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Abstract

The subject of the thesis concerns microstrip antennas, in particular those operating

at millimeter waves. Millimetre-wave technology is being emphasized because of its

capacity to transfer massive amounts of data. The antenna design challenges, as well

as the benefits of the specified spectrum, are several, making this an extraordinarily

rich and profound topic of research in recent and future years. This thesis aims to

provide new structures of microstrip antennas operating at millimeter waves that

meet the requirements of wide bandwidth and high gain while granting a degree

of miniaturization and compatibility with the LTCC technology for integration and

packaging solution. For this, very powerful commercial software such as the CST

Microwave Studio and the ANSY S HFSS will be used. The ease of simulation on

such software will allow us to better interpret and explain the results. Throughout

the thesis, novel antennas are designed, manufactured, and characterized for optimal

operation in terms of bandwidth, gain, efficiency, polarization, and their integration

using advanced technologies and experience.

Keywords: Microstrip Antenna, Millimeter wave, 60 GHz, 0.3 THz, LTCC,

SOT.
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Introduction

Since the advent of language, drawing, and writing, and more recently with the

development of radio communication, the Internet, and the newly enabled technol-

ogy such as IoT, man has never ceased to develop the communication tools at his

disposal. Using wireless communications, billions of individuals have been able to

connect to the Internet, allowing them to participate in today’s digital economy.

Consumers may use their phones everywhere in the globe thanks to agreed-upon

mobile phone standards.

The huge demand for wireless data bandwidth shows no signs of slowing down

in the near future. Consumers’ mobile data experiences are growing and evolving

at the same time, putting increasing demands on the network’s utilization of the

available wireless spectrum. Thus, the cellular industry has shifted its focus to

other frequency bands that can be employed in the development of new wireless

technologies, such as 5G and 6G, in anticipation of this projected growth. The

millimeter-wave bands were chosen because they can handle large bandwidths and

high data rates, making them ideal for enhancing wireless networks’ capacity.

Previously, the use of such high-frequency bands was considered inappropriate

for cellular systems due to the high propagation losses where signals are easily ob-

structed not just by building materials and plants but also by the human body.

Nowadays, The usage of these bands is supported by improved antenna technology

1



Introduction 2

and a better knowledge of channel characteristics and signal transmission. As a

result, there are several problems and rewards, making this an extraordinarily rich

and profound area of research in recent and future years. The antenna is crucial

for using this spectrum, where many academics have been attempting to improve

the antenna response under these conditions in order to enhance the radiating ele-

ment design’s performance. The work done for this thesis is intended to tackle these

problems.

This research was conducted out by LASS laboratory at University of M’sila.

Throughout the thesis, novel antennas are designed, manufactured, and character-

ized for optimal operation in terms of bandwidth, efficiency, gain, polarization, and

their integration using advanced technologies and experience.

In the first chapter, we present a bibliographic study that will allow us to

review the solutions that have been provided to address these issues. This first

chapter will also be an opportunity to understand the interest in the millimeter-

wave spectrum and the problems that come with it. In this regard, we present the

millimeter wave spectrum and the 60 GHz band’s features and the band’s standards

and prospective applications. The principles of microstrip antenna models in gen-

eral, as well as the transmission line model in particular, will be covered. After

that, a state-of-the-art will be produced based on research already completed for

radio-frequency devices and subsystems at 60 GHz. The study’s motivation, as well

as its objectives and contributions, are discussed.

In the second chapter, Using Low-Temperature Co-fired Ceramic technology,

numerical research was conducted in order to develop a wideband circularly po-

larized 60 GHz antenna. This antenna is focused on achieving an improved gain,

size, circular polarization (CP), and wide bandwidth tradeoff so it can be employed

in next wireless communication systems and 60 GHz unlicensed band applications.

2



Introduction 3

The proposed multi-layer antenna design is simplified and enhanced to reduce man-

ufacturing costs by eliminating the usage of vias, cavities, and metasurface, among

other things.

In the third chapter, an ultra-wideband low-profile microstrip antenna for

millimeter-wave applications below 100 GHz is presented to meet the demands of

future wireless communication systems with high data rates. The suggested mi-

crostrip antenna is particularly helpful for current wireless communication systems

because of its capacity to cover a wide bandwidth with good impedance matching.

This antenna also has the advantage of being directly integrated with other RF

devices that use LTCC multi-layer technology.

In the fourth chapter, another antenna based on LTCC technology will be

presented to operate in the 60 GHz band. We will move on to prototyping this time,

where three prototypes will be manufactured and measured with Rohde & Schwarz

ZV A67 Vector Network Analyzers. The antenna’s achieved findings are compared

to recent similar efforts. The antenna’s performance makes it appealing for use in

future wireless communications devices, and supports various additional 60 GHz

applications. This project is carried out by a collaboration between University of

Mohamed Boudiaf of M’sila and IMT Atlantique, Lab-STICC.

In the fifth Chapter, a novel photonic bandgap based antenna for broadband

applications of low terahertz spectrum is suggested. First, a parametric analysis

is used to design and optimize the reference antenna to operate at the resonance

frequency of 300 GHz. The optimization is then carried out using a creative ap-

proach known as the Segmented Objects Technique (SOT), which is used by genetic

algorithms to drive the optimization of the PBG-based substrate (GA).

This thesis will be finished with a general conclusion and perspectives.
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Chapter 1

Millimeter-Wave Communications

and Microstrip Antennas: State of

the Art and Research Challenges

1.1 Introduction

This chapter presents an overview of the millimeter wave spectrum and its im-

portance in antenna engineering. The main aspects, factors and techniques are

introduced and discussed. We go through the basics of microstrip antenna models

in general and the transmission line model in particular. This involves employing

modern antenna technologies to integrate the antenna with the rest of the wireless

module in millimeter waves, namely AoC and AiP solutions and their performance.

The research’s motivation, as well as the objectives and contributions, are outlined.

5



1.2 Millimeter Wave 6

1.2 Millimeter Wave

The millimeter wave band is the electromagnetic spectrum where waves propagating

in the frequency interval between 30 and 300 GHz. This is equivalent to wavelength

of 10 − 1 mm in the air [2, 3]. A narrow bandwidth is offered in previously employed

technologies of low-gigahertz wireless communication bands, offering a data rate

lower than 1 Gb/s. Nowadays, it is an important research topic to keep providing

a high-speed wireless connection with acceptable QOS and range capabilities. The

millimeter-wave frequency bands are less congested and have a larger unlicensed

RF bandwidth compared to low-gigahertz wireless communication bands. Thus,

the use of millimeter waves provide an essential advantage in ensuring that enough

bandwidth for the transmission of a variety of multimedia material [2, 4].

The millimeter-wave spectrum has been used for many decades where the avail-

able millimeter-wave systems have primarily been employed in military domain [5].

This technology has begun to garner increasing attention in the industry, academia,

and organizations of standardization because of the advance in processing technolo-

gies and low-cost integration solutions [3]. At 60 GHz, a bandwidth of 3 – 7 GHz

is available worldwide and changes depending on the region. The automobile sector

is moving toward the 77 GHz band for car radar systems due to their various ad-

vantages specific to the field of automotive radar. Increased activity has also been

seen in the 94, 120, and 194 GHz bands, which are used for home-land security

applications like as radar, remote sensing, and imaging systems [6].

1.3 60 GHz Spectrum

For low operating costs, unlicensed or industrial, scientific, and medical (ISM) radio

bands should be used instead of regulatory licensed bands [7]. One of the determin-

6



1.3 60 GHz Spectrum 7

ing aspects that makes 60 GHz technology interesting and has sparked substantial

attention recently is the availability of large unlicensed bandwidth (up to 7 GHz

free to use around 60 GHz) that is available worldwide [8, 9]. 60 GHz spectrum

is very favorable for wireless short-distance communications due to strong absorp-

tion by oxygen [10]. This could importantly offer various advantages over existing

communication systems utilized in short range communications and indoor network

where the frequency efficiency can be improved. The FCC’s bandwidth distribution

for the ISM and unlicensed bands below 100 GHz is shown for USA in Figure 1.1.

Figure 1.1: ISM and other unlicensed bands allocation up to 100 GHz [7].

Due to frequency slots designated for military, civilian, and personal commu-

nications services, the RF spectrum is crowded under 25 GHz. Without a doubt,

most of conventional mobile data communications and commercial products are op-

erating in the frequency spectrum below 10 GHz. By way of example, the Global

System for Mobile Communication (GSM) is employed in Europe at 900, 1800 MHz

and 850, 1900 MHz in the USA. Ultra Wideband (UWB) radios are permitted to

7



1.4 60 GHz Standardization 8

operate from 3.1 to 10.6 GHz [7]. The appropriate electromagnetic waves propaga-

tion environment and hardware capabilities are the basic reasons [11]. However, the

bandwidth that is given for the unlicensed ISM bands is less than 1 GHz in total,

at 2.45, 5.8, and 24 GHz. On the contrary, in the 60 GHz spectrum area 7 GHz of

bandwidth is available for free exploitation.

1.4 60 GHz Standardization

The IEEE 802.15.3c standard was established in [12] for wireless personal area

networks (WPANs). The European Computer Manufacturer Association (ECMA

version 2.0 in December 2010) [13] has established a 60 GHz technology standard

for unlicensed short range communications with very high-data rates. The IEEE

802.11ad [14] standard, for Wireless Gigabit Alliance (WiGig) was approved in 2013.

It supports data speeds of up to 7 Gb/s, which is more than ten times faster than

the previous maximum speed enabled by the IEEE 802.11 standard [7].

1.5 Microstrip Antenna in Millimeter Wave

The antenna is one most indispensable elements in every wireless communications

system [15]. In millimeter wave spectrum, this element suffers from various design

problems such as complicated structures, higher order modes loss and, low gain.

Because of its compactness, ease of production and integrability, the microstrip an-

tenna is the preferable alternative for millimeter wave components [16]. 60 GHz

band offers many opportunities, making this band an attractive solution for short-

distance and wideband indoor wireless communications. However, many types of

antenna structures are considered not suitable for 60 GHz WPAN/WLAN applica-

tions due to the requirements for high gain, low cost, lightweight, and small size [3].

8



1.5 Microstrip Antenna in Millimeter Wave 9

Electromagnetic waves at 60 GHz are strongly attenuated because of free space

losses, atmosphere, and solid obstacles. Due to these signal propagation problems at

this range of frequency, certain additional requirements are necessary for the design

of the antenna to compensate for these significant losses. A high gain directional

radiation pattern is one of the most desired features due to the high attenuation

at 60 GHz, where various studies show that achieving gigabit per second data rate

requires high antenna gain, especially in relatively long ranges. For example, to

achieve a data rate of 5 Gbps in a distance of 20 m, a combined antenna gain of

25 and 37 dBi is required for LOS (Line Of Sight) and NLOS (Non Line Of Sight)

links, respectively [17]. Note that a single antenna element is not sufficient in many

applications. Thus, either external devices like as horn or lense or antenna arrays

must be used to produce the beam [18]. Moreover, the narrow bandwidth is a criti-

cal drawback in high data rate systems. With the classical microstrip antennas, it

is challenging to acquire a bandwidth of more than 8 %. Thus, several researchers

have performed significant works in designing multi-band and wideband antennas for

millimeter waves spectrum over the last decades because of their ability to support

multiple bands.

1.5.1 Conventional Microstrip Patch Antenna

At microwave frequencies, microstrip patch antennas have been widely investigated

and are now well known. They’re simple to make, work with integrated microstrip

circuits, and inexpensive. As shown in Figure 5.1, a microstrip patch antenna con-

sists of a ground plane on one side of a dielectric material and a metallic radiator

on the other. The patch is constructed of a conducting material like gold or copper.

The patch shape can be square, rectangular, circular, triangular, elliptical, or some

other common shape [19, 20]. The patch shape, the ground, and the feed lines are

9
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photo-etched on the dielectric substrate. A variety of feeding configurations are

possible for the microstrip patch antenna, such as microstrip line feed, probe feeds,

aperture feed, inset feeds, and proximity feed. Each method has advantages depend-

ing on the application. Despite their benefits, microstrip antennas pose significant

design issues related to their naturally restricted bandwidth. At millimeter-wave

frequencies, this type of antenna suffers from the low radiation efficiency, the sur-

face wave, the losses in the feed lines, and the mutual coupling in antenna array

[21, 22].

Figure 1.2: Conventional patch antenna.

1.5.2 Patch Antenna Modeling

Several models are known that can be used to analyze printed antennas. The most

popular are the transmission line model, the cavity model, and the full-wave model

(which mainly includes the integral / moment equation method) [23]. The trans-

mission line model gives a good physical insight, and it is the simplest of all models,

but it is the least accurate result [24]. On the other hand, the cavity model is more

10
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precise in terms of results, but it is complex. These two techniques make many

simplifying assumptions on the geometry of a problem to apply closed solutions.

Full-wave approaches examine the full geometry without making assumptions about

which field interactions are the most important a priori. Since a result, the full-wave

analysis approach is extremely precise and adaptable, as it can handle single com-

ponent, shaped element, multilayer element, finite and infinite arrays, and coupling

[25–27].

The transmission line model, despite its inaccuracy, is nevertheless a helpful

tool were it is very practical to begin the design of the microstrip element by using

this model due to its simplicity. After that, further optimization and modeling are

carried out in a full wave based solvers of any electromagnetic software [23].

1.5.3 Concept of Transmission Line Model

The intention of this subsection is to discuss basic concepts of the transmission

line model according to Balanis [25]. In the transmission-line model, the patch are

represented by two slots separated by a low impedance Zc transmission line of length

L. Since the patch’s length and width are limited, some field are contained within

the dielectric, while some is in the air. As the dielectric constant of the substrate is

much greater than the air permittivity (εr >> 1), a new effective permittivity value

εreff has to be calculated.

εreff = εr + 1
2 + εr − 1

2

[
1 + 12 h

W

]−1/2

;W/h > 1 (1.1)

Because of the fringing effects, electrically the patch of the microstrip antenna looks

greater than its physical dimensions, see Figure 5.2.
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Figure 1.3: Fringing Effects in patch antenna.

∆L
h

= 0.412
(εreff + 0.3)

(
W
h

+ 0.264
)

(εreff − 0.258)
(

W
h

+ 0.8
) (1.2)

As the length is extended by ∆L per side, the effective length is :

Leff = L+ 2∆L (1.3)

The resonant frequency in the dominant TM010 mode, is a function of length :

(fr)010 = 1
2L√εr

√
µ0ε0

= v0

2L√εr

(1.4)

The patch length can then be known by evaluating :

L = 1
2fr
√
εreff
√
µ0ε0

− 2∆L (1.5)

The width that permits an acceptable radiation efficiency of the radiator is :

W = 1
2fr
√
µ0ε0

√
2

εr + 1 = v0

2fr

√
2

εr + 1 (1.6)
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1.5.4 Micostrip Antenna Broadbanding Techniques

The bandwidth of the microstrip antenna can be increased by using lossy substrates,

but this is usually not desirable as the radiation efficiency will be reduced. A number

of techniques have been developed in microwaves to broaden the bandwidths without

compromising the efficiency of microstrip patch antennas. These techniques can be

extended to millimeter-wave for designing an efficient wideband patch antenna. In

this way, it is possible to use one or a combination of the following techniques [26, 28]:

• Increasing the substrate thickness.

• Decreasing the dielectric constant.

• Adding parasitic elements or slots.

In this last method for increasing the microstrip patch antenna bandwidth, par-

asitic elements permit the creation of dual or multiple resonances. Exciting these

additional resonances in conjunction with the main resonance resulting in a broader

overall band response. Designs based on one or a combination of the above princi-

ples can be used in the millimeter-wave spectrum. Note that a wide band microstrip

antenna may cover more than the interest frequencies, making the antenna receive

non-desired frequencies. In order to reject such frequencies, a filtering network is

used.

1.5.5 Micostrip Antenna: Reducing Size Techniques

The microstrip patch antenna’s resonant length is nearly lambda/2, where lambda

is the wavelength in the dielectric medium. However, it is advantageous that the

dimensions of the patch be a small fraction of the free-space wavelength. By em-

ploying a substrate material with a high dielectric constant, the patch’s size may be

13
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lowered. However, this method results in a patch antenna with a narrow fractional

bandwidth. The following techniques have been developed for size reduction [26] :

• By constructing a shorting wall along the null in the electric field across the

middle of the patch, the resonant length may be lowered by a factor of two.

• By placing a shorting pin near the feed, the resonant length and surface of a

circular patch can be reduced by a factor of three and nine, respectively.

• Small size patch antenna can also be achieved by applying previous broad-

banding methods such as layered patches, sloted patch [29].

1.6 Antenna Integration

The method of integrating the radiator with the rest of the wireless modules is

one of the most notable difference of millimeter waves and microwave technologies

under 10 GHz [30]. In general, there are two mainly hardware solutions for consumer

electronic devices in millimeter-wave antenna packaging, the Antenna on Chip (AoC)

and the Antenna in Package (AiP). System on Chip (SoC) technology integrates

digital, analog, and radio frequency (RF) circuits on a chip by a semiconductor

process. In SiP technology, the functional blocks are separately manufactured and

assembled in a package by a packaging process [31].

1.6.1 Antenna on Chip (AoC)

Miniaturization is a crucial factor in RF System on Chip design. Its principle consists

of the integration of the RF component with the rest of the digital and analog circuits

in one chip using advanced CMOS technology [32]. To minimize the transmitter size,

the antenna has to be miniaturized as it is the largest part of a typical transceiver

14
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module. This technology yields improved system reliability and functionality at a

much lower system cost and size with a low power consumption [31, 32].

1.6.2 Antenna in Package (AiP)

System in package (SiP) is another efficient method that enhances system perfor-

mance and reduces system power consumption. AiP is an antenna that is built into

the driving circuit package. This technology permits the realization of multilayer

antennas that minimize the system’s total size with no additional printed circuit

boards (PCBs) for antennas manufacturing or external antenna board connections.

At millimeter-wave bands, this packaging technology increases compactness and cost

savings, low-loss and more efficient antennas can be realized [31].

1.7 LTCC Technology

In terms of design freedom, antenna performance, and cost effectiveness, the sub-

strate material for millimeter-wave antenna modules is a significant design element

[30]. The industry standard for PCBs based on FR-4 has become inappropriate

due to impractically massive losses, so that it is not suited for SoP in high speed

wireless applications. The Low temperature cofired ceramic (LTCC) is an attrac-

tive integration solution. It has excellent packaging hermeticity and can allow dense

multilayer circuit integration [3]. Because of its process maturity / stability and

relatively high dielectric constant, LTCC has been widely employed as a packaging

material, allowing for a substantial decrease in module / function size [4].

The LTCC manufacturing is a multi-step process comprised of simple series of

manufacturing steps that are summarized in Figure 5.5. The main fabrication steps

of the LTCC process consist of forming via hole, via filling, conductor printing,
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Figure 1.4: Essential fabrication steps of the LTCC process [34].

stacking, laminating, and co-firing. This process is terminated by measurement and

validation of the design quality. Gold and silver are generally used for metallization,

which reduces the conductor losses [33].

1.8 LTCC Antenna

Due to the rapidly expanding need for multifunctionality, high performance, and

miniaturization of modern mobile terminals, researchers have begun to focus on an-

tennas in LTCC technology since the turn of the century [35]. The LTCC technology

is actively studied for millimeter wave antennas and packaging solution because it

guarantees low dielectric and conductor losses. Besides, LTCC technology permits

high design freedom in antenna manufacturing throughout the high possible number

of layers, ease of integration, flexibility in via holes distribution, and mechanically

robust, which make it the promising technology for excellent high-frequency perfor-
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mance [36–38].

1.9 Metamaterials

Metamaterials have gained a great interest in microwave, millimeter wave and THz

spectrum as they offer new functionalities and enhanced performance compared to

conventional antennas [39]. Meta-surfaces have been proposed for the development

of many other devices such as filters [40], phase shifters [41], polarization converters

[42], absorbers [43], etc.

Various terminologies are used in respect to the application domain, such as

photonic band gaps (PBG), photonic crystals, and frequency selective surface (FSS).

All these are classified under the broad terminology of "Electromagnetic Band Gap

(EBG)" structures [44, 45]. Different names have also been used in terms of the

exhibited electromagnetic properties, such as [45, 46]:

• Double negative (DNG) both negative permittivity and permeability;

• Negative refractive index (NRI);

• Left-handed (LH) when a left-hand relation is ensured;

• Magneto materials high permeability controlled artificially;

• Soft and hard surfaces Prevent or assist the propagation of wave;

• Artificial magnetic conductors (AMC) provide same properties as PEC;

• High impedance surfaces.

17
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1.9.1 EBG Applications

These unique electromagnetic properties of EBG structures have led to a wide range

of applications in antenna engineering [45].

• Surface wave suppression: To boost the antenna gain, eliminate the back

lobe, and lower the mutual coupling level in the antenna array, EBG structure

is employed.

• Efficient low profile antenna designs: The EBG surface has a lot of

promise for low-profile wire antenna applications such dipole antennas, monopole

antennas, and spiral antennas.

• High gain antenna: Antennas with a high gain are also designed using EBG

structures.

EBG structures offer a wide range of applications in microwave circuit design, in

addition to antennas [47].

1.9.2 Artificial Magnetic Conductors (AMC)

According to research on EBG structures, they can achieve the PMC condition in

a specific frequency range. AMC is a metamaterial configuration. At its resonance

frequency, it can offer zero-degree reflection phases, simulating the properties of

a perfect magnetic conductor (PMC) [48]. AMC’s reflected wave is in phase to

the source wave. The additional reflected waves interfere with the original wave

in a positive way. The antenna’s radiation gain and efficiency are improved by

combining reflected and source waves. The AMC structures are often made up of

dielectric materials and metallic conductors arranged in a regular pattern, see Figure

5.4. The surface impedance consists of real and imaginary parts. Note that AMC
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Figure 1.5: High impedance surface representation. (A) bird’s eye view; (B) cross-
sectional view [49].

unit cells can be constructed with and without shorting pin from the metallic patch

of AMC unit cell to the ground. [48].

1.9.3 Photonic Band Gaps (PBG)

The use of thicker substrates in microstrip antenna generates surface-wave losses as

the substrate traps the majority of the emitted power. Such losses can be compen-

sated for by the use of PBG substrate, which is obtained by periodically implanting

air gap cylinders on a substrate [50]. The bandwidth of a microstrip patch antenna

using PBG substrate can be greater than 35% of that of a simple patch antenna.

[51]. Moreover, as antennas applications move to higher frequencies, resulting in mi-

crostrip patch antennas with reduced efficiency and gain as well as an unacceptably

high level of mutual coupling and cross-polarization within an array environment.

PBG technology has been applied as a new promising solution to these problems

[27].
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1.10 Terahertz Band

As the demand for unoccupied and unregulated bandwidth for wireless communi-

cation networks increases, operation frequencies will eventually switch to the lower

THz frequency range. The portion of the electromagnetic spectrum between the

microwave band (100 GHz) and the far-infrared band (> 10 THz) is known as

terahertz (THz). Due to its unique properties and diverse application sectors, this

spectrum is a particularly active study topic [52]. Terahertz technology has at-

tracted increased research attention due to its wide variety of applications, which

include material characterization, spectroscopy, sensing, earth and space science,

defense, telecommunication, THz imaging, medical applications, and space science

astronomy [53–55]. Furthermore, it is envisaged that it will be employed in the next

generations of mobile communications system as higher carrier frequency will enable

the rapid transmission of massive volumes of data, which will be required for new

emergent applications [56, 57].

Figure 1.6 shows the intersection of the millimeter waves and the THz band

[58]. Since atmospheric-transmission windows are available in the lower THz fre-

quencies spectrum, carrier frequency of 300 GHz and beyond are likely to be em-

ployed for communication once the high-bitrate data transmission technologies are

available[57].

1.11 Background Literature Review

In literature, extensive research efforts have been devoted, and various methods

are proposed for the millimeter waves spectrum. In [59], a bandwidth of 13.3 %

is obtained using an antenna implemented on a silicon membrane with an upper

BCB (Benzo Cyclo-Buten dielectric material) thin film. This antenna is deposited
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Figure 1.6: The intersection of the millimeter waves and the THz band [58].

and excited with a U-shape and T-shape microstrip feeder via a dielectric gap. In

[60], a 60GHz coplanar waveguide (CPW) fed patch antenna implemented on a high

dielectric constant substrate (εr = 9.9). This proposed antenna has an operational

bandwidth of 4.7 GHz or 7.75 % ranging from 58.3 GHz to 63 GHz. Note that

the employed substrate is close to the dielectric constant of commercial GaAs and

mimics the CMOS process. In [61], the artificial magnetic conductors (AMCs) with

in-phase reflection characteristics have been investigated, where a 60 GHz CPW-fed

patch antenna on multilayer LTCC- and LCP-based achieved a bandwidth of about

16 % and a peak gain of 5.1 dBi using the LCP (Liquid Crystal Polymer) substrate.

In [62], an antenna of two stacked dielectric layers of Roger Duroid, the grounded

coplanar waveguide is located on the bottom layer and the microstrip ring on the top

layer. The radiator part consists of a vertical ring patch in the middle position with

a microstrip ring attached to its base. The antenna is fed by the special grounded

CPW/microstrip/printed ring combination. An air cavity is employed to enhance

the antenna gain. In terms of results, it has an impedance bandwidth of 26 % (28.4

GHz to 37 GHz) with an average gain of 7.9 dBi and stable radiation patterns across

the operating bandwidth.

A multitude of configurations of printed antennas have been proposed and eval-
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uated by several authors. Recent studies have shown that using millimeter-wave

antennas with a restricted coverage area of 200 m or less can reduce meteorological

attenuations while still allowing for frequency reuse. The necessity to deploy a high

number of antennas is crucial in terms of cost as we move towards a short-range

wireless communication architecture [63]. Thus, it is important to note that the use

of a complex antenna structure may lead to overpriced systems. That’s why much

of the effort has to be focused on techniques for enhancing antennas within simple

structures.

1.12 Research Objects

1.12.1 Motivations

The key benefits of the millimeter-wave spectrum are the microwave spectrum’s

needs such as wideband capability, small size and excellent performance. Millimeter-

wave technology has received a lot of attention because of its potential to transfer

very big data with low transmission power in short range outdoor and indoor wireless

communication. [61, 64–67]. The considerable bandwidth within this frequency

range allows for extremely high data throughput transmission. Moreover, millimeter

waves at 60 GHz are more sensitive to outdoor environmental conditions like rain,

gas, dust, vegetation, etc. The oxygen absorption introduces typical free-space

propagation losses of 10-15 dB/km. Thus, the propagation of signals at 60 GHz

is inherently limited to a short-range and, consequently, frequency reuse becomes

naturally available across distances of a few tens of meters where more near co-

sited systems operating on the same frequency can be established [13]. Thus, the

challenges and benefits are many, making this an incredibly rich and deep area of

research in the recent and coming years. Antennas play an essential role in taking
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advantage of this band, and many researchers have been working on enhancing the

antenna response under these conditions to offer higher performance of the radiating

element design.

1.12.2 Challenges

To meet nowadays needs, the designed antenna should simultaneously provide mul-

tiple functionalities such as multi-band, broadband, and reduction in the power

emitted in the direction of the user. It has been noted that as the frequency in-

creases into the millimeter waves, the difficulties in antenna design move away from

structural challenges to the fabrication process in order to avoid significant tolerances

so as to decrease the manufacturing cost. To meet these requirements of fabrica-

tion, much attention has been directed to the antenna integration and packaging

solution. Researchers have recently attempted to the development of new antenna

design approaches that offer low conductor and dielectric losses and high design free-

dom. These additional features complicate the task of antenna designers, who must

ensure good performance of the antenna system regardless of the above-mentioned

environmental conditions and manufacturing difficulties.

1.13 Methodology

1.13.1 Antenna Design Models

Whether it is obvious or not, designing and optimization of passive components

rely on solving Maxwell’s equations. It is well known that manually solving com-

plicated differential equations is very difficult and limited. These methods can only

be applied for structures with basic shapes [68]. Computational electromagnetics

is a crucial field that provides efficient numerical solutions to Maxwell’s equations
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for antennas construction and improvement. These numerical methods are based

on empirical models where appropriate solutions can be found more easily, even in

complex systems that can not be solved by analytical methods. To solve Maxwell’s

equations, all numerical methods divide space into subdomains in order to find so-

lutions more easily [69]. The time domain solvers and frequency domain solvers are

the two most often used computational approaches for antenna modeling [68]:

• Frequency domain

– Integral Equation Solvers: surface integral equation solvers based on the

MOM are the most commonly used

– Partial differential equation solvers: include finite element method (FEM),

spectral element method, finite difference frequency domain method, and

pseudospectral frequency-domain method. Note that the FEM is the

most commonly used frequency-domain technique in a commercial tool

• Time domain methods

– Partial differential equation solvers: include finite difference time do-

main (FDTD) method, finite element time method (FETD), spectral ele-

ment time domain (SETD) method, pseudospectral time domain (PSTD)

method,finite integration technique (FIT), and multi-resolution time do-

main (MRTD) method. the FDTD is the mostly commonly used time

domain technique in commercial tools.

– Integral equation solvers : Solve the surface or volume integral equa-

tions derived from Maxwell’s equations and Green’s function for the back-

ground medium in time domain.

For wideband applications, time domain techniques are favored because they can

offer all frequency domain data in a single simulation. Frequency-domain solvers,
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are favored when a narrow band solution is required. The employment of various

numerical approaches is imposed by the necessity for sensible results; nevertheless,

every method has advantages and weaknesses, and therefore no solver is ideal for all

situations.

1.13.2 Antenna Design Tools

Multiple numerical methods are generally integrated into a single commercialized

simulation program to fully provide the benefits of each method. Thus, the use of

commercial antenna design software to study how the antenna structure interacts

with electromagnetic waves so that the structure and materials can be optimized to

achieve the design goals. Many academics and engineers employ a number of tools

that have been proved to be effective for antenna analysis and design. The following

is a list of commonly used commercial tools [26, 68, 70, 71].

• Numerical Electromagnetics Code (NEC): a very popular open-source

and noncommercial antenna simulation tool for wire and surface antennas

based on the MoM technique.

• High-frequency structure simulator (HFSS): employs various electro-

magnetic solvers, including its highly accurate FEM, the large scale MoM

technique, the ultra-large scale asymptotic methods of physical optics (PO)

and shooting and bouncing rays (SBR) to simulate high-frequency EM fields

and structures.

• Computer Simulation Technology (CST): CST Microwave Studio (CST-

MWS) is used for simulation of high-frequency components and structures us-

ing a variety of solver modules based on different time-domain and frequency-

domain methods such as FEM, MoM, Multilevel Fast Multipole method (MLFMM),
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and SBR with distinct advantages in their own domains.

• Feldberechnung für Körpermitbeliebiger Oberfläche (FEKO): a com-

putational software product for analyzing EM structures based on the method

of moments (MoM) and asymptotic high-frequency techniques. It permits

to analyze a broad spectrum of electromagnetic problems related to antenna

design and placement, radar cross-section, and electromagnetic compatibility.

Note that this is a non-exhaustive list as there are certainly many other software

and packages capable of doing antenna design simulations.

1.13.3 Antenna Optimization Methods

The initial design based on electromagnetic equations is often not the optimum.

Most of the determining parameters are a function of the antenna’s geometry, op-

erating frequency as well as comprising materials. The basic antenna design can

be improved via a parametric sweep. The change of design and materials parame-

ters may assist in ensuring that the antenna response meets mandated performance

standards for particular features such as antenna efficiency, radiation pattern, input

impedance, and so on. However, this method becomes very difficult when the num-

ber of parameters increases. In many situations, an optimization procedure has to

be applied in order to find near-optimal values of all of the design parameters. In

other words, the numerical optimization permits to find of a suitable set of geometric

and material properties for antenna design. Various optimization techniques have

been employed in the literature for designing high-performance antennas. These

techniques can be classified as indicated in Table 1.1 [70].

To minimize the design effort and shorten the development time, automation of

the antenna design process can be realized by formulating the antenna parameter
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Table 1.1: Classification of optimization techniques [70].

TYPE e.g.,
local optimiza-
tion with limited
exploration abil-
ity

the classic Powell (CP) and grid
search (GS) approaches

classical
derivative-
free standard
local search

the Nelder–Mead simplex algo-
rithm (N-M) and pattern search
method (PS)

standard
derivative-based
local search

the quasiNewton (QN), sequen-
tial quadratic programming
(SQP), sequential nonlinear
programming (SNLP), and
integeronly SNLP (ISNLP) tech-
niques

surrogate-
assisted local
optimization
with enhanced
exploration abil-
ity

the trust region framework
(TRF) and interpolated QN
(IQN) methods

surrogate-
assisted global
optimization

The surrogatemodel-assisted dif-
ferential evolution for antenna op-
timization approach (SADEA)

standard evo-
lutionary algo-
rithms

particle swarm optimization
(PSO) and differential evolu-
tion (DE), covariance matrix
adaptation evolution strategy
(CMA-ES), and genetic algo-
rithms (GAs) and simulated
annealing (SA)
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adjustment task as an iterative optimization problem with the objective function

supplied by an EM solver. The cost function is used to apply a local or external

evaluation process based on statistical analysis that compares the performance char-

acteristics of the device generated using the associated set of input parameters. The

cost function can return one or more values for single-objective or multi-objective

optimization [72]. The simulations are usually very time-consuming processes and

the evaluation time per design takes many hours. Thus, to reach the desired cost

function goal, it is very desirable to utilize an optimization method that needs the

fewest cost function calls. There are many various sorts of optimization algorithms,

and some are unquestionably more suited to specific types of antenna design over

others. In recent years, population-based search methods (also referred to as meta-

heuristics) have gained considerable popularity [72, 73]. Here are three of the most

commonly used algorithms :

• Particle Swarm Optimizers (PSO) [74].

• Genetic Algorithms (GAs) [75].

• Differential Evolution (DE) [76].

The GA can be implemented in a binary scheme or by using binary strings to

represent discretized real values according to the number of bits chosen to represent

each value. The remaining algorithms are naturally real-coded and lend themselves

to optimisations with continuously variable parameters [76]. There exist many other

types of optimization strategies, while some are more suitable for specific types of

antenna design over others.
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1.14 Conclusion

This chapter provided an overview of the background, motivation, and challenges

of millimeter wave antennas in different wireless sectors. We’ve also gone over the

various feeding strategies for microstrip antenna, as well as their analysis method-

ologies and the most popular commercial simulators in the field. The particular

characteristics of the millimeter-wave spectrum and significant variables to consider

during antenna design are also highlighted.
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Chapter 2

Design of LTCC Antenna for 60

GHz Applications

2.1 Introduction

In this chapter, we suggest a broadband antenna for 5G cellular mobile networks

to satisfy the need for high-speed data. This antenna is circularly polarized, allow-

ing linearly polarized (LP) waves to be received in any direction. As a result, the

transmission mistakes caused by polarization inconsistency are significantly reduced

[36, 77]. The suggested multi-layer antenna design is simplified and improved to

reduce manufacturing costs by eliminating the usage of vias, cavities, and metama-

terial surfaces, among other things. To attain these goals, a parametrical study is

used to conduct the numerical optimisation of the antenna response, with the vi-

sion of attaining better accuracy in terms of resonance frequency, wider bandwidth,

adequate gain, and good impedance matching achieving higher resonance frequency

accuracy, best impedance matching, broader bandwidth, and appropriate gain when

compared to previously published antennas.
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2.2 Microstrip Antenna Design Challenges

The antenna at millimetre waves, as an essential component of any wireless com-

munication system, it has many design difficulties, including low gain, complicated

construction, higher-order mode losses, and so on. Due to its compactness, confor-

mity, integrability, and simplicity of manufacturing, the microstrip antenna is the

preferable option for millimetre-wave devices [16]. This antenna is used in a variety

of wireless communication systems, notably in mobile communications [78]. Never-

theless, a basic disadvantage of conventional microstrip antenna is the limited BW

which is typically about 5 % [79]. A vast body of studies has been devoted to in-

crease the BW of this type of planar antennas, resulting in a variety of enhancement

options, including the use of metamaterials, cavities, and multilayer geometries [80–

82]. However, the circuit’s complexity and manufacturing cost rise as a result of the

additional production procedure. Furthermore, the antenna construction displays

substantial tolerances in this frequency band. As a result, antenna design chal-

lenges shift away from structural restrictions and toward the manufacturing process

in order to reduce production and assembly tolerances.

2.3 Antenna Design

2.3.1 Antenna Geometry

Figure 2.1 illustrates the cross section and the top view of the proposed geometry.

Using an irregular hexagon form, the antenna is meant to provide broad BW and

CP features. On the sixth layer, a strip-line feeding method is used to feed the

patch element which is located on the top layer. These two parts are connected

by a vertical via throughout the established slot in the top ground on the seventh
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layer. To obtain a broad band, this feeding mechanism is employed by allowing the

use a thicker substrate. By lowering the number of vias, the total module size and

without using cavities, this simplified construction permits to save manufacturing

costs. The antenna geometry was created in accordance with the LTCC technology

design guidelines. After fire, each tape has a layer thickness of 100 µm. Gold is used

in each metal layer with a thickness of 9 µm. Table 2.1 shows the design criteria of

the LTCC technology.

Table 2.1: LTCC design criteria

Dielectric
permittivity

εr = 5.9 Number of layers for
top substrate

NL = 4

Loss Tangent tanδ=
0.002

Conductor type Gold

Layer thickness 100 µm The metal layer
thickness

9 µm

Number of layers for
down substrate

NL = 7

2.3.2 Design Procedure and Optimization

We consider that the radiator is a rectangle patch and using the design criteria values

as constants. The operating frequency is determined by the length of the typical

patch, while the antenna’s impedance is controlled by its width. The antenna length

should be calculated by taking into account the fringe coupling effect for higher

accuracy in terms of resonant frequency. A MATLAB code is used to calculate

the width and effective length of the radiator element. The obtained length of the

antenna has to be further adjusted using parametric study in order to achieve more

accuracy in terms of the desired center frequency. To offer a better impedance

matching response, the width is calculated and adjusted in the same way. The
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Figure 2.1: Antenna geometry.
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parametric analysis seeks to achieve a better compromise between the two variables

at the given center frequency by increasing or decreasing the length and width of

the antenna.

After setting the rectangle patch width and length, the corners of the radiator

element are trimmed to form an irregular hexagon shape. All hexagon dimensions

have been changed in addition to the feed width and length, the probe diameter

and location for a better compromise between several desirable but incompatible

characteristics of the antenna such as resonant frequency, bandwidth, impedance,

axial ratio, etc. Thus, another parametric examination which covers all dimensions

parameters of the antenna has been applied. The parametrical study allows more

than three-dimensional parameters to be changed, whereas the other parameters are

fixed in a fixed value. Figure 2.2 depicts a flow chart of the technique based on para-

metric research. This design process is repeated until the reach of a configuration

that fulfils the design expectations in terms of antenna performances and the in-

tended optimizations. The optimal dimensions of the antenna that offers circularly

polarized and broad impedance bandwidth are listed in Table 2.2. The radiating

element is placed on an LTCC substrate with a thickness of h0 = 0.4 mm from the

top ground to the radiating element, h1 = 0.1 mm from the integrated stripline to

the top ground, and h2 = 0.7 mm from the down ground to the stripline. The

overall antenna height is h0 + h1 + h2.

Table 2.2: Optimized dimensions
Parameter Length (mm)
a 0.52 0.104 λ0
b 0.49 0.098λ0
c 0.438 0.0876λ0
Feed length 1.743 0.3486λ0
Probe radius 0.05 0.01λ0
Probe height 0.50 0.1λ0
Slot radius 0.24 0.048λ0
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Figure 2.2: Optimization procedure.
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2.4 Simulation and Results Discussion

The High-Frequency Structure Simulator (HFSS) was used to model the outcomes

of this LTCC-based antenna. The surface current distribution for the proposed

antenna is shown in Figure 2.3. The surface current is minimum in radiating slots

and maximal in non-radiating slots, according to this diagram. This aids in the

identification of radiating corners and their related effective lengths, which have a

direct impact on the resonant frequencies.

Figure 2.3: Surface current distribution .

2.4.1 Return Loss

The graph of refletion coefficient as a function of frequency is shown in Figure

2.4. The frequency range where the return loss is less than 10 dB is referred to as

the relevant bandwidth. The solution demonstrates a 33 % impedance bandwidth,
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which covers the unlicensed frequency range surrounding 60 GHz. According to this

graph, there are two resonant frequencies. The good choice of via location to feed

the radiator part results in good impedance matching. This feeding method with

thicker substrates permits the achievement of a broader bandwidth. The thickness

of the substrate, on the other hand, should be carefully selected to prevent surface

wave propagation.

Figure 2.4: Reflection coefficient.

2.4.2 Axial Ratio

The Axial Ratio (AR) is the ratio between the major and minor axis of a circularly

polarized antenna pattern. Two orthogonal modes must be activated to create the

antenna circularly polarized, and the electric field vector must match all of the

following criteria [27]:

• Two orthogonal and linear components are required in the field;

• The magnitudes of the two components must be equal;
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• The time-phase difference between the two components must be odd multiples

of 90 deg.

The utilization of an irregular hexagonal form of the radiating element ensures

this. The resultant curve for this feature by this suggested antenna is shown in

Figure 2.5. At frequencies where the axial ratio is less than 3 dB, the antenna has

a circularly polarization. The resonance frequency of this design is 59 GHz, with a

bandwidth of 2.383 GHz spanning from 57.94 GHz to 60.33 GHz.

Figure 2.5: AR curve.

2.4.3 VSWR

Figure 2.6 shows the VSWR of the proposed antenna, which indicates how well

the antenna input impedance is matched to the transmission line’s characteristic

impedance. The VSWR should be 1.0 in the ideal scenario, which implies no power

is reflected from the antenna. When the VSWR is less than 2, however, there is still

adequate impedance matching between the antenna and the feed. According to the
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VSWR curves, there is a reasonable impedance match to the bandwidth frequency

range, with less than 2. The closer the VSWR is to 1, the better the antenna is

matched to the transmission line and the more power it receives. The developed

antenna has a wide bandwidth spanning from 52.7 GHz to 72.8 GHz, according to

the return loss and VSWR curves.

Figure 2.6: V SWR.

2.4.4 Impedance

Figure 2.7 represents the real component of the antenna impedance. The antenna

input resistance is nearly 50 ohms in the area under consideration. This input

impedance should be equal to 50 ohms in an ideal circumstance, implying that

the power received by the antenna is radiated out. The antenna would absorb the

incoming power otherwise. The antenna resistance curve that results shows that the

impedance matching is appropriate for the frequency spectrum under consideration.
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Figure 2.7: Antenna resistance.

The power stored in the near field of the radiator is represented by the imaginary

side of the input impedance in Figure 2.8. This power isn’t thought to be radiated.

At the relevant frequency, an antenna with a real input impedance and a zero

reactance is termed resonant. The antenna reactance findings demonstrate good

impedance matching across the operating frequency range.

2.4.5 Radiation

The 2D radiation pattern of the proposed antenna is shown in Figure 2.9 in the

E-plane and H-plane. The Radiation pattern represents the energy emitted by an

antenna. This diagram form displays the dispersion of radiated energy into space

and specifies the variation of the power emitted by an antenna as a function of the

direction away from the emitter.

The 3D radiation pattern of this developed antenna is represented in Figure 2.10,

to check the stability of the radiation pattern over the required frequency spectrum.
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Figure 2.8: Antenna reactance.

Figure 2.9: Polar radiation pattern for E plan and H plan.

41



2.4 Simulation and Results Discussion 42

This antenna has another critical performance feature in terms of the stability of

the generated radiation pattern for specified frequencies of 55 GHz, 60 GHz, and 65

GHz, according to this figure. The antenna emits the most radiation in the Z-axis,

regardless of frequency, throughout the whole bandwidth. In terms of gain, this

antenna has a gain of around 4,9 dBi. At this region of the spectrum, the achieved

gain is suitable for a single radiator element, where the radiator gets too small as

its dimensions must be scaled with the operating wavelength.

Figure 2.10: 3D radiation pattern produced at 55, 60, and 65 GHz.
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2.5 Results Comparison

In Table 2.3, the suggested antenna’s acquired findings are compared to previous

efforts in this research area. A 60 GHz antenna using LTCC technology has been

proposed in [61], presents a gain of 4.9 dBi and a bandwidth of 16.16 %. The found

S11 parameter is -27dB. Three antennas based on LTCC technology are proposed

in [82]. These antennas have a peak bandwidth of 22.7 percent and a peak gain

of 4.8 dBi, respectively. The lower S11 parameter is -36 dB. As a result, the 60

GHz radiator we recommend has a higher gain, a wider bandwidth, and a deeper

S11. Furthermore, the proposed design is simple and enhanced without the need of

sophisticated features like metamaterial surfaces or cavities.

Table 2.3: Results comparison
Antenna Technology Center

Frequency
(GHz)

S11
(dB)

BW
(GHz)

BW GAIN
(dBi) at
60 GHz

Y ear

Proposed
antenna

LTCC 60 −43 19.8 33% 4.9 -

[61] LTCC 60 −27 10 16.6% 4.9 2016

[82]
LTCC

AMC1
60 −29 13.3 22.1% 4.8

2019
LTCC
AMC2

60 −36 13.7 22.7% 4.4

LTCC
AMC3

60 −23 8.6 13.7% 4.8

2.6 Conclusion

This paper provides a design for a 60 GHz antenna that uses LTCC technology to

improve gain and bandwidth. HFSS software was used to design and simulate the

proposed antenna. The design has good impedance matching and a good radiation

pattern response with a gain of about 4.9 dBi, and a bandwidth of more than 33 %
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centered at 60 GHz. As a consequence, the obtained findings indicate a preferable

size, gain, CP, and bandwidth trade-off. Wide bandwidth, appropriate gain, planar

shape, and the possibility to integrate utilizing LTCC multilayer technology are all

advantages of the suggested antenna. This antenna’s capabilities make it a promising

option for future wireless modules as well as other millimetre-wave technologies.
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Chapter 3

Design of Ultra Wideband and

Low Profile Microstrip Antenna

for Millimeter Wave under

100GHz Using LTCC Technology

3.1 Introduction

After the growing need for larger BW , the attention toward the millimetre wave

band at 30 to 300 GHz has notably risen in the last several years [83, 84]. The

interest in ultra wideband technology is related to the capabilities of this technology

of delivering a huge quantity of data with minimal transmissions power in the short

range outdoor and indoor wireless communications network [85]. Antennas are es-

sential parts of wireless systems. It plays a vital role in taking advantage of this

band where today’s researches in this area are focusing on enhancing the antenna

response to improve the radiating element design’s performance, and efficiency [86].
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The limited BW is a major limitation in high data rate system; an antenna hav-

ing ultra wide BW allow to overcome this drawback because it supports several

frequency-bands. Over the past two decades, many academics have made important

contributions to the design of UWB-antennas [87, 88].

UWB technology is the wireless link that occupies a BW higher than 20% [89].

In the literature, a broad range of antenna designs for diverse uses have been pre-

sented. Unfortunately, the development and deployment of an UWB-antenna face

several obstacles. To enable the features of UWB technology, an antenna must

maintain acceptable impedance match and radiation pattern across a wide range of

frequencies [90]. Microstrip antennas are particularly appealing due to their light

weight, small size, and inexpensive cost and so on [89, 91, 92]. Based on PCBs

technology, this kind of antenna has a wide variety of applications in wireless com-

munications such as mobile cellular terminals [93]. Balanis developed a set of design

principles and guidelines for microstrip patch antennas in order to create this an-

tenna, which can be adjusted and optimized depending on the intended purpose

[25, 94]. Various approaches have been studied to enhance BW and gain perfor-

mance of the microstrip antenna, such as using patch slot modification, metamaterial

structure, and defected GND structures (DGS) [90, 95].

3.2 Antenna Design

3.2.1 Geometry

Figure 3.1 shows the geometry of the suggested ultra-large band antenna. This

antenna consists of a non-uniform hexagon patch laid on top of the 13th layer of

ceramic, and is considered as the main radiating element. This antenna is developed

based on LTCC multilayer technology for vertical integration. The 50 Ohm strip line
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Table 3.1: LTCC design criteria
Dielectric permittivity εr =

4.11
Conductor type Gold

Loss Tangent tand =
0.008

Number of layers above
the strip line ground to
the antenna radiating el-
ement

NL = 4

Layer thickness 75 µm Number of layers Be-
tween the strip line and
the top ground layer

NL = 1

Metal layer thickness 9 µm Number of layers below
the strip line

NL = 8

in the 8th layer feeds this multilayer microstrip antenna. A vertical probe connects

the stripline to the radiating element, allowing the antenna BW to be increased

by utilizing a thicker substrate. The top slotted ground in the 9th layer separates

the strip line from the radiating element. The proposed Ultra wide band antenna

is printed on LTCC dielectric substrate with relative permittivity of 4.11 and loss

tangent of 0.008, has dimensions of 3.16× 3.2 mm2 . This antenna’s geometry was

created in accordance with the LTCC technology design standards. After fire, each

tape’s layer thickness is 0.75 µm, and the metal layer is 6 µm thick. Table 3.1 lists

further LTCC design characteristics.

3.2.2 Parametric Study

The dimensions of the radiating element are calculated using a MATLAB algorithm

based on the transmission line model, see section 1.5.3. Due to the inaccurate re-

sults in terms of antenna dimensions using the transmission line model, a massive

parametric study is applied in order to fix the desired frequency range of operation

and to optimize the other antenna characteristics where the obtained outputs of the

algorithm are used as initial values of parametric study [96]. Note that the para-

metric study permits certain parameters to be varied while the other parameters are
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Figure 3.1: Antenna geometry.
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Table 3.2: The impact of design parameters on various antenna properties [1]
Parameter Influence

Length • Mainly controls the resonant frequency

• Fc ∼= C
2 L√εs

Width • Controls the input impedance (in general, the wider
the patch, the lower the input impedance)

h • Influences the BW (higher the height, the broader
the BW

εr • It controls the fringing of the fields and thereby the
radiation pattern. Lower the dielectric constant,
wider the fringing and broader the radiation pattern.

• The input impedance increases with higher permit-
tivity

• Higher the permittivity constant, the smaller the
patch size
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fixed in a constant value. The parametric study was guided based on the influences

of the design structural parameters on various antenna characteristics, see Table 3.2.

The corners of the radiating components are then truncated, and a new parametric

study was conducted to improve the response of this UWB antenna by looking for

broader BW , greater gain, and optimum impedance matching. Thus, the applied

parametric study includes all dimensional parameters of the antenna. Note that this

parametric optimization is repeated until reaching an optimal solution that meets

the design requirements in terms of the antenna performance previously indicated.

The final optimized dimensions are presented in Table 3.3.

3.2.3 Geometry Discussion

The antenna corners have been truncated in order to provide the parametric study

further design freedom by increasing the number of parameters to be optimized. The

objective of this design as an UWB-antenna is to increase the fractional BW of the

antenna so that it can receive all frequencies at the same time instant. Furthermore,

antennas made using LTCC technology may be directly and easily connected with

RF circuits on LTCC substrates. The suggested antenna has been reduced in order

to minimize fabrication costs and make the production process easier.

Table 3.3: Antenna parameters
Parameter Length(mm)
dim1 0.49 0.129λ0
dim2 0.45 0.119λ0
dim3 0.438 0.115λ0
dimF 1.39 0.366λ0
Probe radius 0.05 0.013λ0
Probe height 0.5009 0.132λ0
Slot radius 0.24 0.063λ0
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3.3 Results and Discussion

This UWB microstrip antenna is simulated using two software products: HFSS and

CST Studio. The two software employed allow for quick and precise simulation

of high frequency (HF) components such as antennas, couplers, filters, planar and

multilayer structures. The surface current distributions of the proposed UWB-

antenna at various frequencies of 66GHz, 75GHz, 85GHz, and 93GHz are shown

in Figure 3.2. The higher amplitude of this parameter is shown in this image to be

at the feeding probe position and to be small at the radiating element’s borders.

Because the voltage is inversely proportional to the current, the low level of the

current at the radiation edges indicates that the voltage has reached its maximum

value, and the related edges are regarded as the radiating sides of this proposed

UWB-antenna.

3.3.1 Frequency Sweep Based Solutions

The obtained return loss curves of the designed antenna are illustrated in Figure

3.3. According to the observed curve, this designed antenna has a BW of more

than 33.5GHz, ranging from 62.5GHz to more than 96GHz in the two employed

software. In the millimetre wave spectrum below 100GHz, this antenna has an

extremely wide BW . Since the impedance matching varies between ˘12dB and

˘28dB, this return loss result points that there is adequate impedance match at the

considered BW .

Two main resonance frequencies are observed at 65.7GHz and 83.4GHz. The

microstrip antenna’s low BW characteristics were one of its major drawbacks when

compared to the requirements of UWB technology. By raising the matching impedance

BW to more than 40%, the limitation is successfully overcome. Note that due to

the usage of two distinct simulation solvers, a slight difference may be seen between
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Figure 3.2: Surface current distribution.
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the two graphs.

Figure 3.3: Reflection coefficient.

In the VSWR characteristics of this antenna, as shown in Figure 3.4, the differ-

ence between the two solvers is less noticeable. According to the curves found in

this figure, there is acceptable impedance matching throughout the whole frequency

BW , as it is indicated less than 2. The closer the VSWR curve gets to 1.0, the

less power is reflected by the antenna. This indicates how well the antenna terminal

input impedance is matched to the transmission line’s characteristic impedance.

In Figures 3.5 and 3.6, the imaginary and real parts of the antenna impedance

are shown, respectively. The antenna input resistance is equal to or near to 50

Ohms at the frequency range of interest, indicating that the power sent to the

antenna is radiated away. Otherwise, the received power is absorbed by the antenna.

The obtained results of the antenna reactance and resistance show good impedance

matching at the considered frequency band.

The graphs of gain as a function of frequency in the two software programs are
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Figure 3.4: V SWR.

Figure 3.5: Antenna resistance.
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Figure 3.6: Antenna reactance.

shown in Figure 3.7. The antenna gain is a measurement of how effectively an

antenna transforms input power into radio waves. The resulting gain is acceptable

for a single antenna since the radiating element gets too small when its size is scaled

to the wavelength. This UWB-antenna presents a peak gain of 5.7dBi.

3.3.2 Radiation Pattern

In order to evaluate the stability of the radiation pattern of this constructed UWB-

antenna in the considered frequency BW , figure 3.8 displays the computed polar

radiation pattern of this proposed antenna. Figure 3.9 shows 3D radiation patterns

at 66, 75, 85, and 93 GHz. According to this figure, the antenna presents another

important factor of performance in terms of the stability of the radiation pattern

all over the BW . The proposed UWB-antenna radiates omnidirectionally, having

the most radiation on the Z-axis. Such achieved results make this antenna very
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Figure 3.7: Antenna gain.

interesting for use in practical devices.

3.4 Conclusion

A low profile ultra wideband microstrip antenna using LTCC technology is suggested

in this chapter. HFSS and CST Studio were used to confirm the obtained results.

In both utilized software, this antenna offers a very wide BW in the millimetre wave

spectrum below 100GHz, ranging from 62.5GHz to more than 96GHz. The founds

indicate that there is a adequate impedance match and a max gain of 5.7 dBi. At

the considered spectrum, satisfactory antenna behavior is seen in terms of response

stability and the antenna radiation pattern. Another benefit of this antenna as it

can directly integrated with other RF chips utilizing LTCC multi-layer technology.

These factors make this proposed antenna a suitable candidate to support the UWB

technology needs.
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Figure 3.8: Polar radiation pattern for E plan and H plan.
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Figure 3.9: 66, 77, 85 and 93 GHz radiation pattern in 3D.
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Chapter 4

Design of LTCC Based and

CPW-Fed Broadband Microstrip

Antenna for Millimeter-Wave

Applications at 60GHz

4.1 Introduction

Rain, gas, dust, plants, and other outside environmental factors influence millimeter

waves at 60 GHz. Due to these hard propagation characteristics, this band requires

a unique hardware circuitry where more system design complexities are needed to

benefit from it [97–99]. The antenna’s performance enhancement and design con-

siderations are becoming more significant challenges for facing many stringent re-

quirements of this spectrum. The operation at such frequencies will allow wideband

communication and consequently much higher data rates compared to the current

microwave-based communication systems [100].
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4.2 Literature Review

Due to its attractive characteristics and advantages, microstrip antennas are widely

employed in today’s radio communication equipment. Microstrip patch antennas,

on the other hand, have a low gain and a very narrow operating bandwidth (usually

less than 5%). [79, 101, 102]. Various approaches and considerable study efforts

have been devoted to this subject in the literature. In [103] a 9.5 % of bandwidth is

obtained using an aperture-coupled microstrip line-fed patch antennas (ACMPAs)

in which air cavities processed inside the substrate have been used to enhance the

bandwidth and gain of the antennas. In [104] a low-profile metamaterial-mushroom

antenna array consists of a single-layer mushroom radiating structure and a single-

layer substrate integrated waveguide (SIW) feeding network exhibiting an impedance

bandwidth of 56.3 – 65.7 GHz. In [105] the artificial magnetic conductors (AMCs)

with in-phase reflection characteristics have been investigated, where a 60 GHz

CPW-fed patch antenna on multilayer LTCC- and LCP-based achieved a bandwidth

of about 16% and a peak gain of 5.1 dBi using the LCP (Liquid Crystal Polymer)

substrate. However, the additional fabrication process for the air cavity, SIW cavity,

slotted AMC cells and EBG surfaces with metallic vias in each unit cell increases

circuit complexity and fabrication cost.

4.3 Antenna Design

4.3.1 Geometry

The proposed antenna’s geometry is represented in Figure 4.1. This design was

created with the goal of achieving a broad bandwidth. The first stage in achieving

LTCC-based wideband geometry is to build a traditional microstrip patch antenna
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that can function in the desired bandwidth. The radiator element’s corners are

then shortened to create a non-uniform octagon shape. The antenna, which has

a relative permittivity of 4.11 and a loss tangent of 0.008, is mounted on top of

six LTCC layers. A coplanar waveguide (CPW) arrangement is used to feed the

antenna. This antenna is composed of two grounds; the first ground is printed on

the top of the second LTCC layer. This top ground is composed of metallic square

patches etched on the top of the bottom substrate. The second ground is found at

the bottom of the first layer. Between the patch and the second ground plane, there

is no via, which helps to decrease fabrication costs and simplify the manufacturing

process. Note that these periodically integrated patches are a metamaterial inspired

surface [106], [107]. However, it is not considered as a metasurface because it not

studied as a function of phase reflection where a zero-phase of the unit cell must be

at the same resonating frequency of the antenna. The unit cell in our case has a

zero-phase degree at around 0.1 THz [108].

4.3.2 Optimization

The antenna is designed by the same procedure in section 3.2.2. To give more

freedom to the optimization process, the radiator was preferred to be octagonal

to add another parameter (corner) to the optimization. With the insertion of the

periodic square patches’ matrix in the antenna substrate, another parametrical study

was carried out to keep the desired resonance frequency, which includes the new

parameters of this structure, namely the lattice constant, the patch radius, the

dimensions and the position of the patches array in Y-axis.

Typically, the parametrical study permits to explore the structure more effec-

tively and permits to better analyze the antenna behavior. When a large number of

parameters have to be explored, a sensitivity analysis of the parameters is applied
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Figure 4.1: Antenna geometry.
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Table 4.1: Design parameters
Parameter Value ( µm )

Radiating element layer

L 630
w 441
tgl 1246
tgw 792
corner 420

Periodic structure layer
sgw 300
REC 1 330
Lattice constant 400

to effectively guide the optimization by moving form parameters with a significant

effect to those with a weaker effect. This study is repeated until achievement of a

configuration that satisfies the design needs in terms of antenna performance such

as impedance matching, gain, etc.

As per usual, The proposed structure is simplified to minimize the fabrication

cost, by reducing of the total module size without the use of integrated cavities,

vias, and other complex structures such as EBG Structures. The antenna geometry

has been developed respecting the LTCC technology design rules [109]. The single

LTCC layer thickness is 75 µm for each tape after firing. The used conductor for the

metal layers is gold having a thickness of 6 µm . Four layers are used to compose

the top substrate and two LTCC layers in the bottom substrate, giving a height of

300 µm for the top substrate and 150 µm for the bottom substrate. Table 4.1 shows

the values of the rest parameters.

4.4 Results and Discussion

The proposed antenna is designed and simulated using High-Frequency Structure

Simulator (HFSS), which is based on finite element modeling (FEM). Figure 4.2

shows the surface current distribution in logarithmic scale at the top and the mid-
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dle metal layers. The current distribution is maximum at the edges of the antenna

and minimum at the center of the antenna. The current distribution on the periodic

square patches is maximum at the bottom of the antenna and minimum outside

this region. Therefore, the number of these periodic patches is chosen to be 5×6

elements to provide an adequate space for current distributions. Note that a rela-

tively large number of elements only slightly improves antenna performance where

the manufacturing of the antenna becomes more complex.

4.4.1 Input Impedance

The antenna input impedance is examined to ensure that the maximum power is

transferred from the RF circuity to the antenna with negligible amount being re-

flected back. Figure 4.3 shows the curves of the real and the imaginary parts of the

input impedance of this proposed antenna structure. According to the reactance

curve, a zero imaginary part is obtained at 60 GHz. The antenna input resistance

is around 50 Ohms, which means the power that arrives at the antenna is radiated

away. These simulation results of the input impedance show a good impedance

matching at the considered frequency spectrum.

4.4.2 Return Loss

Figure 4.4 shows the obtained return loss of the proposed antenna as a result of

simulation. As it is observed in this figure, the obtained S11 is -51 dB with a single

resonance frequency at 60 GHz. The obtained bandwidth based on the -10 dB

criterion of the reflection coefficient is 14.5 GHz ranging from 55.5 GHz to 70 GHz.

According to these results, the antenna offers a good impedance matching with a

wide bandwidth. This wide bandwidth, equivalent to 24.16 %, allows this multi-

layer antenna to largely surpass the requirement of 11.66 % of the bandwidth of 60
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Figure 4.2: Surface current distribution.
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Figure 4.3: Antenna impedance.

GHz spectrum and to cover the entire unlicensed spectrum [110].

Figure 4.4: Return Loss.
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4.4.3 Parametrical Variation

Figure 4.5 shows a parametrical variation of RECT1 parameter. According to these

curves, the change in the dimensions of the patches has an influence in terms of

resonant frequency and S11 magnitude. Decreasing the dimensions of the patch

results in a transition to a higher resonant frequency. It is also observed that a good

precision in terms of resonance frequency can be obtained by choosing RECT1 = 170

µm . However, this dimension reduces the space between the patches to less than 65

µm , which may not be achieved in practical designs due to manufacturing tolerances.

Note that the larger the space between two patch elements, the more precision can

be obtained. According to these graphs, the dimension of the integrated patches is

chosen in order to have deeper S11 at the resonance frequency.

Figure 4.5: Return loss; parametric variation of REC1.

4.4.4 Gain and Radiation

Figure 4.6 shows the plots of gain at 60 GHz in E-plane for Phi = 90 and H-plane

for Phi = 0. According to these curves, the maximum radiation is obtained at Theta
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= 0 in both E plane and H plane having a peak gain of 5.1 dBi. Figure 4.7 shows

the obtained simulation plots of gain as a function of frequency in the used software

program. The antenna has a gain of 5.10 dBi at 60 GHz. It is also observed that the

antenna exhibits a gain reduction as the frequency increases. This obtained gain

is acceptable for a single antenna at this range of spectrum where the size must

be scaled to the wavelength, which leads to a reduction in the radiating element

dimensions.

Figure 4.6: Gain at 60 GHz; in E-plane for Phi = 90 and H-plane for Phi = 0.

The 3D radiation pattern is illustrated in Figure 4.8 in order to verify the stability

of the radiation at the considered frequency bandwidth. The shown figure illustrates

the produced radiations pattern at 56 GHz, 60 GHz and 66 GHz. According to this

figure, this antenna has another important factor of performance in terms of stability

of the radiation pattern.
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Figure 4.7: The antenna gain variation as a function of frequency.

Figure 4.8: 3D radiation pattern at different frequencies.
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4.4.5 Manufacturing and Measurement

Figure 4.9 shows the antennas manufacturing and measurement. Figure 4.10 shows

three manufactured prototypes. The prototypes of the proposed antenna are man-

ufactured based on LTCC multilayer technology which consists of assembling many

individual ceramic layers, the manufacturing is performed using ESL41111-G tape

with a dielectric permittivity of 4.11 and a layer thickness of 75 ± 5 after firing,

fired shrinkage of 15 ± 1% in X and Y directions and 16 ± 2% in the Z direction.

After preparing the individual ceramic layers and printing the conductive tracks,

the ceramic layers are stacked onto each other to form the circuit. The laminating

pressure is 21 MPa at 70 ◦C and the firing temperature is 850 ◦C. The S-parameters

are measured with Rohde & Schwarz ZV A67 Vector Network Analyzers. The ob-

tained results of the three prototypes are illustrated in Figure 11. These realized

prototypes show a very small shift in terms of the resonance frequency. A good

impedance matching is obtained in all tested prototypes where the obtained S11 is

close to -50 dB in the first prototype, close to -30 dB in the second prototype and

close to -40 dB in the third prototype. In terms of bandwidth, the manufactured

prototypes show a wide bandwidth that looks larger in comparison to the simula-

tion result. This can be justified by the previously indicated tolerances, and the

tolerances in the printed metal layers, see Figure 4.10 zoom, and the tolerances of

layer misalignment in LTCC manufacturing. The influences of these process toler-

ances become more important at high frequencies as more as the dimensions of the

antenna are reduced.

4.4.6 Results Comparison to Recent Similar Works

These obtained results of our antenna are compared to recent similar works in Table

4.2. The proposed antenna has a higher gain at 60 GHz and a second lower gain

70



4.4 Results and Discussion 71

Figure 4.9: Prototypes manufacturing and measurements.

↑ zoom ↑

Figure 4.10: Prototypes manufacturing and measurements.
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Figure 4.11: Comparison of S11 simulation results and measurement of prototypes
1, 2 and 3.

variation over the considered bandwidth. Moreover, the antenna has a higher band-

width compared to other antennas. In terms of return loss, the proposed antenna

has a deeper value of S11. In [25], three AMC based antennas are proposed, our

antenna can be compared to this antenna when we consider the periodic structure

as an artificial magnetic conductor with a zero phase of the unit cell at around 0.1

THz, showing that the use of zero-phase reflection at a higher frequency leads to

better performance than a zero-phase reflection at the resonant frequency.

4.5 Conclusion

This chapter presents a design of 60 GHz band antenna based on LTCC technology,

with a bandwidth of more than 26% centered at 60 GHz and stable radiation over

the considered bandwidth. The proposed antenna offers a good impedance match-

ing with an adequate gain. The obtained results have been verified using HFSS

software and three prototypes are manufactured for measurement purposes. A good
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Table 4.2: Comparison of the proposed antennas to the relevant reported antennas.
Antenna TechnologyCenter

Fr
(GHz)

S11
(dB)

BW
(GHZ)

BW GAIN
(dBi) at
60 GHz

Gain
varia-
tion

Year

Proposed LTCC 60 -
51.70

14.5 24.16% 5.10 2.15 -

Proposed
in [111]

LTCC 60 -43 19.8 33% 4.9 - 2021

[105] LCP 60 -31 10 16.6% 5.10 1.9 2016LTCC 60 27 10 16.6% 4.9 2.6

[82]
LTCC
AMC1

60 -29 13.3 22.1% 4.8 2.6
2019

LTCC
AMC2

60 -36 13.7 22.7% 4.4 -

LTCC
AMC3

60 -23 8.6 13.7% 4.8 -

agreement between simulation and measurement results was obtained. These an-

tenna performances make it attractive for use in practical devices in future wireless

communications and to support many other 60 GHz applications needs.
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Chapter 5

New PBG Microstrip Antenna for

The Low THz spectrum

5.1 Introduction

The terahertz band encompasses the frequency range 0.1 THz to 10 THz. [112]. The

specified spectrum is regarded as a promising solution to meet the increasing demand

for higher speed in future wireless communications. The non-ionizing nature of THz

technology, as well as its low attenuation and great penetration, high-resolution

image capabilities, and reduced diffraction compared to microwave spectrum, have

sparked a lot of interest. [113]. The antenna is a vital component in enabling wireless

communication and in meeting the needs of high data rates [114]. In the literature,

several THz antennas have been reported, including dipole and spiral antennas,

graphene antennas, leaky-wave antennas, and many other on-chip antennas. [115,

116]. Microstrip antennas have a number of desirable properties, such as low cost,

small size, lightweight, etc [101]. This form of antenna has been used in several

applications of wireless devices such as mobiles and wireless routing devices [78].

74



5.2 PBG Βased Substrate 75

Microstrip patch antenna, on the other hand, presents a low gain and an extremely

narrow operational bandwidth that is often less than 5 % [79]. At terahertz frequency

band, electrically thick substrate generates undesired resonances response in the

substrate. These undesired resonances may be avoided by reducing the thickness of

the substrate by λ0/20, where λ0 is the wavelength in free-space [117].

5.2 PBG Βased Substrate

Metamaterials provide unique properties including frequency pass bands, stop bands,

and band gaps that aren’t typically found in nature. These metamaterial structures

are actually realised by arranging dielectric materials and metallic conductors in a

periodic pattern. Artificial periodic objects, depending on the application area, may

prevent or facilitate the transmission of electromagnetic waves in a certain frequency

range, regardless of polarization state or incident angles. Metamaterial character-

istics, namely crystal photonic and PBG based, which that are grouped under the

wide term Electromagnetic Band Gap (EBG), are utilized to minimize antenna size

and enhance performance According to [118], the bandwidth of a microstrip patch

antenna utilizing PBG based substrate might be increased by 35% compared to a

conventional microstrip patch antenna. By implanting periodic air gap cylinders

into the antenna substrate, the effective dielectric permittivity of the dielectric can

be reduced [119]. PBG based substrate minimizes surface wave loss, which impor-

tantly improves the antenna response in terms of bandwidth, gain, and directivity

[120]. Furthermore, the periodic arrangement of airspace within PBG based designs

improves the radiation efficiency without changing radiator size [118].
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5.3 Background of Study and Scope

According to the literature, cylindrical holes in the PBG based substrate are com-

monly used to improve performance of the antenna. In [121], This is accomplished

by distributing cylindrical air holes in a hexagonal pattern. In [122], the influence

of different symmetries on the return loss of photonic bandgap devices is examined,

including rectangular, hexagonal, and quasiperiodic symmetries. However, there

have been few studies in terms of the variation of the distribution and the form

of the air holes in the PBG based substrates. In [123], by employing quadratic

holes in the PBG based substrate, the antenna gain is increased from 4.5 dBi for

the structure with cylindrical holes to 5 dBi for the substrate containing quadratic

holes. In [124], the air cylinders were split into multiple groups of air holes, each

with a distinct radius. In [125] a numerical optimisation of the air cylinder form is

applied by discretizing every unit cell using a binary map.

In our contribution, the features of patch antenna are improved for THz wireless

applications by employing PBG based structures. A novel PBG based structure

with greater bandwidth and higher gain is presented based on these earlier achieve-

ments. Initially, segmented air cylinders are used to improve the reference antenna.

Next, genetic algorithms and segmented objects approach is employed to assist the

optimisation of the PBG based structures. Segmented objects method with genetic

algorithms approaches are used to efficiently identify an optimum solution of the

best air gap design and their arrangement in the antenna substrate.

5.4 Basic Αntenna

The goal of this initial design is to create a high-gain structure with an irregular

octagonal form. For this objective, an extensive parametric study is applied. A 50
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Ohms microstrip feed line is used to excite the radiator element, which is mounted

on top of the inhomogeneous grounded substrate. The octagonal radiator was chosen

in order to introduce another parameter (Corner) to the optimisation process via a

parametric analysis, allowing for additional flexibility in the optimisation process.

The length of the radiator is set to be a half-wavelength at the desired operating

frequency as an initial point for the design process. The length of the antenna is

better matched to the other parameters of the antenna by means of a parametric

research in order to deliver higher accuracy in terms of resonant frequency. With

the addition of PBG based to the antenna substrate, a parametrical research was

conducted to maintain the required resonance frequency, which included just the

parameters of the PBG based configuration, namely the cylinders radius, lattice

constant, location and dimensions of the air cylinders matrix. Figure 5.1 (a) shows

the final antenna geometry, whereas Table 5.4 contains the final antenna parameters.

All of the suggested antenna designs are made on a Polyamide substrate with

a height of h = 100µm, a dielectric permittivity of εr = 3.5, and a loss tangent of

0.008. The greater gain and radiation efficiency values of polyimide in the dielectric

section of the antenna, as studied in [126], are the reasons for choosing it over FR-

4. The photonic bandgap configuration of this first antenna is made up of 7 × 7

air cylinders embedded in the substrate with the same radius, height, and lattice

constant. Note that all conductors are modeled as two-dimensional perfect electrical

conductors (PEC) [127].

Ansoft High-Frequency Structure Simulator (HFSS) is used to design and model

this antenna, which allows for quick and accurate analysis of high-frequency com-

ponents such as couplers, filters, antennas, planar and multilayer components. The

developed PBG based antenna is shown in Figure 5.1 (b) as a 3D view. Figure

5.2 shows the S11 curve derived for this reference antenna. The frequency interval
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Figure 5.1: (A) PBG structure of the reference antenna, (Β) created antenna in
HFSS.
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Table 5.1: Obtained dimensions for the reference antenna.
Parameter V alue (µm)

Antenna
Length 470.8
Width 404
Corner 124.4

Substrate

Hight 100
Width 118
Length 118
Cylinder radius 035
Lattice constant
Y − axis 100
X − axis 100

where the return loss is below 10 dB is known to as the corresponding bandwidth.

Accordingly, the antenna has a 65 GHz impedance bandwidth spanning 0.255 THz

to 0.32 THz. This outcome is due to the usage of PBG based, which allows for

the decrease of the surface wave’s influence along the grounded dielectric substrate,

hence improving the antenna’s return loss and increasing the antenna bandwidth

and gain [128]. The attained gain and radiation efficiencies are 9.09 dBi and 93

%, respectively, overcoming the primary shortcoming of printed antennas in terms

of low gain and efficiency.

Figure 5.2: Return loss curve.
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5.5 SOT Method

In most cases, based on design space optimisation using bio-inspired techniques,

microstrip antenna optimisation entails creating a binary map by extracting the

object to optimize into a 2D matrix of sub-objects and encoding this object into a

binary string where a "1" indicates the existence of the generated sub-object and

a "0" indicates the absence of the generated sub-object [129, 130]. To attain a

decent map resolution, this optimisation approach necessitates a significant number

of data processing steps, which dramatically increases simulation time because of

the increased mesh size, and a huge number of iterations are necessary to explore

the entire object space. In our case, the optimisation of the reference antenna

will be guided by an efficient design optimisation approach based on design space

optimisation that is reasonably affordable in terms of processing time. The Ansoft

HFSS design environment’s cylinder feature allows to construct segmented shapes

like circles, ellipses, and cylinders. By changing the parameter Sg, the number of

segments may be changed automatically. This aids in the creation of a large number

of segmented cylinders of various shapes with the same radius and a variable integer

value for Sg parameter. The cylinder object is termed true surfaces cylinder in the

initial value, Sg = 0, and the integer values 1 and 2 are not acceptable values.

Figure 5.3 displays a top section view comparison of a cylinder generated with true

and segmented surfaces giving a parameter Sg values of three or more which will

be employed in the optimisation procedure. Figure 5.4 illustrates a basic three-type

Figure 5.3: Segmented and true surfaces cylinders
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antenna layout generated using this optimisation approach. The difference between

these three setups is in the Sg parameter when using the same antenna settings

and modifying the PBG substrate configuration. The values of Sg in configurations

"A," "B," and "C" are 3, 4, and 0 respectively. Figure 5.5 provides the obtained S11

curves for different combinations. In configuration “A”, the related bandwidth is

93 GHz ranging from 0.26 THz to 0.353 THz. In configuration “B”, 88 GHz of

bandwidth is obtained, ranging from 0.265 THz to 0.353 THz. In configuration

“C”, 85 GHz of bandwidth ranging from 0.268 THz to 0.453 THz. The minimum

reflection coefficient is −27.15 dB, −23.50 dB and −23.69 dB for configuration “A”,

“B”, and “C” respectively. These findings show a bandwidth improvement from 20

to 28 GHz, as well as a deeper S11 at the resonance frequency of 0.3 THz. For

configurations "A," "B," and "C," the resulting gain is 9.18 dBi, 9.3 dBi, and 9.06

dBi, respectively.

Since there is an observed diminution in gain of th configuration "C," an optimal

solution between antenna bandwidth, gain, and frequency invariance must be found.

It’s worth noting that there isn’t much of a change between such settings. Once we

utilize a much more intricate arrangement and give varied radius and Sg values to

each air cylinder, the difference is more obvious.

The PBG based substrate is created using this segmented object idea by in-

cluding an X × Y array of true surface cylinders onto the substrate and assigning

a separate value of Sgxy and radius to each air cylinder. The optimisation method

looks for the optimal antenna substrate design in terms of air-gap distribution,

shape, and size. The optimisation method can automatically modify the surface

of the substrate and explore the antenna space using the SOT guiding approach.

In order to adjust the substrate structure throughout the optimisation process and

identify the optimum air gap configuration for the given ideal solutions, genetic
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algorithms will be used with the SOT guiding approach.

Figure 5.4: Αir gap setup

Figure 5.5: Return loss plots of the PBG A, B, and C configurations.
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5.6 GAs Optimisation and SOT Guiding Approach

5.6.1 Optimization criterion

To determine the optimal PBG based substrate design, the segmented objects ap-

proach is employed to guide the optimisation utilizing genetic algorithms. The PBG

based substrate is first created by including an X × Y matrix of real surface cylin-

ders into the substrate. The optimisation process is then given additional design

freedom by using vertical rectangular boxes. The four rectangular boxes are con-

structed utilizing the rotation feature in the HFSS design environment to allow

the algorithm to automatically modify the angle of the rectangular boxes from 0◦ to

360◦. To avoid the junction of rectangles and cylinders and to maintain the periodic

distribution of the PBG based structure, only two states are permitted: 0◦ for a

horizontal rectangle and 90◦ for a vertical rectangle. Then, within a certain range,

we describe a set of variables to solve, each of which is linked to a design parameter

such as the width, length, angle, cylinder radius, number of segments, placements,

and distances between these air objects. Finally, the optimisation is carried out by

applying a variety of configurations utilizing GAs to apply a completely automated

design space optimisation.

HFSS includes modeling and statistical analysis interfaces that may be used

to assess the response of the optimized structure locally. This type of optimisation

usually needs dozens or hundreds of rounds and may not yield satisfactory results.

To address this issue, we include antennas 1, 2, and 3 in the first generation with the

other randomly produced people in order to improve the optimisation efficiency by

employing a better beginning generation. The processing data when a large num-

ber of variables to be optimized will be quite huge, and the system may become

sluggish owing to the high I/O needs. The optimisation is separated into two parts
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to solve this problem. The geometry is adjusted in the first stage to determine

the optimal air gap arrangement. In the second stage, the optimum configuration’s

characteristics are tweaked in order to find ways to improve antenna performance.

When no geometry modifications are necessary, such as when optimizing a mate-

rial attribute or port excitation, the algorithm may choose a copy of geometrically

comparable meshes to reuse the mesh. The total optimisation process will be sped

up as a result of this. Small modifications to some design items may be ignored by

the algorithm, allowing the mesh refinement to continue without having to restart

the entire process. To acquire an accurate simulation result, the mesh convergence

must be validated at the end of optimisation.

5.6.2 Genetic algorithms

After the main features of design space optimisation have been presented using the

segmented object approach, genetic algorithms are introduced in this section. In

the field of electromagnetics, genetic algorithms (GAs) are a powerful optimisation

approach. GAs belong to a category of optimisation techniques known as stochas-

tic optimizers. In general, GAs has been utilized to improve the performance of

microstrip patch antennas by improving bandwidth, resonant frequency accuracy,

gain, directivity, and compactness, among other things [131, 132]. The cost function

is used to evaluate a group of persons termed generation. After then, a new gen-

eration is formed by mating these individuals depending on their assessed fitness.

Under the pressure of the cost function, the trial solutions are meant to converge

toward an optimal solution. GAs create numerous generations using stochastic op-

erators such as selection, crossover, and mutation in order to find the best solution.

The information from the analyzed solution or the fitness function is not used by

genetic algorithms to select where to explore the design space further. Instead, they
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employ a systematic approach to random selection in order to arrive at an optimal

solution that fulfills a minimal cost value in relation to the cost function. It’s worth

noting that this iterative process generates consecutive generations until a specified

minimum cost value is attained.

The GAs optimisation’s convergence is determined by two main factors: the au-

tomated design (or parameter) modification method and the applied cost function.

The first factor allows the optimisation method to efficiently lead the algorithm

and explore the antenna space, while the second factor allows the space discovery

to evaluate a wide range of design configurations. The GA handles the optimisa-

tion variables that are supplied as an n-dimensional vector x after they have been

specified. Finite element analysis may be used to analyze each design instance and

provide a cost value. GAs generate the first generation of individuals at random and

tweaks the variable values with each successive generation until an optimum solution

is found with acceptable precision. The flow chart of the genetic algorithm-based

optimisation is shown in Figure 5.6.

The goal of GAs is to reduce return loss, increase bandwidth, and increase gain.

As a result, a multi-goal cost function that covers all of these factors is required.

Equation 1 compares the calculated return loss at the resonant frequency (S11(fr)

to the desired return loss d1S11and quantifies the error. Subtracting these two

parameters permits the evaluation of the design in terms of the obtained return

loss. The closer the value of dcost1 is to 0, the deeper S11 is obtained and the closer

to the desired one. This equation is squared in order to increase the exploration

interval to better discover the design space. Similarly, equation 2 compares the

calculated gain with the desired gain (dGain) and quantifies the error. Equation 3

is a multipoint search where the algorithm looks for the largest possible bandwidth

according to the d2S11 criterion.
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νolt

cost1 = (S11 (fr)− d1S11)2 (5.1)

Where

fr : the resonance frequency.

d1S11 : the desired return loss.

cost2 = (G (fr)− dGain)2 (5.2)

Where dGain : the desired return loss.

cost3 = (S11 (fi)− d2S11)2 (5.3)

Where

fi : the sampling frequency.

d2S11 : the desired bandwidth criterion.

Equation 4 allows for the overall cost of all earlier parameters to be calculated.

This cost function includes numerous objectives, and the parameter wi allows to

assign a higher or lower weight to each of them. The objective with the highest

weight is the one that gets the most attention.

COST =
3∑

i=1
wi cos ti (5.4)
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Figure 5.6: Optimisation flow chart.

5.7 Space Optimisation

The use of high-fidelity EM analysis in the design of modern antennas structures

provides precise performance evaluation, but it is CPU expensive, notably if the

number of geometrical parameters to be changed is large. As a result, the antenna

optimisation is divided into two steps. The first step is to optimize the design

space. The derived configuration’s parameters are then optimized. The optimisation

method looks for the optimal substrate arrangement in the first stage. To put it

another way, the method is utilized to find the ideal air gap geometry and distribute

it throughout the antenna substrate. The following parameters entered into the

optimisation analysis: the number of segments Sg for each air cylinder, the matrix

dimensions, the width and angle of rectangle boxes, and the number of segments Sg

for each air cylinder, lattice constants Lx and Ly in x and y directions respectively.

The desired return loss, gain and bandwidth criterion in this first optimisation are
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d1S11 = −35 dB, dGain = 9 dBi, d2S11 = −10 dB respectively. The weights for

each sub-goal are as follows : w1 = 0.2, w2 = 0.4, w3 = 0.4. It was observed during

this optimisation that the segmented cylinders could be classified into three groups

based on their distribution in the substrate. As a result, the number of segments for

each type of segmented cylinder is allocated to a distinct parameter; such as Sg1 for

the first type, Sg2 for the second type, Sg3 for the third type. In order to produce

a uniform distribution for the PBG based structure, these parameters are given to

another optimisation using GAs. The obtained PBG based configuration is shown

in Figure 5.7 shows the PBG based setup that was developed. When it comes to the

first sort of cylinders, Sg1 = 4, the unit function is used to link rectangular air boxes

to segmented cylinders of this type so that they do not collide. The segmented air

holes in the second type of cylinder with Sg2 = 8, are centered and form a 3 × 6

matrix. For the third kind of segmented cylinders with Sg3 = 3, the same matrix

dimension is achieved, which is replicated in the two areas alongside the first matrix.

Figure 5.8 shows the antenna return loss utilizing the resulting substrate struc-

ture with GAs. The indicating bandwidth is 110 GHz, starting from 261 GHz to 371

GHz. The resultant gain for this optimised antenna is 9.08 dBi. When compared to

the findings of the reference antenna, this antenna offers a bandwidth improvement

of more than 69.23 %. The antenna gain and return loss, on the other hand, can be

improved further. Another optimization is made in the next section for this reason.

5.8 Parameters Optimisation

The remainder of the parameters are optimized using the acquired arrangement from

the previous step. The parameter Sg, the position of the air holes, and the dimension

of the air holes matrix are not included in this second GAs-based optimisation study.

This allows us to keep the same PBG based distribution and geometry and continue
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Figure 5.7: (A) The achieved configuration after space optimisation, (B) HFSS
created antenna.
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Figure 5.8: Produced return loss plots after space optimisation.

the simulation by optimizing the dimensions of the PBG based configuration we’ve

acquired. As a result, the width and length of the rectangular air boxes, as well as the

radius of the three types of segmented cylinders, are all optimized. The same GAs

are used to optimise these PBG based structure parameters based on the folowing

stop criterion: d1S11 = −70 dB, dGain = 10 dBi, d2S11 = −10 dB. It’s interesting

to note that the better these numbers are, the less probable it is to achieve the

stop condition. Thus, a maximum number of generations must be set, during which

the algorithm selects the best solution from among all those considered. Figure 5.9

presents the finalized substrate configuration. For segmented cylinders with Sg = 3,

the radius is significantly reduced, and the other parameters are just adjusted to

this new radius with a minimal change. The resulting graph of the return loss for

this final optimization are shown in Figure 5.10. As it can be seen, adjusting the air

gap dimension of the generated configuration from the first GAs-based optimisation

results in a significant improvement. With a return loss of −58.70 dB and a gain of

9.43 dBi, the achieved bandwidth is 133 GHz, range from 255 GHz to 388 GHz.The
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plot of the total gain radiation pattern is shown in Figure 5.11. Accordingly, a

positive gain is obtained in H-plane from −90◦ to 90◦, and a peak gain in E-plane

close to 10 dBi in the broadside direction.

In Table 5.2, the achieved results are compared to some of the most recent

similar research. The suggested antenna, which was optimized using SOT and

GAs, has a greater gain. The antenna gain in the optimized antenna has increased

by 3.74%, from 9.09 dBi in the reference antenna to 9.43 dBi in the optimized

antenna. note that at this range of frequency, the antenna element becomes too

small as its size must be scaled with the wavelength, and the acquired gain is fairly

acceptable for a single radiator element. The BW/Fr factor is used to measure

the performance in terms of bandwidth since these comparable antennas resonate

at various frequencies and the bandwidth grows at the same time as the resonant

frequency Fr. accordingly, the enhanced antenna has a higher bandwidth factor

compared to other published antennas. Note that the SOT guiding approach and

GAs optimization led in a 104.62 % increase in bandwidth. The improved antenna

has a second deeper value of S11. How ever, When this value is less than or equal to

−10 dB, it is less important than the other stated parameters, hence it was given a

lower attention (reduced weight) in the cost function. Nonetheless, when compared

to the reference antenna, there was a 208.94 % increase in return loss.

5.9 Conclusion

This chapter describes a novel PBG based THz band antenna having a bandwidth

of 44% and a center frequency of 0.3 THz. GAs and SOT guiding methods were

used in the optimization. The segmented objects approach was utilized to assist

the optimisation of the PBG based substrate, to explore the design space, and to

automatically adjust the shape and dimensions. After the optimization, the gains,
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Figure 5.9: (A) The new setup after parameters optimisation, (B) HFSS created
antenna.
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Figure 5.10: Parameters optimisation’s return loss.

Figure 5.11: The gain of the final optimised antenna
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Table 5.2: Antennas Comparison to the most recent reported works.
Fr (THz) S11 (dB) BW (GHZ) BW/Fr GAIN (dBi) Y ear

Reference
antenna

0.3 −19 63 21% 9.09 2021

Antenna A 0.3 −27.15 93 31% 9.18 2021
Antenna B 0.3 −23.50 88 29.33% 9.3 2021
Antenna C 0.3 −23.69 85 28.33% 9.06 2021
Optimized
Antenna

0.3 −58.70 133 44.33% 9.43 2021

[133] 0.96 −13.05 310 32.29% 3.8 2017
[134] 0.75 −35 50 6.66% 5.09 2018
[125] 0.62 −28.42 128 20.64% 9.17 2019
[135] 0.312 −51.24 22.68 7.269% 5.6 2018
[124] 0.61 −83.73 280 37.70% 9.19 2019
[136] 0.1 26 6 6% 7.56 2016

bandwidth, and return loss increased by 3.74 percent, 104.62 percent, and 208.94

percent, respectively. In comparison to the relevant reported antennas, the sug-

gested antenna has a larger bandwidth, acceptable gain, and excellent impedance

matching. HFSS software was used to verify the acquired results. These antenna

characteristics make it a better contender for future wireless communications mod-

ules as well as other THz and millimeter wave technologies.
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General Conclusion and

Perspectives

The goal of this thesis is to design new millimeter-wave microstrip antenna struc-

tures that meet the requirements of wide BW and high gain. In the first chapter,

the research’s motivation, as well as the objectives and contributions, are outlined.

This chapter shows the literature research efforts that have been devoted and various

methods that are proposed for the millimeter waves spectrum. The specific prop-

erties of the millimeter-wave spectrum, as well as major factors to consider during

antenna design, are also described. During this chapter, it was demenstrated that

complex antenna structure may lead to overpriced systems. That’s why much of the

effort has to be focused on techniques for enhancing antennas within simple struc-

tures. This chapter also discusses several analytical approaches as well as the most

prominent commercial simulators in the area. The remaining chapters construct

and describe innovative antennas for optimal functioning in terms of BW , gain, and

other features.

The first contribution includes a design for a 60-GHz circularly polarized

antenna that makes use of LTCC technology. This proposed multilayer antenna was

designed and simulated using HFSS software. The design exhibits a good radiation

pattern response and a BW of more than 33 % at 60 GHz.
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In the second contribution, a design of ultra-wideband microstrip antenna

is presented for millimeter-wave applications below 100 GHz. This design has the

capacity to cover a wide BW with good impedance matching. In the two utilized

software, CST Studio and HFSS, this antenna offers a large BW in the millimetre

wave spectrum below 100 GHz, ranging from 62.5 GHz to more than 96 GHz with a

peak gain of 5.7 dBi. Another advantage of this antenna is that it may be directly

integrated with other RF circuits using LTCC multilayer technology.

In the third contribution, another proposed antenna based on LTCC technol-

ogy is presented to operate in the 60 GHz band.The proposed antenna offers a good

impedance matching with an adequate gain. The obtained results have been verified

using HFSS software and three prototypes are manufactured for measurement. A

good agreement between simulation and measurement results was obtained.

In the fifth contribution, For broadband applications in the terahertz band,

a novel optimised PBG-based antenna is presented. First, a parametric analysis is

used to design and optimize the reference antenna to run at the resonance frequency

of 0.3 THz. The optimisation is then carried out using a revolutionary approach

known as segmented objects technique, which guides the optimisation of the PBG-

based substrate using GAs. SOT enables you to alter the shape of the design space

automatically and lead the optimisation using evolutionary algorithms in a simple

and efficient manner. To identify the ideal PBG configuration, GAs are employed for

optimisation and to determine an optimal solution for better trade-off of gain, BW

and frequency invariance. Various PBG configurations are developed and examined

throughout this optimisation using HFSS. The antenna has a 133 GHz of BW , a

gain of 9.43 dB, and an extremely deep reflection coefficient of -58.70 dB. After

optimisation, the gains, BW , and return loss improved by 3.74 %, 104.62 %, and

208.94 %, respectively. The electrical properties of these enhanced antennas were
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compared to previous studies. The improved PBG structure’s findings make the

suggested antenna a feasible contender for meeting the requirement for high speed

data in the future generation of wireless mobile networks.

There are several avenues for continuing this work. Some already mentioned in

the manuscript concern the improvement of the structures proposed here or their

integration into a more complete system, while others can be considered:

• Extending these proposed antennas to arrays for higher gain.

• Inroducing extra metasurfaces for higher efficiency and wider BW .

• Apply the SOT technique on the radiator surface (metallic part) for further

enhancement.

• Increasing the capacity of the proposed antennas using other antenna tech-

nologies such as MIMO, Reconfigurability, Beamforming ...etc.
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