specific requirements of this unique spectral. Many new
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processes of silicon-based microelectronics become therefore very useful for
designing such compact antennas by implementing silicon wafers to widely
preserve the well-known advantages of micromachining technologies such as

high precision, high performance, and self consistency [71].

Therefore, MEMS technology after several years of scaling is approaching
a number of fundamental limitations that can only be addressed by the use of
silicon-based processes. To meet the challenging MEMS technology
requirements as well as staying cost effective, major efforts have been expended
to combine the low cost and well-established silicon-based processing attributes,
enable performance superior to that achievable with compound semiconductors
such as sapphires (SiC, InP, or GaAs), and realize many advantages for silicon

substrates summarized in:

e Silicon substrate has high thermal and electrical conductivity, and
mechanical hardness, which is better for very large-scale device

integration.

e Silicon substrate would significantly reduce manufacturing costs

compared to sapphire substrates.

e Silicon substrate has potential wafer-size expansion, which would

further reduce the manufacturing process costs.

e Silicon substrate has excellent low-field and high-field electron

transport properties.

e Silicon substrate has ultrahigh-speed switching at very low supplied

voltages.

e Silicon substrate has realized the ultimate vision of high switching
activity factor low voltage and high speed with the functional density

advantages.
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The lack of large area of the substrates and the high price, e.g. sapphires,
create a high cost and throughput chokehold on compound semiconductor
foundries. In many cases, a superior compound semiconductor technology has
little or no commercial market simply based on the high cost of manufacturing.
Silicon substrate offers in fact a low price as compared to sapphire substrates,
high crystalline perfection, availability of large size substrates, and all types of
conductivity. Large-area silicon substrates can simply act as a building block to
further lower the fabrication process cost of integrated devices. However, there
are still many issues that deal with integration of MEMS structures with silicon-

based microelectronics:

e Lattice mismatch causes a high-density dislocation in the substrate,

which may reduce significantly usable area and decrease its quality.

e Thermal mismatch is a major problem, which causes strain, defects,
and even cracks during the preparation and operation of the substrate:
The thick epilayers on silicon substrates for device fabrication is

difficult to be achieved without cracks.

e Lack of semi-insulating silicon substrate, which may lead to parasitic

capacitance effects during high-frequency operation.

Many different techniques have been developed to overcome these major
mismatches with great success, the fact that excellent device performance has
been achieved, and are starting to become commercially available. Accordingly,
FIB stress-introducing technique is now coming to fruition after years of promise
as excellent solution to further fabricate high quality MEMS structures. With an
approach that directly integrates the MEMS structures in the silicon wafer, only

one wafer is processed to achieve a finished chip.

FIB process enables an easy etching of MEMS structures which are formed
under thin silicon layers that take place well below the silicon melting point, and

undergo a transformation with high growth temperatures. MEMS structures
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grown on silicon using FIB technique gain numerous advantages divided mainly
into, a diminution in the absorption effect, enhancement in the operation quality,

and expansion in the voltage yield that gained big interest in recent years [72].

2.4.2. Study of THz antennas on electrically thin and thick silicon

substrates

At microwave frequencies, because the wavelength is relatively large, it is
easy to fabricate antennas with thin dielectric substrates. However, at terahertz
frequencies, the substrate thickness becomes too small to handle. The silicon
substrate tends to be too fragile to support the antenna device for reliable
operation. Indeed, THz antennas are different than microwave ones in that the
surface impedance of the metals is much higher at very high frequencies due to
the skin effect. This fundamental difference causes losses that can slow the
antenna currents so that the antenna does not radiate very efficiently. The high
surface impedance is not a constant, but depends on the characteristics of the
incident waves, antenna section shape, and silicon substrate thickness.
Accordingly, the antenna should be chosen as a compromise between bandwidth
and efficiency in order to take the advantages of the large radiation and fast
response. For this, the antenna can be realized by using electrically thick silicon
substrate to keep a fast detection. However, for good radiation, the silicon
substrate thickness must be much smaller than the operating wavelength (< 4/20)

to avoid substrate losses [73].

Interestingly, antennas deposited on silicon wafers couple energy primarily
into the dielectric platform rather than into the air. When compared to a wave in
air, the wave on the antenna is a slow wave and excites evanescent modes.
Compared to a wave in the dielectric, it is a fast wave and excites radiation fields.
Therefore, for silicon substrates with high dielectric constants (11.9), most of the
energy (= 90%) is confined in the dielectric wafer instead of being radiated in
free space. Also, the efficiency of the antenna is limited by the amount of power

lost to surface waves. As the silicon substrate becomes electrically thicker, more
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surface modes can exist, which can have a detrimental effect on antenna
performance. Moreover, the finite size of the silicon substrate diffracts these
surface waves from the substrate edges, and this affects the sidelobe level,

polarization, and main beam shape [74].

Another crucial aspect for a good design is to reduce loss due to dielectric
heating that requires special substrate geometry to achieve high efficiency.
Several techniques have been employed over the years to reduce losses and
enhance coupling of radiation from the antenna to free space. One of the earliest
approaches is to utilize a lens of the same dielectric constant attached to the
silicon substrate, called substrate lens. This technique completely reduces
substrate mode losses and diffraction at the edges [75]. In order to reduce
reflection losses at the air/dielectric interface, a matching layer is required with
the design of the substrate lens. Numerous antenna structures have been studied
and used with a substrate lens, including helical antennas, offering an attractive
alternative to bowtie antennas particularly for wideband applications [76].
Thereafter, other approaches are used to handle the substrate mode problem by
removing the substrate and integrating the antenna on a thin dielectric membrane.
The membrane is so thin compared to the free-space wavelength that the antenna
effectively radiates as if it were in free space. Other techniques have also been
developed to reduce or even eliminate surface waves. One of these techniques is
based on the use of photonic bandgap substrates. According to this technique,
holes in certain arrangements are drilled in the substrate to create certain periodic

patterns that result in an increased efficiency and directivity [77].
2.4.3. MEMS helix antennas for THz applications

The proficient use of different MEMS processes has recently provided a
new class of integrated antennas for THz applications, especially helix antennas
embedded in silicon wafers which have generally inherent bandwidth properties,
and firm structural characteristics. Helix antennas of circular or square section

based on MEMS technology can be applied in many ways, the example described
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below in figure 2.2 illustrates a practical case of a helix antenna successfully
designed for the 0.1 to 2.7 THz range [73] presenting a great achievement that
promotes the different theoretical aspects of modeling MEMS helix antennas for

THz wireless systems.

Figure 2.2 — Scanning electron microscopy (SEM) photograph of THz helix

antenna structure consisting of 40-um square spirals around a center post

The terahertz antenna structure is fabricated by forming fibers that can be
grown into complex three-dimensional structures directly on the substrate.
Terahertz radiation detection device can be realized with MEMS micro-
bolometers that convert received terahertz radiation into a change in resistance.
Arrays of these antenna-bolometer pairs can be also fabricated on the same
substrate to realize a terahertz imaging device. The antenna conductor can be
coiled in the clockwise or counterclockwise direction depending on the
polarization requirements. The slent angle, a, provides a measure of how tightly
the helix is wound. For a given circumference, smaller values of « imply closer
turn spacing. The operation of the THz helix antenna can be described in terms of

transmission and radiation modes. Transmission modes describe how an
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electromagnetic wave propagates along the helix. At low frequencies, where the
wavelength is much longer than the helix circumference, regions of positive and
negative charge in the current distribution are separated by many turns. Because
of this separation, the electric field becomes directed mainly along the axis of the

helix.

At frequencies where the wavelength approaches the value of the helix
circumference, higher order transmission modes occur. The radiation field
pattern depends on the radiation modes excited. There are mainly two modes:
The normal mode and the axial mode. The axial mode antenna is the most widely
used mode. Actually, the axial mode helical antenna is the most widely used
circularly polarized antenna, either in space or on the ground. For the axial mode
to occur, the frequency of operation must be such that the helix circumference is
within the range 0.75 to 1.33 1. The axial mode is characterized by a symmetric

main lobe directed along the axis of the helix.

On the other hand, for the normal mode the maximum field strength occurs
in the direction perpendicular (normal) to the helix axis. The radiation resistance
in this case is very low and hence the normal mode helix is not a very efficient
antenna. For this discussion, only the axial mode helical antenna is considered.

The input impedance of the axial mode antenna is mostly resistive and is given

by:

R =140 (éjg 2.2)

This is an empirical formula used for calculating the impedance of a helix
antenna. It does not take into account the effect of skin depth, but since no
closed-form solution exists, it is a reasonable approximation. It is this impedance
that can be used for matching purposes with a waveguide or bolometer. More
specifically, the dimensions of the helix at 1 THz (4 =300 xm) are: D = 15 um,
S=81.3um, N=5a=13° R.=0um, C =47.12 um, and H;, =406.5 um.
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Finally, the dimensions providing the most uniform characteristics over the
greatest frequency range of a THz MEMS helix antenna will be referred to as
optimal dimensions. This presents the purpose of many research works over the
past decades as well as constitutes the subject of this work which aims to develop
the MEMS helix antenna design in a way it provides high performance and

interesting properties for wide or multiband THz applications.
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Chapter 3 Computational Electromagnetic Techniques for Optimizing THz MEMS Helix
Antennas

3.1. Introduction

The very special demand for novel integrated antennas with excellent
performance for diverse THz frequency ranges grows for the foreseeable future,
and requires effective electromagnetic optimization processes of enhancing
already established designs or developing newly proposed models. Recently,
micro-electromechanical systems processing has been identified as a very
promising technology for revolutionizing a large class of antennas with THz
waves by combining silicon-based microelectronics with complex computer
aided design tools to model accurately the physical behaviour of such 3D micro-
devices, and meet the very specific requirement of reducing the long and
expensive development cycles, and reaching interesting characteristics including
compact size, low profile, good directivity, wide bandwidth, and attractive
applications thanks to the advanced electromagnetic optimization techniques
[78].

The final chapter describes for the THz wireless access systems novel
designs of highly miniaturized helix antennas based on MEMS technology with
particular emphasis on major optimization challenges facing the device structure
complexity. The different antenna geometric structures are developed using 3D
HFSS for modal electromagnetic analysis, and accurate CAD techniques for
active electromagnetic optimization. Each time, the optimization strategy aims to
vary the antenna geometric structure and maximize its electromagnetic response
with a high accuracy for the selective band of frequencies by training the samples
and minimizing the error from FEM based simulation tool. Excellent antenna
performance and high structure precision are finally achieved by modifying and
rectifying different tunable parameters embedded in silicon platform including
the helix form parameters, and feeding line variables. This technical chapter

presents with details:
e Evolutionary optimizers for developing THz MEMS helix antennas.

e Stochastic solvers for designing THz MEMS helix antennas.
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e Automatic strategists for modeling THz MEMS helix antennas.

3.2. Evolutionary Optimizers for developing THz MEMS

helix antennas

MEMS processing becomes a promising micromachining technology for
conceiving complex antenna designs with excellent performance, and a high um-
level precision to offer very good applications for different frequency ranges of
the electromagnetic THz field, relying on advanced software tools and fast
optimization techniques. Accordingly, HFSS-based Quasi-Newton (Q-N) and
Sequential Non Linear Programming (SNLP) approaches lead to excellent

electromagnetic solutions with high accuracy and good response.

In the first section, a novel geometrical configuration of an ultra wideband
(UWB) MEMS helix antenna using HFSS software is described. The
optimization procedure relies on Q-N and SNLP algorithms to offer fitness
functions for excellent bandwidth learning and fast configuration evaluating. The
antenna occupies a very compact volume of 79x80x152 um (0.960 103 mm3)
including the silicon substrate having a thickness of 9.3 um and a dielectric
constant of 11.9. The explored MEMS helix antenna design is validated by
demonstrating optimal results in terms of return loss properties in comparison to

the previous optimized structures [79, 80].

The antenna with optimized parameters operates in a wide bandwidth from
2.5 to 5 THz and shows good radiation patterns, very low reflection coefficients
with less than -20dB to -88dB, and excellent voltage standing wave ratios of less
than 1.15 to 1.00 over the entire bandwidth. The compact optimized MEMS
antenna is finally simulated by covering an ultra wide range of frequencies of 8.7
THz extending from 1.2 to 9.9 THz and shows very good performance resulting
in a low reflection coefficient of less than -15dB for the entire bandwidth,

offering a large field for THz wireless applications.
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3.2.1. Geometric structure of the UWB MEMS helix antenna

Electromagnetic THz gap remains one of the least explored regions of the
frequency spectrum for diverse applications, for the reason that it claims a deep
knowledge of radiofrequency engineering and semiconductor physics. The size
of a THz antenna is expected to closely relate to wavelength, which is about 30
um (10 THz) to 3 mm (0.1THz) [81].

Micro-electromechanical systems therefore present a suitable technology
for manufacturing compact THz antennas with low profile, wide bandwidth, and
large radiation. Several processes to fabricate THz antennas employing MEMS
technology have been reported in recent years, in which the fabrication process is
highly precise and antennas with compact size become soft to be integrated with
other devices [82].

FIB process provides a great flexibility to explore such MEMS antennas in
micrometer scale and makes possible to fabricate 3D structures with low cost by
employing a large irradiation area of FIB on suspended film structures with the

advantages of high controllability and repeatability [83, 84].

(a) (b)

Figure 3.1 - Geometric structure of the THz UWB MEMS helix antenna, (a)
schematic diagram of the helix, (b) 3D model of the CPW feeding
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Figure 3.2 — THz UWB MEMS helix antenna equivalent circuit (a) in ADS,
2D (b) and 3D (c) models in HFSS

The proposed MEMS antenna is realized in a single-crystal silicon substrate
and can be fabricated using conventional bulk micromachining relying on

available FIB stress-introducing technique [85]. Figure 3.1 illustrates the

51




Chapter 3 Computational Electromagnetic Techniques for Optimizing THz MEMS Helix
Antennas

geometric structure of the UWB MEMS helix antenna proposed for the
optimization and development. Figure 3.2 shows the equivalent circuit (a) of the
optimized UWB MEMS helix antenna implemented using advanced design
system (ADS) simulator, the two-dimensional cross-section (b) and three-
dimensional view (c) of the antenna using HFSS software which clearly indicates
that the antenna reaches a high level of precision leading to interesting
characteristics including large bandwidth and low reflection coefficient. The
proposed structure uses mainly the set of equations demonstrated in [79] to
calculate the helix parameters. The antenna is fed with a coplanar waveguide and

working in transmission mode.
3.2.2. Antenna optimization and development

The proposed antenna design is firstly simulated by HFSS software which
constitutes an interactive tool for computing the basic electromagnetic field
quantities and analyzing the electromagnetic behavior of the structure within

FEM [7] to understand the physical problem to be optimized.
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Figure 3.3 — Simulated RL graph of the proposed UWB MEMS helix antenna with

initial parametersin 2.5-5THz
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Figure 3.3 presents the simulated return losses of the proposed geometrical
configuration for a frequency range from 2.5 to 5 THz. As it is observed,
geometric parameters initially proposed for the analysis show less acceptable
performance which needs to be more enhanced. The structure is then optimized
by coupling Q-N and SNLP methods in order to improve the antenna
performance, and achieve a high um-level precision of the helix form parameters,

CPW feeding characteristics and silicon platform dimensions.

3.2.2.1.  Quasi-Newton optimization

First, Quasi-Newton optimizer is employed to find a minimum or maximum
of the cost function which relates three basic parameters in the model, including
the helix diameter (D), CPW width (W), and silicon thickness (Hs) to the return
loss properties. This choice is mainly based on selecting parameters exhibiting a

smooth characteristic and little numerical noise.
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Figure 3.4 — Simulated RL graph of the optimized MEMS helix antenna using
HFSS-based Q-N optimizer in 2.5 -5 THz

This technique works to approximate locally the optimization parameter
values that will be placed back into the original function and used to calculate a

gradient which provides a step direction and size for determining the next best
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values in the iteration process. However, this approach suffers from two
fundamental problems: The first issue is the possible presence of local minima;
once the Q-N optimizer has located a minimum, this technique will locate the
bottom and will not search further for other possible minima and not a good
global solution to the problem. The second issue is numerical noise; the
calculation of the parameter values involves taking the differences of numbers

that get progressively smaller.

At some point, the numerical imprecision in the parameter calculations
becomes greater and the solution will oscillate and may never reach convergence.
For this, to use the Q-N optimizer effectively, the starting point of each
parameter optimization is chosen close to the expected minimum displayed by
the primary simulation based on the understanding of the physical problem being
optimized. The Q-N optimizer begins then to vary the value of the selected
parameters on the basis of getting a minimum or maximum of the cost function
to overall simulation goals. Figure 3.4 shows the simulated return losses of the
optimized antenna design using Q-N technique which shows that the antenna
configuration begins to present good performance for the same frequency range

with low return losses of less than -15dB to -44dB.

3.2.2.2.  Sequential Non Linear Programming optimization

Next, in order to achieve a high level of performance of the antenna design,
Sequential Non Linear Programming optimizer is further added to analyze four
additional parameters including the helix pitch (S), helix turn number (N), CPW
gap (G), and CPW thickness (T). The antenna height (Ha) and the substrate width
(Ws) will be automatically optimized relating into these parameters. The main
advantage of SNLP optimizer over Q-N optimizer is that it handles the
optimization problem in more depth, and assumes that the optimization variables
span a continuous space and take any value within the allowable constraints and
within the numerical precision limits of the simulator. The SNLP optimizer
estimates the location of improving points with an accurate finite element

approximation (FEA) with response surfaces (RS) and light evaluation of the cost
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function. This allows a faster practical convergence speed than that of Q-N

optimizer.
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Figure 3.5 — Simulated RL graph of the optimized MEMS helix antenna using
HFSS-based SNLP optimizer in 2.5 -5 THz

Another advantage is that SNLP optimizer allows the use of nonlinear
constraints, making it much more general than Q-N optimizer. The SNLP
optimizer creates the response surface using a polynomial approximation from
the FEA simulation results available from past solutions. The response surface is
most accurate in the local vicinity. The response surface is used in the
optimization loop to determine the gradients and calculate the next step direction
and distance. The response surface acts as a surrogate for the FEA simulation,
reducing the number of FEA simulations required and greatly speeding the
problem. Convergence improves as more FEA solutions are created and the
response surface approximation improves. As illustrated in Figure 3.5, the
antenna geometry obtained from the SNLP technique presents very low
reflection coefficients with less than -18dB to -88dB, resulting in a significantly

high performance for the selected band of frequencies.
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Figure 3.6 shows the simulated return loss (a), radiation pattern (b), and

voltage standing wave ratio (c) graphs of the optimized MEMS helix antenna
design finally obtained using HFSS based on Q-N and SNLP solvers [86] that

indicates excellent performance for the developed antenna design interpreted by

very low return losses of less than -30 over the central frequency band.
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Figure 3.6 — Simulated RL (a), radiation pattern (b), and VSWR (c) graphs of the
optimized THz MEMS helix antenna using HFSS-based

evolutionary optimizers

Thus, the radiation patterns, both in E-plane (xoz-plane) and H-plane (yoz-plane)
of the antenna transmission mode at the central frequency (3.5 THz), keeps good
directivity with slightly bending in the side lobes of yoz-plane due to the fine
modeling process. This demonstrates the high efficiency of the applied
optimization strategy to provide a good geometrical accuracy and excellent
electromagnetic response for the developed antenna design for a very wide THz
comparing to previous research works. The promising results obtained from the
efficient electromagnetic optimization are then compared to the results

previously achieved in [79, 80].

As shown in figure 3.7, it is clearly observed that the new THz MEMS
helix antenna geometric characterization developed by HFSS based on efficient
electromagnetic optimization comes with very low return losses with closely less
than -20dB over the entire frequency band, and less than -30dB over the central
frequencies from 3.2 to 3.7 THz, and approximately -55dB and -89dB at 3.20
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THz and 3.80 THz respectively, this significantly validates the excellent
performance for the proposed THz MEMS helix antenna design improved by

Q-N and SNLP optimizers comparing to the previous attempts.
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Figure 3.7 - Comparison of RL of the optimized antenna to the antennas [79, 80]

The compact THz antenna design optimized using Q-N and SNLP methods
has been tested and simulated covering an ultra wide range of frequencies of 8.7
THz extending from 1.2 to 9.9 THz as presented in figure 3.8. The antenna
shows very low return losses of closely less than -15dB for the entire bandwidth
presenting a great success in finding useful design with very good performance
for UWB wireless products. This demonstrates the advantage of HFSS
optimization techniques in offering a more degree of freedom in developing new
structures, supporting multiple resonance modes distributed across a large THz
spectrum, based on the proposed THz UWB MEMS helix antenna design which
offers very good applications for an ultra wide range of frequencies covering
more than 87.87% of the electromagnetic THz gap that is highly attractive to
support several THz systems such as radar, biomedical, sensing, imaging, space,
radio astronomy, and spectroscopy systems. Details of geometrical configuration
of the THz MEMS helix antenna optimized in HFSS-based evolutionary

optimizers are presented in table 3.1.
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Figure 3.8 — Simulated RL graph of the proposed UWB MEMS helix antenna
optimized by HFSS-based evolutionary optimizersin 1.2 t0 9.9 THz

Table 3.1 - Characterization of the THz UWB MEMS helix antenna

optimized in HFSS using evolutionary optimizers

Section Parameter Value (um) Specification
Diameter (D) 27.3661 Q-N optimization
Pitch (S) 14.1409 SNLP optimization
Helix form Turn number (N) 10 SNLP optimization
Slent angle () 9.340° S=mnD.tan a
Height (Hn) 141.4090 Hh=S.N
Width (W) 4.8659 Q-N optimization
Gap (G) 2.0937 SNLP optimization
CPW feeding Width (Lx) 35 /
Longer (Ly) 40 /
Thickness (T) 1.5674 SNLP optimization
Thickness (Hs) 9.2952 Q-N optimization
Silicon platform Longer (Ls) 80 /
Width (Ws) 79.0533 Ws =W + 2(Lx + G)
Antenna Height (Ha) 152.2721 Ha=Hs+ T+ Hn
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3.3. Stochastic solvers for designing THz MEMS helix

antennas

THz MEMS helix antennas employing silicon substrates, have effectively
achieved interesting properties including compact volume, light profile, wide
bandwidth, high directional gain, and soft integration due to the use of effective
CAD tools and accurate automatic techniques that offer excellent solutions to
bring the CAD for such high frequency structures to its current state of the art.
Accordingly, Genetic Algorithms (GA) [87, 88] present an important class of
stochastic optimization technique used to develop new designs and find excellent
modeling solutions by imitating the biological processes of reproduction and

natural selection to solve for the fittest problems.

Based on the optimized THz UWB MEMS helix antenna design developed
using evolutionary optimizers, the second section describes in the fisrt stage a
new design of a MEMS horn-shaped helix antenna. The antenna geometry is
optimized using GA technique for excellent bandwidth learning and fast
configuration evaluating. The MEMS antenna occupies a very compact volume
of 79x80x188 um (1.1881 10° mmd) including the silicon substrate having a
thickness of 8.5 um and a dielectric constant of 11.9. The optimized horn-shaped
helix antenna design based on MEMS technology has been evaluated using
HFSS software; the antenna has been found to resonate at 4.05 THz and show
very low return losses less than -20dB to -70dB and excellent voltage standing
wave ratios of closely less than 1.20 to 1.00 for a wide frequency band ranging
from 3.5 to 4.5 THz, resulting in excellent electromagnetic response and good
directivity due to the high geometrical accuracy achieved using effective

stochastic solvers in rectifying the antenna parameters.

In the second stage, a novel design of a compact MEMS pyramidal helix
antenna is proposed for the wireless access systems using for modal
electromagnetic analysis automatic stochastic solvers. In this case, the antenna

occupies a highly miniaturized volume of 80x80x217 um (1.3888 10° mm?®)
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including the silicon substrate having a thickness of 8.14 um, and a dielectric
constant of 11.9. The explored MEMS pyramidal helix antenna design shows
good radiation patterns, low return losses with closely less than -15dB to -35dB,
and excellent voltage standing wave ratios of less than 1.20 to 1.03. The antenna
demonstrates very good performance for a wide range of frequencies covering

more than 150 GHz presenting a large area for wireless applications.
3.3.1. Adaptive Genetic Algorithms optimization process

In Genetic Algorithms optimization [89] as illustrated in figure 3.9, the
random selection of evaluations to proceed to the next generation has the
advantage of allowing the optimizer to jump out of a local minima at the expense
of many random solutions which do not provide improvement toward the

optimization goal.
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Figure 3.9 - Adaptive GA optimization process
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GA optimizer performs the search via a population to population presenting
an iterative process that goes through a number of generations to vary the values
of the antenna parameters initially selected for the optimization on the basis of
finding a minimum or maximum of a cost function parameters to overall

simulation goals.

In each generation some new individuals (children) are created and the
grown population participates in a natural selection process that in turn reduces
the size of the population to a desired level (next generation). When a smaller set
of individuals must be created from a bigger set, the GA optimizer selects

individuals from the original set.

An iterative process starts then selecting the individuals and fills up the
resulting set, but instead of selecting the best so many, using a roulette wheel that
has for each selection-candidate divisions made proportional to the fitness level
relative to the cost function of the candidate to force the standard formula obtain
the physical characteristics, using robust numerical approximations in finding the
optimized dimensions. The GA optimizer becomes more effective if the starting
point of the parameter optimization is chosen close to the expected minimum

displayed by the primary simulation.
3.3.2. MEMS horn-shaped helix antenna

The proposed MEMS horn-shaped antenna is also realized in a silicon
platform and fabricated using conventional bulk micromachining based on FIB
stress-introducing process. Figures 3.10 and 3.11 present respectively the
geometrical structure and the HFSS models of the novel MEMS antenna
developed by GA solvers. The initial parameters selected for the MEMS
pyramidal helix antenna proposed for the analysis and optimization are those of
the UWB MEMS helix antenna developed in the previous section. Figure 3.12
presents the simulated return losses of the initial geometrical configuration of the

antenna for a wide frequency range from 0.6 to 1.3 THz.
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Figure 3.10 - THz MEMS horn-shaped helix antenna geometric structure,
(a) schematic diagram of the helix, (b) 3D model of the CPW feeding
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Figure 3.11 - 2D (a) and 3D (b) HFSS models of the optimized THz MEMS

horn-shaped helix antenna

The initial antenna parameters show inacceptable performance that needs to
be deeply improved using effective stochastic search techniques for the
production of a new antenna configuration providing simulation results close to

the target design specifications. GA optimizer is used to optimize the antenna
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performance due to its parallel architecture and probabilistic nature that uses a

type of random selection and applies it in a structured manner.
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Figure 3.12 - Simulated RL graph of the proposed MEMS horn-shaped helix

antenna with initial parameters in 3.5-4.5 THz
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Figure 3.13 - Simulated RL graph of the MEMS horn-shaped helix antenna using
HFSS-based GA solversin 3.5-4.5THz
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Figure 3.13 shows the simulated return the MEMS horn-shaped antenna
design during the optimization using HFSS-based GA optimizer. The new
antenna configuration begins to present very low reflection coefficients after
each iteration with less than -20dB to -70dB, resulting in a significantly high
good performance for the selected band of frequencies. As illustrated in Figure
3.14 (a, b, c), the optimized antenna finally obtained resonates at 4.05 THz and
presents a wide bandwidth of more than 0.8 THz (800 GHz).
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Figure 3.14 - Simulated RL (a), radiation pattern (b), and VSWR (c) graphs of the
optimized THz MEMS horn-shaped helix antenna using HFSS-based

stochastic solvers

Table 3.2 - Characterization of the THz MEMS horn-shaped helix antenna
optimized in HFSS using stochastic solvers

Section Parameter Value (um)
Diameter (D) 20.4166
Pitch (S) 16.3062
Turn number (N) 11.3403
Helix form ;
Radius Change (Rc) 2.7798
Slent angle (@) 14.2638°
Height (Hn) 184.9171
Width (W) 4.8946
CPW feeding Gap (G) 2.3860
Thickness (T) 1.1895
Thickness (Hs) 8.4954
Silicon platform Width (W5) 29.6666
Antenna Height (Ha) 194.6020
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The novel MEMS conical helix antenna geometric characterization
developed by HFSS-based on stochastic solvers comes with very low return loss
with approximately -69.54dB and excellent voltage standing wave ratio with
ideal value which is equal to 1.0007 at the resonance frequency. The radiation
pattern at the resonance frequency, keeps very good directivity in both xoz-plane
and yoz-plane due to the active modeling process. Details of the geometrical
configuration of the new MEMS horn-shaped helix antenna optimized in HFSS

based on Genetic Algorithms are presented in Table 3.2.

Finally, it is very important to mention that the size of the helix aperture
(pitch S, and radius change Rc) presents a very significant parameter in improving
the helix antenna performance and making it very beneficial to the THz
applications. The optimized antenna design presents in fact a potential candidate
for THz wireless products due to GA optimization technique presenting a global
search technique that is particularly very effective in a high-dimension

multimodal function due to their versatility and ease of implementation [21].
3.3.3. MEMS pyramidal helix antenna

A novel MEMS pyramidal helix antenna design [90] operating in THz

frequency range from 2.29 to 2.63 THz has been also found using GA solvers
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Figure 3.15 - THz MEMS pyramidal helix antenna geometric structure,
(a) schematic diagram of the helix, (b) 3D model of the CPW feeding
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Figure 3.16 - 2D (a) and 3D (b) HFSS models of the THz MEMS pyramidal helix

antenna

relying on the THz UWB MEMS helix antenna design already developed in the
section (3.3). The new compact geometrical configuration of the proposed
antenna has been evaluated using HFSS software; very low return losses and
excellent voltage standing wave ratios have been obtained. The proposed MEMS
pyramidal helix antenna is realized in a silicon platform using FIB stress-
introducing technique as presented in figures 3.15 and 3.16 that show the

geometric structure, and HFSS models.

The simulated return losses of the initial geometrical configuration selected
for the proposed antenna - as displayed in figure 3.17 - has been deeply improved
using HFSS on based effective stochastic search solvers [13, 14] which are
automatically employed to handle the optimization in more depth due to their
parallel architecture and probabilistic nature that use a type of random selection
and applies it in a structured manner to vary the values of the parameters selected
for the optimization including the CPW width (W), gap (G) and thickness (T), the
silicon thickness (Hs) and width (Ws), the helix diameter (D), pitch (S), turn
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number (N), slent angle («), A-shaped radius change (R.), and height (Hn) on the

basis of finding a minimum or maximum of a fitness function.
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Figure 3.17 - Simulated RL graph of the proposed MEMS pyramidal helix antenna
with initial parameters in 2.1 -2.9 THz
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Figure 3.18 - Simulated RL graph of the MEMS pyramidal helix antenna using
HFSS-based GA solversin 2.1 -2.9 THz
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Figures 3.17 shows the simulated return losses (a), radiation patterns (b),
and voltage standing wave ratios (c) of the optimized antenna geometry finally
obtained which presents a very low reflection coefficient and excellent ratios due
to the good adaptation of the feeding line to the helix antenna, and the high
precision achieved by optimization techniques, resulting in high performance for

the selected band of frequencies.
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Figure 3.19 - Simulated RL (a), radiation pattern (b), and VSWR (c) graphs of the
optimized THz MEMS pyramidal helix antenna using HFSS-based

stochastic solvers

The novel MEMS pyramidal helix antenna geometric characterization
developed by HFSS based on high automatic GA solvers comes with very low
return losses with closely less than -15dB from 2.29 to 2.63 THz, and less than
-20dB over the central frequencies to achieve less than -34dB at fo = 2.41 THz.
The voltage standing wave ratios present also excellent values of less than 1.25
from 2.34 to 2.52 THz to achieve the value of 1.03 at the resonate frequency
fo = 2.41 THz. Thus, the radiation patterns in E-plane and H-plane keeps good
directivity with slightly bending in the side lobes of yoz-plane due to the fine
modeling process. This validates the excellent performance of the proposed
MEMS pyramidal helix antenna design. HFSS software constitutes therefore
relevant device for the improvement of THz technology due to its efficient
optimization techniques. Details of geometrical configuration of the novel
MEMS pyramidal helix antenna optimized in HFSS based on effective stochastic

solvers are presented in Table 3.3.
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Table 3.3 - Characterization of the THz MEMS pyramidal antenna optimized
in HFESS using stochastic solvers

Section Parameter Value (um)
Diameter (D) 19.3601
Pitch (S) 16.0064
Turn number (N) 10.7333
Helix form !
Radius Change (R.) -2.5327
Slent angle (@) 14.7442°
Height (Hn) 171.8014
Width (W) 4.9644
Width (L1) 63
CPW feeding Width (L2) 7
Gap (G) 2.6110
Thickness (T) 1.1821
Thickness (Hs) 8.1415
Silicon platform Width (Ws) 80.1864
Antenna Height (Ha) 181.1250

3.4. Automatic strategists for modeling THz MEMS helix

antennas

Microelectromechanical systems become very useful for designing THz
antennas operating in the electromagnetic THz field through implementing
silicon-based microelectronic devices that widely preserve the well-known
advantages of micromachining technologies such as high precision, high
performance, and self consistency. MEMS helix antennas employing silicon
substrates, have achieved over the past decade interesting characteristics after
having used automatic modeling techniques to provide complex THz antennas
with numerous wireless access applications. Accordingly, Artificial Neural
Networks (ANN) [91, 92] present a very popular class of automatic search

techniques leading to novel design models and optimal solutions,
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consisting of complex information processing systems inspired by the studies of
the ability of the human brain to learn from observations and generalize by

abstraction.

Based on the set of antennas developed using stochastic solvers, the final
section describes first a new compact geometric configuration of a MEMS horn-
shaped helix antenna using Artificial Neural Networks which are employed for
the modeling of antenna design problems to obtain a surrogate based model
instead of a computationally intensive three dimensional electromagnetic
simulation in design. The optimized antenna occupies a very compact volume of
79x80x162 um (1.02x10° mmd), including the silicon substrate having a
thickness of 9.3 um and a dielectric constant of 11.9. The proposed MEMS helix
antenna design is validated by demonstrating optimal results in terms of low
return loss properties and voltage standing wave ratios. The antenna has been
also found to resonate at 3.59THz and operate in a wide bandwidth from 3.12 to
4 THz with a very low reflection coefficient with less than -20dB over the entire
bandwidth.

Second, a novel design of MEMS pyramidal helix antenna using accurate
Acrtificial Neural Networks model is proposed for dualband wireless applications.
The antenna geometry is optimized in a way it resonates at 0.93 THz and 2.39
THz and shows low reflection coefficient of less than -43dB and ideal simulated
voltage standing wave ratio of 1.01 for the resonace frequencies, resulting in
excellent performance. The new MEMS antenna design is validated by
presenting optimal results in terms of low return losses of closely less than -15dB
to -43dB, and excellent simulated voltage standing wave ratios of less than 1.5 to
1.01 for the down and upper frequency bands ranging from 0.8 to 1 THz and
from 2.3 to 2.5 THz respectively. The optimized MEMS pyaramidal helix
antenna occupies a highly miniaturized volume of 79x80x189 pm (1.1944 103
mm?3) including the silicon substrate having a thickness of 9.3 um and a dielectric

constant of 11.9.
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3.4.1. ANN modeling of the MEMS helix antenna

Geometrical parameters of the proposed MEMS helix antenna have been
optimized by introducing an accurate ANN model using MATLAB programming
[93-95], in order to enhance the accuracy of the existing structure - already
developed by stochastic solvers in the section (3.4 — figures 3.10 and 3.11) -
through an automated data training process having the ability to capture multi-
dimensional arbitrary nonlinear relationships in a very fast way to finally provide

a high-level antenna design.

In this work, a multilayer perceptron (MLP) network structure has been
adopted for the calculation of the resonant frequencies and return losses of the
antenna using for training standard, back propagation algorithms [96], in which
neurons are grouped into three layers divided into: first layer which consists of
input neurons, output layer which contains the output neurons, and remaining

layer presenting the hidden layer.

After having defined the antenna’s input and output variables as a first stage
known as neurons process, training data are generated using multi-HFSS
simulations to provide a neural network model that will be incorporated into the
simulator again for fast and accurate optimization as a second stage of the overall
device called network training process. Likewise, the training error is
automatically calculated, and network weights are being updated after each cycle
in order to minimize the training error. The aim of the network training process is
then to teach the network to produce valid response for inputs from outside the

training data that is simply called generalization [97].

After, the optimization operation will be launched aiming to determine a
new configuration of the MEMS helix providing simulation results (Xnrss) close
to the target design specifications (Xarget) initially proposed. The key technique
used in this adaptive CAD procedure is explained in details in figure 3.19 which
presents the set of the design process steps. Parameters outputted by the trained

ANN model have been implemented by HFSS software to compare the antenna
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response with the target response. ANN model developed for the optimization
offers the advantage of superior computational ability to provide optimal
geometric configurations due to its high efficiency and interconnectivity to solve

design problems.

Target Start_optirr_\izatiqn of Simulation of the
s e_g_cifications phv5|c_al dln_1en5|ons MEMS Antenna
X_p—target = Tfo. Sulrs Helix variables Results
' D, S, N, Rc [fo, S11]pB
MATLAB script ANN MATLAB script
input —> ANN output
[fox), S111)]Pe D, S, N, Re

!

Simulation of the Device
results
Xnrss = [fo,S11]r8

!

” XHFss — Xtarget H <e
Specification
Satisfied?

End
optimization

Figure 3.20 - Adaptive CAD procedure for the ANN optimization process
3.4.2. MEMS horn-shaped helix antenna

The size of the THz MEMS horn-shaped helix antenna (section 3.4.2 -
figures 3.10 and 3.11) is expected to closely relate to wavelength as occupying
the electromagnetic spectrum that spans between 3 and 4.2 THz. In fact, micro-

electromechanical systems present the suitable technology for manufacturing the
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proposed THz MEMS horn-shaped helix antenna [98] in which the fabrication
process is highly precise and antennas become soft to be integrated with other

devices.

Output layer

fo  Su
Input layer

Figure 3.21 - MLP-ANN architecture selected for the optimization

Table 3.4 - ANN parameters of the MEMS horn-shaped helix antenna

Parameter Optimized values
Training algorithm Feed-forward MLP/ Backpropagation
Number of input
neurons / Number of 2 4
Number of neurons output neurons
Number of hidden
neurons 11
Transfer function Hidden levels Sigmoide
Hidden levels Lineair
fo (TH2) Su (dB)
Inputs definition Max 3 -35
Min 4.2 -70
Learning rate 0.02
The number of epochs 1000

Figure 3.20 illustrates the MLP-ANN architecture used for the simulation
and optimization. For the considered MEMS horn-shaped helix antenna, the

developed neural model is designed to produce output parameters divided into
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the helix diameter (D), pitch (S), turn number (N), and radius change (R¢) having
resonance frequency (fo) and return loss (S11) as inputs. The antenna height, the
helix height, and the helix slent angle and height will be automatically optimized
related into the output parameters. The neural network parameters used for the

optimization are indicated in Table 3.4.

Figure 3.21 shows the simulated return losses of the antenna design,
optimized using the accurate ANN model. It is clearly observed that the
geometric configuration begins to provide low return losses from iteration to
other that become very close to the target return losses in the 8™ iteration. Figure
(5-1) shows that the antenna structure comes with very low return losses over the
entire bands of resonance. The antenna has been found to resonate at 3.59 THz
with a return loss of less than -63dB.The values obtained from ANN are very
close to target values. The difference between the ANN outputs against target is
measured in terms of performance which is very close to set goal to be achieved

in testing for better performance of the network model.

-16.00

46,00
5600
] Target return loss
7 Optimized return loss
60—
3.00 3.2 340

360 380 400 4
Freq [thz] —

Figure 3.22 — Simulated RL graph of the MEMS horn-shaped helix antenna

in 3 — 4.2 THz during the optimization for 8t iterations
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Similarly, figure 3.22 illustrates the simulated return losses (a), radiation
patterns (b), and voltage standing wave ratios (c) of the optimized antenna design
finally obtained using HFSS based on ANN modeling. It is clearly observed that
the optimized antenna geometry presents very low reflection coefficients with
less than -17dB to -63dB, and excellent voltage standing wave ratios from 1.35 to

1.00, resulting in a significantly high performance for the selected band of

-16.00

26,00
~36.00
-l _
o) |
0 |
m 4
©.46,00

56.00

66.00 | ! .

3.00 3.20 3.40 3.60 3.80 4.00 4.20
Freg [thz] —
(@
Radiation Pattern - E plane Radiation Pattern - H plane

-180 -180

(b)

78




Chapter 3 Computational Electromagnetic Techniques for Optimizing THz MEMS Helix
Antennas

135

= =
N w
(3,1 S
[N BT

VSWR(1)
= [nS]
o o

IIIIIIIIIIIIII

—
[,
o

—

o

(a2
|

1.00 L A A A N AU
: 320 340 3.60 3.80 4.00 4.20 4.40

Freq [thz] —

oo
o
w
o
o

(©)

Figure 3.23 - Simulated RL (a), radiation pattern (b), and VSWR (c) graphs of the
optimized THz MEMS horn-shaped helix antenna using HFSS-based
ANN modeling

Table 3.5 - Characterization of the THz MEMS horn-shaped helix antenna
optimized in HFSS using ANN modeling

Section Parameter Value (um)
Diameter (D) 25.4565
Pitch (S) 14.3676
Turn number (N) 10.5738
Helix form ;
Radius Change (Rc) 2.6483
Slent angle () 10.184°
Height (Hn) 151.9201
Antenna Height (Ha) 161.6050

frequencies. Thus, the radiation pattern keeps good directivity with slightly
deterioration in the side lobes of yoz-plane due to the fine modeling process. This

demonstrates the high efficiency of the applied optimization strategy to provide a
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good geometrical accuracy and excellent electromagnetic response. Table 3.5
shows the final geometric configuration reported from the 8" iteration, selected

for the MEMS horn-shaped helix antenna design after optimization.
3.4.3. MEMS pyramidal helix antenna

In this step, geometrical parameters of the THz MEMS pyramidal helix
antenna design [99] already optimized using GA technique (section 3.4.3 -
figures 3.15 and 3.16), have been analyzed by an efficient MLP network which
uses for the automated data training process, back propagation algorithms in
which neurons are grouped into: input neurons including down and upper return
losses (S11p and Si11u), and down and upper resonance frequencies (fo and fu). The
output neurons contain the helix variables (D, S, N and R,) as illustrated in figure
3.23. Table 3.6 displays the neural network parameters employed in the
optimization process. Likewise, a suitable network is generated for a set of data
training process to produce valid response for inputs from outside the training
data. After being successfully trained, the network will learn the input-output
relation among the helix parameters, return losses, and resonance frequencies to

be used as the objective function in calculating the optimized dimensions.

Output layer

foo fou  Sup Suwu
Input layer

Figure 3.24 - MLP-ANN architecture selected for the optimization
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Table 3.6 - ANN parameters of the MEMS pyramidal helix antenna

Parameter Optimized values
Training algorithm Feed-forward MLP/ Backpropagation
Number of input neurons / 4 4
Number of output neurons
Number of neurons Number of hidden neurons 14
Transfer function Hidden levels Sigmoide
Hidden levels Lineair

foo (THz) | fou (THZ) | S11p (dB) | S11u (dB)
Inputs definition

Max 0.5 1.75 -35 -35

Min 1.75 3.0 -55 -55
Learning rate 0.01
The number of epochs 1200

The network will automatically get the ability to capture multidimensional
arbitrary nonlinear relationships in a very fast way to enhance the accuracy of the
existing antenna design and provide a high performance level. After each cycle,
the network weights are being updated and the cost function parameters are being

minimized or maximized to overall the simulation goals.
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Figure 3.25 — Simulated RL graph of the MEMS pyramidal helix antenna

in 0.5 — 3 THz during the optimization for 6% iterations
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Figure 3.25 shows the simulated return losses of the MEMS pyramidal
helix antenna during the optimization: The antenna resonates at 0.93 THz and
also at 2.39 THz, and presents an equitable bandwidth of 0.2 THz for the down
and upper frequency bands, and excellent performance demonstrated by very low
return losses from -15dB to -45dB.
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Figure 3.26 - Simulated RL (a), radiation pattern (b), and VSWR (c) graphs of the

optimized THz MEMS pyramidal helix antenna using HFSS-based
ANN modeling

As illustrated in figure 3.26, the new geometric characterization of the

MEMS pyramidal helix antenna developed by ANN technique comes with very
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low return losses with approximately -43dB, good directivity in both E-plane and
H-plane, and excellent voltage standing wave ratios with closely 1.01 at the
resonance frequencies. Details of the geometrical configuration of the new
MEMS pyramidal helix antenna optimized in HFSS based on ANN modeling are
presented in table 3.7.

Table 3.7 - Characterization of the THz MEMS pyramidal helix antenna
optimized in HFSS using ANN modeling

Section Parameter Value (um)

Diameter (D) 17.2656

Pitch (S) 16.0382

Turn number (N) 11.1280

Helix form :

Radius Change (R4) -2.5217

Slent angle (@) 16.471°
Height (Hn) 178.4730
Antenna Height (Ha) 187.7966

Finally, the ANN optimization strategy employed for investigating the
MEMS pyramidal helix antenna characteristics shows high efficiency to achieve
excellent performance and accuracy relying on high pm-level precision to
support very good applications for communication and space areas like for radio
astronomy and spectroscopy [8-10]. Therefore, it is very important to mention
that global-function approximation capability and greater generalization
capability of ANN technique facilitate the modeling phenomenon and can avoid
the limitation encountered for objective-function formulation in the GA

optimization [100].
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The investigation of compact THz helix antennas based on MEMS
processing, has particularly reported major milestones to research in numerous
applications, due to the encouraging results afforded by the real progress of the
different computational electromagnetic optimization techniques employed in
this research study, to provide a new class of integrated antennas for modern
wireless systems to cover relevant areas including communication, biomedicine,

spectroscopy, and other emerging fields.

This research work provides for the modern THz wireless systems novel
integrated helix antenna designs using for conceiving such compact models,
advanced silicon-based microelectronics processing as a relevant technique for
preserving the advantages of micromachining technologies, and effective
computational electromagnetic optimization techniques as significant tools for
achieving optimal dimensions and uniform characteristics. Accordingly, this
study has presented in details important technical concerns of integrated THz

antennas in three main chapters:

e In the first chapter, important advances made in the designs of different
integrated antennas have been described as an integral part for various
modern wireless systems. This has offered insight into main antenna
considerations being conducted at various steps of the design process
to check that the antenna specifications meet the wireless system
requirements. Interestingly, the key parameters that are often taken into
consideration such as the radiation pattern, efficiency, gain, bandwidth
and impedance are presented as main properties for antennas operating
at different frequencies ranging from radio to terahertz.

e In the second chapter, main characteristics of THz waves have been
exposed to understand the fundamental specifications to be considered
when designing integrated antennas functioning in the electromagnetic
THz gap. Many new manufacturing technologies have been used to
stimulate interest in this unique spectral and provide high performance

THz integrated antennas with um-level precision, accordingly chapter
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two presents MEMS technology which is widely recommended for
fabricating such a kind of antennas, particularly helix antennas by
implementing silicon substrates to help enhancing their response and
achieving excellent properties.

In the third chapter, effective computational electromagnetic
optimization techniques used for modeling a new class of high
performance compact THz MEMS helix antennas have been described.
The novel designs with different geometrical configurations and
excellent responses are developed using 3D HFSS based on reliable
evolutionary optimizers divided into Quasi-Newton and Sequential
Non Linear Programming, effective stochastic solvers presented by
Genetic Algorithm, and accurate automatic strategists which are
Acrtificial Neural Networks. These computational processing methods
used for optimization are very powerful and efficient to find solutions
in a fast way due to their continuity and derivability in carrying out
repeated electromagnetic simulations until retaining a good
performance and accuracy. The proposed designs can be easily
fabricated using MEMS technology, operate in different THz

frequency bands and find several applications in numerous areas.

Finally, this research study has presented efficient computerized

optimization strategies for investigating the proposed antenna characteristics

demonstrating a high efficiency to achieve very low return loss properties,

provide excellent voltage standing wave ratios, and maintain a good directivity,

resulting in a high electromagnetic performance and excellent geometrical

accuracy for the developed models for various THz frequency ranges extending

from 0.5 to 4.5 THz, making the proposed MEMS helix antenna desings highly

attractive for supporting different modern wireless systems.

As a perspective, it is very important to extend this research study through

manufacturing the developed antenna designs in the future research works to
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compare the measured results to the simulated results taking profit of the

excellent performance for the proposed models for new wireless applications.

Helix antennas
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Electromagnetic THz field
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Synoptic scheme presenting the overall description of the performed study
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Abstract

This research work provides for the THz wireless access systems novel designs of highly miniaturized helix antennas
based on MEMS technology with particular emphasis on major optimization challenges facing the device structure
complexity. The different antenna geometrical structures are developed using 3D high frequency structure simulator
(HFSS) based on efficient computational techniques for modal analysis and active optimization. Each time, the
optimization strategy aims to vary the antenna geometric structure and maximize its EM response with a high accuracy
for the selective frequency band by training the samples and minimizing the error from Finite Element Method- (FEM)
based simulation tool. Excellent antenna performance and high structure precision are finally achieved by modifying and
rectifying different parameters embedded in silicon platform including the helix and feeding variables using reliable
evolutionary optimizers, effective stochastic solvers and accurate automatic strategists for conceiving high-performance
THz MEMS helix antennas.

Key words: Integrated antennas, Terahertz (THz) applications, Micro-electromechanical system (MEMS) technology,

computational electromagnetic (EM) optimization, evolutionary/stochastic/automatic strategists.
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Résumé

Ce travail de recherche fournit aux systémes d'accés sans fil térahertz de nouveaux modeles d'antennes hélicoidales
hautement miniaturisées basées sur la technologie des systémes micro-électromécaniques (SMEM), avec un accent
particulier sur les principaux défis d'optimisation face a la complexité de la structure du dispositif. Les différentes
structures géomeétriques d'antennes ont été développées en utilisant un 3D simulateur de structure haute fréquence (SSHF)
basé sur des techniques de calcul efficaces pour une analyse modale et une optimisation active. A chaque fois, la stratégie
d'optimisation vise a faire varier la structure géométrique de I'antenne et a maximiser sa réponse électromagnétique avec
une grande précision pour la bande de fréguences sélective en entrainant les échantillons et en minimisant l'erreur par
I'utilisation de la méthode des éléments finis. Une excellente performance et une grande précision de structure pour
I'antenne sont finalement obtenues en modifiant et rectifiant plusieurs parameétres intégrés dans la plate-forme de silicium
y compris les variables d'alimentation et d'hélice en utilisant des optimiseurs évolutionnaires fiables, des solveurs

stochastiques efficaces et des strateges automatiques précis pour concevoir des antennes hélices a haute performance.

Mots clés: Antennes intégrées, Applications térahertz (THz), Technologie des systemes micro-électromécaniques

(SMEM), Optimisation électromagnétique (EM), Stratégistes évolutionnaire/stochastiques/automatiques.




