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ABSTRACT

The thesis explains the desigmd validationof microstrip antenna for 5G
applications using machine learning techniques.

The works discusses the development of rectangular patch antenna using frequency
selective surface (FSS). The distance of the patch is estimated using artificial neural
network (ANN) algorithms on the data collected from results of the simulated
microstrip antennas in terms of their resonance frequencigs réflection
coefficients ($1), voltage standing ratio (VSWRand antennajain (G). The
samples are trained for a Rgalue as 0.999986 having an average absolute
percentage error of 0.0124% at 0.08vrbot mean square error (RMSHjitially,

a rectangular microstrip antenna is designed and fabricated on theskbWRogers

RT Duroid 5880, and the FSS is developed and fabricated otdsivFR4
substrate. The first simulated design contains closely situateehiogy(49) dipole

strips eachwith thicknessof 0.25.This yields a complicated FSS structure while

the antenna performance parameters4il@B bandwidth ranging from 3.91GHz

to 6.44GHz, radiation efficiency 97.88%, and FSS results in a gain enhancement
from 2.87dBi to 7.76dBiThis antenna is best sei for 5G sub6GHz n77, n78,

n79 bands etc. Therefore, ihe nextdesign the simple FSS structure is design
withoutmuch change the dimensions of the rectangular microstrip patch antenna.
The modified FSS structure contains a reduced number (15) of dgiofes well
situated (2.0 mm) from each other. This antenna is fabricated and investigated from
the tested results and found in excellent agreement in terms of antenna parameters.
This antenna prototype results in Hivade bandwidth (UWB) from 1.12GHz to
8.64GHz, radiation efficiency of 97%, and again enhancement from 4.41dBi to
8.99dBi. Thancreasedbandwidthin this designmay causeninorinterferences in
C-band and Xband. Therefore, it ia furtherneed to improve the design in terms

of antennavolume to further reduction in overall antenna cost, and decreased

bandwidth to overcome the application interferentesachie\e thesg antenna is



further miniaturized to 74.11% (28mmx22.2mmx5.2mm) from its parent size
(49mmx49mmx9.6mm) with reduced (9 number) dipole strips in FSS%.
fabricated and tested antenna introduced a notch band in the UWB and from
5.54GHz5.85GHz and makes the nature of the antenna dual band -[(1.72
5.54GHz), and (5.88.91GHz)]. This bifurcation not only separates the-8Giz

FR1 band applications from C axdbands but also minimizes interferences to
approximately to zerpercent On the othehand,the gain of the anteanreduces

to 5.92dBi.

In view of thefact, low-costminiaturized antenna can be accommodated in many
wireless modulespossessingyain above 5dBiis sufficient for susbGHz band

with full n77, n78, and n79 band coverage ability.

In future, antenna could be further employed as tunablede®$lementary FSS,

and reconfigurale antenna.
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CHAPTER 1

INTRODUCTION

This chapter briefly introduces the antenna@crostrip antenna, se®GHz 5G
frequency bands, frequency selective surface (FSS) types and their applications,
and a detailed literature review of related work in tabulated form for easy
understanding. Finally, the chapter explains the research gagraesdbjectives,

and problem statement.

1.1.Antenna Definition

An antenna fundamentally acts as a transducer that converts electrical signals into
electromagnetic (EM) waves and vice vessecording to thdEEE Standard 145

1983 an antennasdef i ni ng as a mechanism for emit

waves,” i n contrast to Webster's definiti
generally metallic device (as a rod or wire) for radiating or receiving radio Waves.

In general an antennas atransition structure between a guiding deacel free

spacelt canreceiwe or transmit energythat isoptimizein such a wayhe radiation

energy in some directions maximum while isuppresses ithe othersdirections

This demonstrates the antenna's dual use as a directional and probir&ntool.

efficient antenna can lower system needs and increase the system's overall
effectivenessmaking it one of the most essential parts of wireless communication

network$l]. The Fig. 1.1. illustrated thentennalefinition and its functions

A coupler between a A piece of conducting material
generator and free- in the form of a wire, rod or
space or vice-versa A Transducer any other shape with excitation

Antenna
A sensor of An impedance A source or radiator of
electromagnetic waves matching device electromagnetic waves

Fig. 1.1: Antenna uses



1.2. Microstrip Antenna

The concept of microstrip antennas (MSA&s first demonstrated iyeschamps

in 1953 [2]. Yet, Munson and Howell established the first practical antennas in the
1970s [3, 4]. The MSA has gained prominence because of the growing need for
smaller, lowprofile antennas to meet the demands of personal and mobile
communicatios. In its most basic configuration, an MSA is made up of a ground
planeon the bottonand a radiatingnetalpatch ontop sides of a substrateaving

some dielectric valueRectangular, circular, squaregmtcircular, triangular,
annular ring, and sectorébrms are among the different forms of MSA [1].

Different patch shapes of the microstrip patch antenna are illustrafégl 2.

Fig. 1.2: Microstrip patch antenna and its patch shapes
Theradiation of MSA depends upon the existingging fields between
theradiatingp at ¢ h’ s p e rmetplgraindyplang.Mloe reictangular patch

length L of the for the fundamental mode Tdéxcitation is somewhat lesser than

AN/ 2, wliseheguideNwavelength which is also giveras— where | ois



free-pace wavelengttand e; is the effectiveper mi t t i vi ty of a
microstrip line.The effective permittivityee is slightly lower than the substrate's
permittivity er because the fringing fields are not confined solely within the
dielectric they also extend into the aitAs the patch's width Wincreases it
enhance the fringing fields, which account for the radiation. The frinfyphds

can alsdbeenhanced by increasing the substrate thicknesdlgdecreasing the

e. Therefore, MSA usewider microstrip patches antbwer substrates and
thicker h unliketo themicrowave integrad circuit (MIC) application§l, 5]. The
microstrip patch antenna with its radiating and fringing fields is represented in
Fig. 1.3.

adiating slots

Fringing fields N

/
7 e

(\

[ptrerT\| gt

Field

|

Ground plane

Fig. 1.3: MSA with its fringing fields

In the recent development era, wireless communication has grown at a rapid
rate. Nowadays, the most recent wireless standards are 5G and 6G. The fifth
generation (5G) has significantly enhanced mobile data speed compared to the
fourth generation (4GpG technology has already been embraced by the Internet
of Things (IoT), sophisticated MIMO structures, innovative tiny cell technologies,
etc.[6].

Researchers have discovered that 5G technologies can connect and operate
millions of devices.5G will render a number of future technologies a reality,

including machingo-machine communication, telemedicine, smart grids, smart



cities, and smart transportatidaxisting 4G macrocells can seamlessly integrate
5G technology into advanced small cell technology®]7

Now-a-days MSAslsoknown agpatch antennas angostcommon antenna
within the 1 GHz to 6 GHz 5G frequencies (FRIhe 1970s saw a surge in the
development of planar microstrip antenna as communication devices proliferated
at frequencies where its performance and small size were highly advantageous.
Moreover, its reduced weight and flat profile made it more desirable for use in
aircraft and spacecraft uses than parabolic reflector and other alternate antennas.
[10]. In the past few years, patch antennagehbecome increasingly prevalent in
GPSreceivers, cellphonesnd other masgroduced wirelesdevicesdue to their
analogous features and extra size reduction obtained through the use of high
dielectric constant materialén a variety of wireless communication domains,
including global positioning systems (GPS), radar, satellite, and other areas, MSAs
have been discovered to be superior radiatoriew-profile planar construction,
the ability to use certain techniques to achieve multiband characteristics, low cost,
and moderate to high gain are just a few advantag®tSé¥ [7]. The microstrip
antenna hasome disadvantages, such as poor radiation characteristics, low gain,
low directivity, low efficiency, etc., that need to be improv&cdhieving high gain,
and high directivity with higher radiation efficiency simultaneously is challenging
for the researchers.
Microstrip antennas in 5G applications have developed and proven suitable for
some notable applications:

1. Satellite communication direct broadcast service. (C Band)

Mobile communication systems.
Doppler and other radars. (X band)
Missile and telemetry.
Remote sensing and environmental instrumentation.
WIMAX (2.3-2.4GHz, 2.52.7GHz, and 3.43.6 GHz)
Radicfrequency identification (30 Hz and 5.8 GHz)

© N o o s~ D

Biomedical radiators and intruder alarmsb@hd and Eband)



9.

Wireless communication in PCS, UWB, WLAN, IMT, GSM, ISM,
RFID.

Some of the principal advantages that microstrip antennas have are:

1.
2.
3.

They are light in weight.

They occupy low volume.

Since MSAs are simple to produce in large quantities, fabrication
costs are reduced.

4. MSAs are simple to install on the device.

5. MSAs can be miniaturized in size to be used for personal mobile

communication.
When installed on rigid surfaces, MSAs have a strong mechanical

structure.

7. MSAsare Resistant to shock and vibration.

MSAs work nicely with handheldvireless devices' integrated

antennas

In comparison to conventional antennas, microstrip antennas also have

several drawbacks, some of which can be addressed by conducting further research

in the design phase:

1.

© © N o o bk~ 0N

They have a narrow bandwidth.

The radiation efficiency is low.

Theyhaveminimal gain

They are not very good at handling power

They have low isolation between radiating elements and feed.
High-performance arrays require a complex feed arrangement.
Considerable ohmic loss in array feed arrangements

External radiation originating from feeds and connections

Excitation of surface waves



1.3. Journey from Zero Generations (0G) to Fifth Generation (5G) Wireless
Technologies
Wireless technology is one of today's fastgsiwing technologies and is

transforming all aspects of mobile as well as electronic communication. During the

previous ten years, communications technology has developed tremendously.

Nowadays, wireless techlogy has grown to 7.5 Generation (G). To analyze the
most widely used wireless technologies and their characteristics over multiple
generations-often referred to afirst generation (6), second generatior2G),

third generation 3G), fourth generation 4G), fifth generation $G), sixth
generation6G), andseventh generatioryG). The review of the literature is the
main goal of this sectiofil]. The development of the mobile wireless generation
from first generation (G) to fifth(5Gp illustrated in the~ig. 1.4 and Table 1.1

showcased the summary of the different

— ~
- ~

1G 2G 4G 5G

Analog Voice Digital Voice Calls Faster Mobile Enhanced Mobile Brand
Calls + Text Messaging Broadband Broadband and Wireless for Industry
Speed: 2000 Speed: 100,000 Speed: 1 Gbps
Speed: 2.4 Speed: 64 kbps kbps kbps
kbps

A'

Fig. 1.4: Evolution of mobile wireless generation [11]

Table 1.1: Summary of the generations of wireless technologies

gen
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1.4. 5G Frequencies and Frequency Bands

The Federal Communications Commission (FCC) first introduced the 5G network
bands of frequencies in two distinct categories. The LTE frequency range and the
sub6 GHz bands are incorporated into Lower Frequency Range 1 (FR1), which
spans 410 MHz to 7.125Hz. The upper 37 GHz, 39 GHz, and 47 GHz bands, as
well as the 24 GHz band, all fall under the upper millimetave frequency range

2 (FR2), which spans from 24.25 GHz to 71 GHz [13]. FR1 denotes tH& Gitz

region, while FR2 represents the pmwave spetum. RFID and WIMAX
applications are suited for the 5G spectrum's-&uBHz wavelength range
Recently, FCC introduces a new niidnd frequency range (FR3) from 7.125GHz

to 24.25GHz. This opens new dimensions for the experiments and research in 5G
mid frequency bands. The frequency range classification of the 5G is represented
in Fig. 1.5. The most usable 5G wireless technology FR1 bands are the n77/n78/n79
with (3.34.2 GHz)/(3.33.8 GHz)/n79 (4.45.0 GHz) bands [13, 14]The
frequency bands that will heilized in 5G New Radio, according to 3GPP 38.101,
include: Based on the operating bands and channel bandwidths specified in the
current specification version, the channel arrangements provided in this section
[13, 14].
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(410MHz-7.125GHz)

FR2 respectively

3G Frequency Bands

FR2

(4.25GHz-T1GHz)

FR3
(1.125GHz-24.25G Hz)

Fig. 1.5: 5G Frequency Ban@FCC)
Table 1.2 [13] andTable 1.3 lists legitimate 5G Frequency band from FR1 and

Table 1.2: 5G FR1 Frequency bands

FR1 Operating
Frequency Bands

Operating band

Lower Frequency, fL(MHz)

Higher Frequency, fo(MHZz)

n29 717 728
n30 2305 2315
n34 2010 2025
n38 2570 2620
n39 1880 1920
n40 2300 2400
n4l 2496 2690
n48 3550 3700
n50 1432 1517
n51 1427 1432
n53 2483.5 2495
n6sS 1920 2010
n66 1710 1780
n70 1695 1710
n71 663 698
n74 1427 1470
n75 1432 1517
n76 1427 1432
n77 3300 4200
n78 3300 3800
n79 4400 5000
n80 1710 1785

Table 1.3:5G FR2 Frequency bands [15]

FR2 Operating
Frequency Bands

Operating band

Lower Frequency, fL(MHz)

Higher Frequency, fu(MHz)

(5G/6G)
n257 26500 29500
n258 24250 27500
n260 37000 40000
261 27500 28350




The FR3 frequency range includes the new bands designated for 5G and 6G
networks. In the everhanging world of telecoms, the FR3 frequency range has
become an importamiayer in 5G networks. Known as the millimeter wave band,
or FR3, it covers a frequency range of 7.125 GHz to 24.25 GHz and has many
advantages, but also some disadvantages and challenges. Let us examine the
challenges related to the FR3 frequency spectameh explore possible future
configurations for 5G connectivif)t5]. The high data transfer rates, low latency,
enhanced network capacity, and support for massive 10T connectivity are the
meritsof thenewestG networks FR3 frequency banthe primary castraints of
the FR3 frequency band are its restricted coverage range, problems with obstacle
penetration, and weather sensitivity. Implementing the FR3 frequency spectrum has
three key challenges: device compatibility, regulatory constraints, and
infrastiuctural requirement§.he 5G FR3 Frequency bands are illustratetable
14.

Table 1.4: 5G FR3 Frequency bands [16]

FR3 Operating Operating band
(g(ge_%s\?gcgg%%s) Lower Frequency, fu Higher Frequency, f1
1 7.125 GHz 8.5 GHz
2 10.5 GHz 10.68 GHz
3 10 GHz 10.45 GHz
4 10.7GHz 13.25 MHz
5 14.3 GHz 15.35 GHz
6 17.7GHz 19.7GHz
7 21.1GHz 23.6GHz

The FR3 frequency band, which spans from 7.125 GHz to 24.25 GHz, is
where 5G network innovations are most advanced. It is a@mponent of the
upcoming wireless communication generation because of its strengths in low
latency, fast data transfer speeds, and support for the Internet of THavgsver,
for widespread adoption, challengeme addresed as limited capacity and

infrastructure requirementshe FR3 frequency band has the potential to transform
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communication and connection in modern times, provided that technological

progress and cooperative endeavors persist.

1.5. Frequency Selective Surface (FSS)

A two-dimensional periodic array of identical metallic elements organized on a
dielectric substrate is referred to as a frequency selective surface FSSS)are
high-impedance surfaces, perfect absorbers, reflecting surfaces, and have filtering
capability. An FSS is generally used as an antenna or for radarsewigm
reduction. A FSS is a component of planar metamaterials or metasurfaces. A
periodic @ nonperiodic array structure made of radiating or-nadiating elements
is called an FSS. [16]. Tprovide banepass or bandtop features, the FSSs are
conductive patterns that are produced on an insulator surface and are organized
periodically [17]. Typically, architecturally diverse structures like aircraft hulls or
buildings host FSSs. The metalliayer's dimensions play a vital role in the
effectivenessf the FSS, as its formation on the insulator surface largely determines
its performance [18]. Therefore, a la@st production method for FSS fabrication
that offers reliable and higtesolution grformance.

As perthe kind of array element, an incident plane wave will either fully or
partially reflect (stop band) or be transmitted (pass bamtle FSS allows the in
band frequencies to pass through and reflect théand frequencies as displayed
in theFig. 1.6.
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Frequency Selective Surface

Fig. 1.6: Functionality of an FSS

Metal-grid Array

=

Metal-Patch Array

N
4

In Band Frequency

>

Out Of Band Frequency

P

Plus-Shaped Array

Inverse Plus-Shaped Array

idi

N N /N
& & £ ]
2 g 2 g
o o ] ]
g £ £ £
g s e e
g 2 g g
& N & N & N = 5
' Frequency 7 Frequency 7 Frequency 7 Frequency
Metal (orange color)
EEEE
mEEmE
. mm
‘Smmmm
EEEEN
R 'R
IN § IN 4 ouTt
j'c IE L
Low-pass High-pass

|
3

Fig. 1.7: SomeFSS surfaces their characteristics and equivalent circuits
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Advantages of FSS are:

1 It can be broadband,

9 It can be robust to angle of incidence

T I'ts resonance frequency depends on

The best course of action for all signal processing systems at microwave

and optical frequency ranges is spatial filterifr$gS, often referred to as spatial
filters, are utilized to produce dispersive transmitted and reflected properties after
modifying the incident waves on such surfac&sme of the frequently used FSS
surfaces, their characteristics transmission coefficients, and their RLC equivalent
filter circuits are illustrated in thieig. 1.7[19].
1.6. FSS Classifications and Applications

In view of their narrow band and poor spatial filtering response, traditional FSSs
are insufficientGood number ofesearch investigations are reportedninimize
the size of FSSs while improving their frequency response with dual polarization
and greater bandwidth (BW) at greater incidence angles. However, because of their
unstable performance when the angle at which EM waves incident occurs, single
layered FSS structures have been shown to be ineffidiridtilayered FSSs have
been developed to address the weaknesses of traditional single layer FSSs. They
provide more flexibility in adjusting parameters for attajndesired performance.
[20-25]. Currently, miniaturized (2-8imensional) arrays and fractal elements
based FSSs are used for compacth2828]. Active FSSs and thredgimensional
FSS structures have transformed microwave techno]@éys2]. Furthermore,
embedded FSS (based on a steppgzedance resonator) with metallic rods and
plates insertefB3], Electromagnetic band gap structures (EBG) and integrated FSS
[34], and metamaterial FSS8536] are the mostatestdevelopments made by
investigatorsstudying microwavesDifferent types of FSS classification are

represented in the tree diagram of Fig. 1.8 [37].
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Frequency Selective Surfaces

Based on Array Element Based on Structure Based on Applications
Basic Element Type — Single Layer —I Absorber FSS
Convoluted/Meander| — Multilayer — Active FSS

Fractal Type —} Antenna-Filter-Antenna L1 Wearable FSS
—] Three-Dimensional —] Meta-Skin FSS
_| Optical FSS |

] Textile FSS |

Fig. 1.8: Types of FSS

Applications of FSS

Future advances of FSS in the upcoming years can be expected based on existing
patterns, as it is evident that a great deal of advanced research is being conducted.
The potential uses of FSS include the following, but they'rexdusive to

FSSs that can be reconfigured

Software-definedand unable FSSs

Tunablemechanicallyoperated=SS

Highly efficient and tunable FSS absorber

FSS surface with double curvature

AntennaFSS system integrated design

Wide BW, alldielectric FSSs produced using 3D technology

FSS inspired by metamaterials for satellite communication

=4 =4 4 A4 A4 A4 -5 -2 -2

FSS, which selectively shields frequencies in essential places like airports
and military bases.
1 An FSSbased wireless sensor that monitors passive structural strength

without a chip
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Sensingwearable FSS

Smart absorbers FSS

Frequency selective absorbers

Graphene based FSS

FSS for wireless power transfer applications

FSS for earth observatipremote sensing and satellites

= =/ 4 A4 -4 A -

FSS for separating undesirable drakardous radiation at microwave low
frequency bands (L, S) in homes, schools, and hospitals
1 Switchable FSSdependingon plasma shellgfor aerodynamicsand

protection of terrestrial electromagnetic systems

1.7. Research Gap/Problem Statement

Application-specific antennas are essential for wireless communication, and
their demand has risen significantly due to the impending Internet of Things (loT)
era. Thus, it is now necessary to design antennas in an innovative and effective
manner.When several antenna design parameters need to be optimized, as in the
case of 3 printed antennas, standard procedures are computationally demanding
and fundamentally inefficienind the simulation time ranges from a few seconds
to a few days, depending on teze of the antenna, operating frequency, and

computational power.

The literature study presented in Table 1.5 reveals the availability of
complex antenna structures, including FSS/metasurfaces/AMC/EBG structures,
designed to simultaneously enhance ant@embrmancearameters such as gain,
far-field radiation characteristics;10 dB bandwidth, andantennaradiation
efficiency. Therefore, the creation of a simple antenna structure with the simplest
FSS design, such as a reflector array, is necessary to improve the aforementioned
antenna parameternother important poinis that it maintains the antenna'’s cost

while allowing control over the antenna's dimensions and the FSS structure. The
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most widely used antenna and FSS design substrates in the Gtz 5G
application frequenesare FR4, and RT Duroid Roger 5880. The ¥Rs a low

cost, easily available substrate, whereas the RT Duroid 5880 is a more expensive
and scarcer one. RT Duroid results in low radiation and dispersion loss in the sub
6 GHz ranges, while FR radiation Igses are high. Most antennas developed in
the literature are based on HRwhich has high radiation and dispersion losses.
Even though RT Duroid 588f@bricatedantennas are more expensive and have
better antenna performance, it's important to balance the costs and losses by
employing FR4 and RT Duroid 5880 substrates in equal amounts. In thé sub
GHz and 5G application frequency ranges, controlling the gapebetthe main
antenna radiator and FSS is also a significant diffic@tyservations show that the
minimum distance can range from 0.5 mm in some cases to 28.5 mm in others,
ensuring the perfect Fabfyavity interference principle and enhanclmndwidth

and gain of the antenna.

The proposedhesisfocuses on designing sitHz 5G antennas with
optimized dimensions and enhanced antenna parameters like reflection loss,
antenna gain, radiation efficiency, arti0odB antenna BW. Machine learning
programs andalgorithms (ANN)areused 6 guess the position of the FSS below

the ground plane of the antenna

This will make the antenna design simple structure. Following are the concluding

research gaps of literature;

1 Several antenna designarsdresearchers are working enhancingheplanar
MSA” s gai n.
Theenhanced value @ain has a positive effect avirelessapplications.
A frequencyselective surface employs periodic patteshmetal shapem the
structure to creatsufficientreflection and transmission behavior.
f Without FSS MSA's have bidirectional

front-to-back ratio, limited gain, and inferior radiation efficiencies.
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1.8. Research Challenges and Motivation of the Research

Mostsingle layefiterature existing antennas are mildénd in nature, witharrow
(limited) bandwidths andelsse gain. The FSS has complex radiatstructures and
reflector geometriesand uses the identical substrate for the fabrication of the
reflectoras well aghe patchdesign. Theedesigns are complicated and difficult to
fabricate. Highgain antennas are being used to il fifth -generation (5G)
applications. Thedéerature study points motivate authors to work on these points.
The designing of the reflector based SfhHz 5G antenna falls under the
following challenges;
I.  Selection of applications and frequency ranges for antenna design.
Il.  Selection of substrate for the design of main antenna and FSS
reflector antenna.
IIl.  To maintain thegap (separationpetween the antenna and FSS
reflector by proper training and use of ANiNgjorithms(* Mention
in 1l objective)
IV. To achieve the enhanced gain and enhanced bandwidth
simultaneously.
V. To achieve the wide bandwidth with reduced application

interferences and antenna size.

1.9. Research Objectives

Wireless networking technologies currently achieve high data rates (21.0
Mbps). Mobile wireless technology has progressed from 1G to 4G, and the
expansion of 5G technology is now necessditye current 4G technology is
unsatisfactory in meeting customer requests and has numerous drawbacks. 5G
technology has features like reduced battery usage, 1 GB/s data rate, enhanced
security, and greater energy and spectrum efficiency to prevent thess. i$be
development of 5G is crucial to boosting data transfegsravhile maintaining

improved performance standards.
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Based on the literature review, research challenges, and research gaps are
identified and the following here objectives are formulated for the proposed work:
I.  Design a microstrip antenna for a 5G (€i(BHz band) application
to accommodé&on every sub6 GHz application, primarily focusing
on the n7h78/n79i.e., (33064200 MHz), (33063800 MHz), and
(4406-5000 MHz) bandsrespectively.
Il.  Toenhance gain and directional characteristics by arranging the FSS
layer as a reflector beneath ground of the main radiator.
[l Gap prediction between the antenna and reflector usimgdel
based orartificial neural network (ANN).
IV.  Fabrication, validation of simulated results with the measured
results, and testing of tletenna.

1.10. Research Methodology
Based on the review of the literature, the following are the methods that
have been set for the proposed research:

I.  Work study of the earlier designed 5@°Ks for wireless applications.

Il. A high-frequency sucture simulator (HFSS) softwaréool was used to
optimizethe designedantenng, and a parametric study was used to achieve
theresearch objectives

lll. A machine learning technique is used to train a particular model by
employing parameters of the antenna that have been collected through
multiple rounds of simulations, stored in a database, and utilized as a data set.

1.11. Statistical Tools

Machine learning and statistics are two disciplines that are closely related.
The combination of the two tools is referred to as estimation statistics, and it
involves cleaning and preparing data for modeling using statistical techniques
model selection,sawell as the presentation of abilities and predictions from the
final models in machine learning, can benefit from the use of statistical hypothesis

testing and estimate statistiég) estimator is an equation that selects the "best," or
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most likely correct, data model from reabrld observationsStatistical methods
are required when predicting with a finalized modehew data, such as gain and

return loss.

1.12. Summary: An overview of Thesis

Chapter 1 Introduction describes the detailed introduction of the reflector
antennas, machine learning techniques, literature review, rationale of the research,
research objectives, research gaps, motivation of the research, and comparison of
the different machine learning tedhbues used in the existing literature, and an

overview of the thesis.

Chapter 2 Literature Review covered irdepthstudyon Sub6GHz 5G antennas
focused on a number of advanced antenna technologies, such as Artificial Magnetic
Conductors (AMC), Metasurfaces, Frequency Selective Surfaces (FSS),
Metamaterials (MTM) surfaceandElectromagnetic Band Gap (EBGjructures,
Furthermore, methods based on machine learning (ML) are investigated to improve
different antenna parameteasidd Machine Learning Techniques for Antenna
Designdemonstrated the different machine learning techniques used for reflector
antenna design and various methods used for deciding the air gap and extraction or
generation of the relationship between air gap in patch antenna and reflector
substrates by usirtpe Artificial Neural Network (ANN) based model using mean
square error (MSE), and regression pata performance parameters plots are

generated for training, their validation, and testing

Chapter 3 A monopole double-story rectangular patch MSA was designed for
SUB-6 GHz applications. The antenna with a FSS enhasitegain and radiation
efficiency. Severaliteratureantennas were designed withausing thereflector,
and in this chapter antenna, an k§8aced bew the ground planeThis FSSacts
as a partial reflectaandreflecs theback lobef the main radiatorTheinset fed
antenm isfabricated on RT Duroid 5880 substraf¢hile theFSS,of this antenna
is fabricated on éow-costFR-4 substrate of identitdy equalsize. The FS$f this
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antennais filled witlan array operiodically arranged 0.25mm wid® rectangular

dipole stripsThecomparson of atenna withFSSand withoutFSSshowsthat the
antenna with introduced FS#wvean improved gain of 7.76dBi anddacreased

FBW of 49.08%. Additionally, the radiation efficiency with the FSS reflecting
surface increased to 97.88%. The antenna with the FSS achieved a wideband
rangng from 3.90GHz to 6.43GHz. Therefortis suitable for 5.8GHz WLAN and

5G sub6 GHz bands such as n4617, n77, n79, and n96/n102. Additionallgn
analogousRLC electrical equivalentircuit of the antenne presented

Chapter 4 ANN-based FSS reflector antenna discusses theesign, parameter
investigationsfabrication, and measurementsaahonopold-SSrectangular MSA
based on the Fabi#yerotcavity (FPC) principle FPCwas widelyused to improve
gain and directionaladiationcharacteristics of an antenna. Tdegp between the
substrate is estimated by evolving a relationship usmg\ldN modelbased
technique by venturing the output through iterations and it is validated by the HFSS
optimization procedureAn RLC equivalent circuit of thelesigned antennbas
been made from the antenna reflection coefficidhe FSS employs 15 dipole
strips in the reflector layers which consequences in amicked gain, and
unidirectional radiation patterns. The FB&ding to the Patch at suitable dad
to an enhanced gaiimom 4.41dB#t0-8.99dBi and also caused in better fromt
back lobe ratio (FBR) from 1.7dBo-17.5dB in Eplane afrequency 5.5GHz. The
measure@nd simulatedesults are ifiound inagreement. The antenimaa-10dB
BW of 7.52 GHz.The antenna's RLC equivalent circuit is verified with ADS
Software. The antennas most suitablefor wireless SuklbGHz, satellite, and
RADAR communicationsand3G/4G/5G.

Chapter 5 Miniaturized FSS reflector antenna presents a duddand low
loss doubldayered insefed miniaturized rectangular microstrip antenna for Sub
6GHz 5G applications. An FSS layer is used as a reflector beneath théethset
rectangular patch at an optimized gap that makes the antenndayeted and
improves its directional radiation characteristics. The existing antennas are based

on the same methods and principle (FaPeyot cavity interference) having issues
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of largersize and ultravideband (UWB) bandwidth. Therefore, they cover other
applications along with 5G. This results in the probable interferences. These
research gaps and challenges are resolved by the reduction in the UWB bandwidth
and size miniaturation tradeoff. The previous base antenna hdarger size of
49mmx49mm whereas the dimensions of the miniaturized antenna explained in this
chapter are 28mmx22.2mm at the nearly same design frequency of 5.5GHz.
Therefore, 74.11% size miniaturizationaishieved along with a 47.6% reduction

in the—10dB fractional bandwidth (FBW). Thetal volume of the multlayered
antenna is controlled by optimizing the gap between the two substrates. The
modification makes the existing bandwidth dbahd by introducing a notdband

of 5.63GHz to 5. 85GHzn conclusion, the antenna separates the-@gpdications

into separate bands (5.85GH®562GHz) and helps to eliminate interference with

5G applications (1.70GH2.63GHz). Since the antenna covers nearly the avhol
FR1 (1.0GHz to 6.0GHz) range, therefore, it is the most appropriate candidate for
all 5G bands including the main n77, n78, and n79 bands.

Chapter 6 Results discusses the fabricated models of the reflelsésed antennas

for Sub6 GHz applications, their main effect on gain enhancement, and bandwidth
enhancement finally, this chapter discusses the limitations of the previous models
and then discusses the methoto remedy these limitations of application
interferenceand it also discusses the size miniaturization process.

Chapter 7 Conclusions and Future Scope this chapter discusses the limitations

of the previous models and then discusses the methods to remedy these limitations
of application interference and it also discusses the size miniaturization process
The chapter also explains how these prototype antenna models could be changed to
higher versions to make them narrow bands. In reconfigurable frequency selective
surface (FSS) could also be helpful in frequency tuning, bandwidth, and gain

control of the atenna
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The literature study involves the antennas, utilizing the frequency selective

CHAPTER 2

LITERATURE REVIEW

surfaces (FSS), metasurfaces, metamaterial (MTM) surfacglcial Magnetic

conductors (AMC) ané&lectromagnetic Band Gap (EBG) structufEse machine

learning (ML) based antennas are also included in the literature to determine the

optimized distance between the FSS layers and the antenna.

2.1. Comparison Evaluation Table for Different Types of Antennas

A detailed literature review of the antennas Ib@en carried out in the comparison
Table 2.1. The comparison tables showcased the major resultant parameters
(operating frequency,fgain,-10dB bandwidth, and radiation efficiency) of each
of the antennas and the design application plays a crucial role in the designing of

the antennas that have their future scope or not.

Table 2.1: A literature review oaintennas

Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm?3) used ANN [Technique Parameters
Distance Or no. of \And Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GHz)
Gain (dBi)
[38] Antenna  Size:| Yes Not CPW fed| fo=3-6GHz Unmanned
Zeain et| 19x43x0.508 used [Chairshaped | -10dB, Aerial Vehicle
al., 2024 | (Rogers 4350B) antenna BW: (UAV) at (5.7
FSS Size: .2x2 MIMO | 2.9GHz6GHz GHz 5.8 GHz),
+FSS Gain: Cardiac  pace
117.5%94.9x0.5 . FSS Size> | 3.63dBi marker
08 MIMO (without FSS) | at(5.8GHz),
(Rogers 4350B) IAntenna 7.96 dBi (with| Wearable
hrss=30 mm Size FSS) antenna at (4.4
.The same | Efficiency: GHz 5 GHz),
substrate fon 97% Aero MACS
FSS and| ECC:0.004 (5.09 GHz5.15
Antenna DG: 9.99dB GHz),
design CCL: Aeronautical
0.2bits/s/Hz radio location
MEG: -3.13dB | application at
TARC<-8dB (5.43 GHz), 5G
Isolation < | NR spectrums
13dB (n77/n78/n79)
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
and 5G
applications
[39] Antenna  Size; Not Not Series Fed fo= (1.8, 2.35, 4G Long Term
Wasim | 89x71x1.6 used used ftwo dipole| and 2.6GHz) Evolution (LTE)
et al| (FR4) antenna & (3.2, 4.2, and| and
2023 Reflector Size: (STDA) 5.2) sub6 GHz 5G
150%x70x%1.6 arrays ~ with| Gain: 812.3dB | band
(FR4) sidewall Cross
hrss17.5 mm reflectors polarization
different discrimination
array (XPD) > 11.5
configuration | Isolation: -24.9
s, such as to-44dB
2x1, 2x2, and
2x3 arrays.
[40] Antenna Size aj Not Not  [Monopole fo= 2.4 GHz and| sub-6GHz
Padmasr| 2.4GHz: used used j@and Folded| 3.6 GHz frequency
ee et al.| Height of the dipole Gain: 2.94 dB bands, 5G
2023 dipole: antenna Beam Area: wireless
27.65mm rectify 6.65 steradian, | applications
Lgngth of'folded ;hortcomlngs Directivity:
Dipole(L):62.5 in monopole| 5 g4
mm antenna
Separation design
between two
dipoles(S):
8.125mm
Antenna Size af
3.6GHz:
Height of the
dipole:
17.233mm
Length of folded
Dipole(L):41.66
5mm
Separation
between two
dipoles(S):
5.41 mm
[41] Antenna  Size| Yes Not  |Antenna gain | fo=3.5GHz 5G sub6 GHz
Hasan et| 30x35%1.6 Metamat | used [Enhancement| -10dB BW: wireless
al. 2022 | (FR-4) erial Antenna  +| 3.4GHz3.6GHz | communication
Reflector Size:| Reflector FSS(Reflecto | Gain: 3.21 dBi
40%x40x1.6 (4%4 r (without
(Rogers arrays of Double reflector) and
RO3010) MTM) negtive 4.69 dBi (with
hrss=27 mm (DNG) reflector)
Metamaterial | Efficiency: 62%
[42] Antenna  Size: Not Not | A duatband| fo=4.97GHz and 5G sub 6GHZ
Sree et| 77x70.11x1.6 | Used used [Tahya Misir| 4.53GHz band
al. 2021 | (RO5880) -10dB BW:
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
based patch 4.534.97GHz
antenna Gain: 5dB
(4.97GHz), and
4.57dB(4.53GH
z)
Efficiency:
>60%
(4.97GHz), and
>80%
(4.53GHz)
[43] Antenna  Size] Not Not Multiband fo=1.5/1.9/2.7/ | Millimeter-
Hussain | 120x60x0.508 | Used used [Shared 3.6/4.2/28 GHz| Wave and 4G
et al. | (RO-4350) Aperture 4x4| and 4.53GHz bands and Sub
2022 MIMO -10dB BW: 6GHz 5G
/Antenna 4.534.97GHz | Applications,
.pentagonal | Gain: 8.5dBi and 28 GHz
slotted DGS | Efficiency:91%
1x8 power| ECC:0.113 gg"ds for future
divider wireless
communication
systems.
[44] Antenna  Size] Not Not | Rectangulan fo=6 GHz Sub6GHz 5G
Bala et| 27.53x32x0.508 Used used [Patch Gain: 5.934dB | Applications
al. 2021 | (RO-5880) Antenna -10dB BW:
205.8MHz
Efficiency:81%
[45] Antenna  Size: Not Not Tri-arms | fo=6 GHz ISM, WLAN
Varshne | 66.4x66.4x1.6 | Used used [Circular Gain: 7.16dBi CDMA  WIFI,
y et al| (FR4) Patch -10dB BW: WLAN,
2021 Antenna 1.81-3.0GHz LTE/WIMAX and
. SRR triplet| Efficiency:92.8 | B|yetooth
(without 5%
reflector)
[46] Antenna  Size: 15x15 ANN | ANN is used| fo=6 GHz .5G Applications|
Nakmou | 50x50%1.6 plus used [to compute| Gain:5.8dB gain
che, et| (Rogers 5880) shape optimum enhancement
al. 2021 | FSS Size: metamat position  of | (3.18dB to
49x49x1.508 erial FSS reflector| 8.98dB)
(Rogers 5880) | array layer -10dB BW:
hrss=6.0 mm FSS . Rectangular| 5.536.36GHz
used patch Efficiency:
IAntenna >95%
enhances gair
and radiation
efficiency
[47] Antenna  Size| 4x4 array| Not | Wearable fo=2.45 GHz .5G and ISM
Alemary | 32.10x57x3.6 | AMC used [FSS reflector] Gain:  2.0dBi| band
een and| (Pellon fabric| FSS is /Antenna gain applications
Noghani | substrate used Textile enhancement
an, r=1.08, flexible (2.60dBi to
2018 h=3.6mm, antenna 4.60dBi)
tan 06=0|
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GHz)
Gain (dBi)
FSS Size: . Bending and -10dB BW:
124x124x1.52 Crumpling 1.754.33GHz
(RO 3003 effect and| Efficiency:
=3, SAR  value| >95%
h=1.52mm, analyzed
tan &6=0]|
hess=0 mm
[48] Antenna  Size] Artificial | Not Fully flexible | fo=2.40 GHz . ISM, and
Jiang et| 51.25x51.25x5.| ground |used [circularly Gain: 5.2dBi wireless body
al. 2017 | 625 plane polarized -10dB BW: area networks
(PDMS contains antenna 2.352.61GHz
substrate 2x2unit Textile Efficiency:
=2.8, cells flexible 79%
h=3.6mm, antenna
tan &6=0]| \Wearable
hrss=0 mm antenna offers
a  compact,
flexible, and
robust
[49] Antenna  Size] 2xlarray | Not | Semi | fo=2.45 GHz . ISM, and
Abbasi, | 68x38x1.57 of used [flexible EBG | Gain:6.88dBi wireless body
et al. | (RT/duroid electrom backed -10dB BW: area networks
2017 5880) agnetic monopole 2.402.50GHz | and bodyworn
FSS Size: band gap antenna Efficiency: applications
68x%38x1.52 (EBG) . SAR | 76% _wearable
(RO 3003 backed reduction biosensors or
=3, structure using EBG medical
h=1.52mm, structure monitoring
tan 06=0]| '
hrss=5.0 mm
[50]Jian | Antenna  Size: 2x2array | Not compact| fo=2.4 GHz . ISM, and
g et al.| 39x30x1.50 of used [conformal Gain:6.2 dBi wireless body
2014 (RO 3003) electrom wearable -10dB BW: area networks
FSS Size: agnetic antenna 2.322.43GHz | and bodyworn
62x42x2 band gap .Metasurface, | Efficiency: applications
(RO 3003 (EBG) consisting of| 95.3% _wearable
=3, backed only a biosensors or
h=2mm, structure 2x2array of 4 medical
tan 06=0| shaped monitorin
hrss=0.5 mm elements 9-
[51] Antenna  Size] antenna |Not | slotted CPW| f0=2.45 GHz . ISM, and
Raad, et| 30x45x1.50 usesa |used fed flexible,| Gain: Enhancg wireless body
al. 2013 | (Kapton 3x3 compact by 3.7 dB area networks
polyimide array of antenna -10dB BW: and bodyworn
substrate the system 18% applications
r=3.5, waffle- .The AMC _Telemedicine
h=2mm, like ground plane applications
tan & =0/ unit cells comprises
FSS Size: as an 3x3unit cells
65.7x65.7x1.5 | AMC of slotted
(a flexible vinyl | array Jerusalem
substrate Cross (JO)
r=2.5, AMC
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
h=2mm,
tan 06=0]|
hFSS1.7 mm
[52] Antenna Size)| 3layers, | Not | high-gain, f0=5 GHz . ISM, and
Cook 60x58x1 3x3 array| used |miniaturized, | Gain:  6.2dBi| wireless body
and (Paper substratg AMC low-cost (Gain Enhanceq area networks
Shamim | r=2.92, baking wearable and | by 5 dB) and bodyworn
, 2013 h=1mm, FSS structure -10dB BW: applications
t an & =0 | structure mount 4.6-6.2GHz Telemedicine
FSS Size: Antennas -
60x58x1 . The increase applications
(a flexible vinyl in gain
substrate with
r=2.5, increasing
h=2mm, array size
tan 6=0. .Significant
hFSS=1.22 mm gain and
foam as spacer bandwidth
improvement
of
inkjet-printed
antennas
. finite AMC
array size
effects on the
peak gain of
the
antenna.
. AMC
backing
increases the
bandwidth of
the antenna
[53] Antenna Size:| 2x2 EBG | Not | compact f0=2.4 GHz wearable
Ashyap, | 30x20x0.7 array is|used |wearable Gain: 7.8dBi healthcare
et al,| (Denim chosen antenna with | -10dB BW: biomedical
2017 textilesubstrate | and a novel 2.17283GHz technology
r=0.7, placed on miniaturized | Radiation applications
h=1.7 mm, a denim EBG Efficiency:
t an & =0 | material structure >95%
FSS Size: .compact
46x46x0.7 size, less
(a flexible manufacture
denim substrate] complexity,
hFSS=1.0 mm stable
Rohacell foam frequency
as space response, and
low specific
absorption
rate (SAR).
. compact
EBG
structure
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
consists a
unique square
loop patch
with four T-
shaped
connected as
strip line
pattern is
chosen
. EBG
structure
reduces the
back
radiation and
SAR values
[54] Antenna  Size:) 9x9 FSS|Not | compact and f0=7.8 GHz . uwB
Kumar | 16x28x1.6 array as|used |[simple Gain: 10.78dBi| applications
and Jain,| (FR-4) superstra monopole (6dB gain
2023 FSS Size: te antenna with | enhancement
72x72x1.6 notch and using FSS)
(FR-4 substrate) loaded with -10dB BW:
hFSS=19.4 mm CSRR on the | 3.5510.4GHz
radiator Radiation
.FSS Efficiency:
improves the | >95%
gain of the
antenna and
BW
[55] Antenna  Size:| 5x6 FSS| Not highly | f0=7.4 GHz UWB antenna|
Mondal | 16x22x1.6 array (Y- |used [compact Gain: 9.4dBi| is suitable for
et al,| (FR4 shaped ultra- (6dB gain| compact
2021 FSS Size: hexagon wideband enhancement | wirelesssystem,
52x62.5%1.6 al unit (UWB) using FSS) wireless
(FR-4 substrate)| cell) used monopole U | -10dB BW devices, hand
hFSS=20 mm below shaped 3.11.6GHz held equipment
foam spacer the antenna Radiation and satellite|
antenna . ground plang Efficiency: uses.
to comprises of] >95%
enhance edge
the truncated
directivit partial
y and rectangular
antenna metallic plane
gain with a
rectangular
slot at the
center of the
top edge
[56]Mo | Antenna Size) 7x7 Not modified | f0=10 GHz X-band
haramza| 32x26x1.6 triple used [microstrip Gain: communication
deh and| (FR-4) band FSS triangle slot| 4.5dBigain s
Javan, FSS Size: array antenna enhancement
2013 32x26x0.8 (SRR using FSS$
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
(FR-4 substrate)| shaped) . triple band| -10dB BW:
hFSS=8 mm used frequency 8-12GHz
foamspacer above the selective Radiation
antenna surface (FSS) Efficiency: 89%
is designed
[57]Ran | Antenna Size;| 7x7 dual|Not | gain | f0=8 GHz .5G andX-band
ga et al.| 10x12x0.8 layer used |enhancement| Gain: communication
2011 (FR-4) FSS of an UWB | 7.5dBi, s
FSS Size: array antenna, -10dB BW:
289x289x%0.8 (Surroun using 2.758.35GHz
(FR-4 substrate)| ded plus multioctave
hFSS=8.5 mm | shaped duatlayer
foam spacer used FSS reflector
below FSS
the reflector with
antenna a slot antenna
.wideband
antenna
performance
and gain
enhancement
due to the
FSS reflector
[58] Antenna  Size] 6x6 dual| Not ultra-wide | f0=8 GHz . UWB apps, X
Das and| 20x27x1.6 layer used [stopband Gain: 7.5dBi, band and
Manda, | (FR-4) FSS singlelayer -10dB BW: communication
2019 FSS Size: array FSS reflector | 4.7-14.9GHz s over 5G
84x84x1.6 four FSS| Radiation
(FR-4 substrate)| different reflector with | Efficiency: 89%
hFSS=9 mm elements a slotantenna
foam spacer are .wideband
incorpor antenna
ated performance
into a and gain
single enhancement
unit cell due to the
without FSS reflector
compro
mising
the
overall
dimensio
n
of  the
unit cell
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
[59] NA Yes Yes |Interference It addresseg .5G mobile
Jumaily models issues using communication
et al, between 5G| measurements | access
2023 BS and FSS| from 5G base technology
ES involving | stations (5G| includes mm
GBs, antenngd BS) and FSS| Wave
configuration, | ES, simulation| and suk6 GHz
and FSSES | analysis, and C-bands
bandwidths | prediction
were modelling baseg
optimized for| on
potential artificial neural
deployment | network
learning models
(ANN-LMs)
[60] Antenna Size: | 6x6 Not | Off-set feed| Operating Duatband
Din. et|34x34x1.6 metallic |used |high gain | Bands characteristics
al., 2023 | (FR-4) reflector antenna using 3-12 GHz, and
FSS Size: FSS Frequency Gain: 8.3 dB miniaturization
90 x 90 x 1.6 | below Selective (FSS enhances | gre achieved by
(FR-4) the Surface gain from 2.3dB etching
hFSS=28 mm antenna (FSS), to 8.3dB) ;
FSS circular Ultra | -10dBBW: Cg:tluzcc;n;lo?:d
contains wideband 3.310.5GHz d reduci
4 quarter (UWB) Radiation and reducing
circular monopole Efficiency: 87% g_round_plane
metallic . Duatband dimensions
slots characteristic modern day
s and wireless UWB
miniaturizatio and GPR
n applications
are achieved
by etching
horizontal
and vertical
slots and
reducing
ground plane
dimensions
[61] Antenna Size: | Yes Not U-Shaped| Operating Due to its huge
Panda, | 60 x 42 x| 3x3array| used | monopole Bands: gain, low profile
and 1.57(FR4) of antenna 2.7-3.5GHz, actions, and
Ghosh, | Antenna with rectangul backed by g Gain: 7.34 dBi| wide impedance
2019 Reflector ar shape (HIS), Wide | (Gain increases pandwidth,
66 x 66 x| high impedance | by 4.5dBi), wireless use
5.77(FR4) impedan bandwidth -10dB BW:
hFSS=5.2 mm | ce of 32% is| 2.683.65GHz
surface attained
(HIS) very low
metallic profile
patches and ensureg
(FSS) an increaseq

gain of 7.21
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
dBi at the
resonant
frequency
i.e., 3GHz
[62] Antenna Size: | Yes Not C-Shaped| f0: 2.45GHz and sub-6 GHz 5G
Abdelgh | 28 x 36 x 1.6 5x5array| used | monopole 4.8GHz indoor and
any et| (FR-4) of double antenna Gain: 7.0 dBi| outdoor
al., 2022 | FSS Size: square backed by & and 9.24dBi applications.
97.2x97.2x 1.4 slotted FSS, dual| -10dB BW:
(FR-4) AMC band is| 2.37-2.5GHz
hFSS=8 mm (FSS) attained and
very low | 4.454.90GHz
profile
and ensureg
an increaseg
gain of 7.21
dBi at the
resonant
frequency
i.e., 3GHz
[63] Antenna Size: | Yes Not | Circular fO: 2.45GHz . Lower UWB
Patilet | 32 x28x 1.6 3x3 array| used |patch and 4.8GHz Band
al. 2017 | (FR-4) of monopole Gain: 9.7 dBj . sub6 GHz 5G
FSS S|Ze meta”lc UwB -10d BW: app“canons
108 x 108 x 1.6| rectangul antenna 3.1-:6.0GHz . localization,
(FR-4) ar backed by a target detection
hFSS=20 mm | patches FSS and
(FSS) .Antenna biomedical
covers lower imagin
UWB band ging
[64] Antenna Size: | Yes Not |A f0=4.45 GHz .G Band
Prakash | 34 x 24x 0.762 | 4x4 array| used |polarization | Gain: 11.6dB applications
etal, (FR-4 of insensitive (10 dB gain . sub6 GHz 5G
2013 r=3.2, metallic duatband improvement) | applications.
h=0.762mm) circular artificial -10dB BW:
FSS Size: patches magnetic 4.1-7.0GHz
90x90x 1.6 and conductor
(FR-4) annular (AMC)
hFSS=28 mm | slots structure s
(FSS) designed
CPWHed
conventional
rectangular
patch antenng
[65] Antenna Size: | Yes Not Upper fO: 0.63GHz UHF band
Moham | 400 x 160x 10| 3x4 array| used | corner Gain: 10.25dBi | reception of
ed (rigid PVC) planar truncated (7 dBi gain digital television
Hicho, FSS Size: metallic rectangular | improvement) (DTV).
et al,| 440 x330 x40 | square patch -10dB BW:
2015 (Foamed PVC) | patches antenna 0.480.85GHz
hHIS=14mm HIS backed by| Radiation
hGND=30 mm | (FSS) an HIS and| Efficiency: 97%
artificial
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
ground
plane
A novel
wideband
low-profile
planar
antenna
design
based on thg
use of HIS
.wideband
onopole
antenna
. high gain,
low profile,
light weight,
low cost
and large
bandwidth.
[66] Antenna Size: | Yes Not .Gain fO: 1.7GHz . L-band
Zhonget| 50 x 70x 1.6| 6x9 array|used | enhancemer| Gain: 6.5dBi applications
al., 2015 | (FR-4) of t of bowtie | (4.0 dBi gain .GSM
FSS Size: circular antenna improvement) |  GPS
120 x180 x 1.6 | fractal using -10dB BW:
(FR-4) AMC fractal 1.67-2.06GHz
Unit cell size: structure wideband
20 x 80 mm2 (FSS) AMC
hFSS=22 mm ground
.novel
fractal AMC
structure
suitable for
the low
profile
wideband
antenna
[67]Yan |Antenna Size: the AMC | Not low-profile | fO: 3.85GHz .LTE
g and94.15 x 56.625 ¥ surface |used fand high gain| Gain: 9.67dBj | applications.
Tang, [0.5 which is antenna -10dB BW:
2012 (Rogers TMM4 | consisted which adopts| 2.52.69GHz
r=4.5, of 5x7 an artificial
h=0.5mm) square magnetic
FSS Size: plum- conductor
64.4 x46%3 shaped IAMCground
(RT/Duroid 6010 | patches plane as itg
r=10.2, reflecting
h=3.0 mm) surface
hFSS=9 mm Traditional

printed dipole
antenna is
oriented
horizontally

over
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)

[68] Antenna Size: Yes Not HIS is| f0: 5.5GHz For vehicle,
\Vallecchi [34.8x38.5x 1.575 6x9 array|used | composed | Gain: 7.75dBi | naval, and
et al., | (Rogers 5880 of dog by (7dBi gain aerospace
2012 r=2.2, bone a periodic| enhancement | platforms, low

h=1.575mm) shaped array of | with AMC), profile antennas
FSS Size: AMC subwavelen | -10dB BW: also provide
34.8 x38.5x1.61 | structure gth dog | 5.35.7GHz :
(RT/Duroid5880 | (FSS) boneshaped| Radiation frac?tlcal Ways
- . 0 integrate a

r=10.2, conductors | Efficiency: 94% nformal
h=1.61 mm) .directional cont ’
hFSS=1.9 mm pattern  and efficient

higher antenna system

impedance on top of an

bandwidth existing metal

than a dipole| structure.

in front of a

PEC can be

achieved

[69] IAntenna Size: Yes Not FSS is| fO: 5.0GHz Internet of
Birwal, et [51.81x62x 1.6 10x10 used (designed Gain:10 dBi Things uses,
al., 2021 |(FR-4) array of using the| (5dBi gain such as

FSS Size: square combination | enhancement | gntenna  gain
160 x160x1.6 Cross of with FSS) augmentation
(FR-4) loop FSS conventional | -10dBBW: and
hFSS=mm structure square loop| 2.1610GHz
and cross| (stopband) glectromagnet
(CSLC) ic  wave
CPW fed sh.|eI(.:i|ng for
simple, Wi-Fil5G
notched systems.
antenna

[70] Antenna Size: Yes Not .CPWHed f0: 10GHz .5G
Kundu, [34x41x 0.8 4x4 used circular arc| Gain: 7.5 dBi applications
2020 (Rogers 5880 periodic cut antenna | (3dBi gain . Gound

r=2.2, arrays Antenna enhancement | penetrating

h=1.575mm) from provides with FSS) radar for low

FSS Size: square much higher| -10dB depth sub-

34.8 x38.5x0.8 | shaped bandwidth BW: surface

(FR-4) patch with 2.8219.94GHz .

hFSS=25 mm (FSS) satisfactory Radiation scanning
gain Efficiency: 90% | aPplications
improvement

[71] )Antenna Size: Yes Not [ modified fO: 4.7GHz ub-6GHz 5G

Kumar [30x30x 1.6 =7 used [circular loop| Gain: 7.87 dB |applications

et al,|(FR-4) periodic Frequency (4dBgain

2021 FSS Size: arrays Selective enhancement

98 x98x1.6 made Surface (FSS) with superstrate
(FR-4) with loaded on & FSS)
hFSS=28.6 mm| circular slot -10dB BW:
ring antenna 3.66.1GHz
(FSS) . Polarization
insensitive
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was enhanceq
by about 3.5
dBiwith  the

application

Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
singlelayer
FSS
[72] )Antenna Size: Yes Not | anovelultra | f0: 8.4GHz SUb-6GHz 5G
Pandhar 40x50x 1.52 5x5 used wide-band Gain:7.87 dB  |applications
e, et al.|(Substrate periodic antenna (5dB gain
2022 r=3.55, arrays backed by a enhancement
h=1.52 mm made suspended with FSS)
tan & =0.]with ground -10dB BW:
FSS Size: circular . a FSS| 1.815.2GHz
70 x70x1.52 chakra reflector is| Radiation
(Substrate shaped employed Efficiency: 90%
r=3.55, (FSS) below the
h=1.52 mm suggested
t a¥0.8027) ultra-wide-
hFSS=36.14 mm band antenna
[73] Antenna Size: Yes Not multiband | f0:9.3 GHz . $Ib-6GHz 5G
Tewary, [16x24x 1.6 5x5 used |property is| Gain: 9.1 dBi applications
et al. 2022| (FR-4) periodic achieved (gain Aeronautical
FSS Size: arrays t hr ou gl enhancement | radio
52 x52x1.6 made shapedadiati | from 4.45 to navigating,
(FR-4) with ng 7.5dBi with radiolocation,
hFSS=18 mm | triple patchsurface | FSS) mobile
circular and ‘|’ -10dB BW: communication
slots ground plane 3. 3 - 17| satellite ’
shaped surface. Radiation —
structure . a FSS| Efficiency: 75% co_mmunlcatlos,
from a reflector  is| (Efficiency object
square employed reduced by 109 Placement,
(FSS) below  the| due to FSS) VSAT use, an
suggested other uses are
ultra-wide- all possible with
band antenna this antenna.
[74] Antenna Size: Yes Not CPW fed| f0: 2.6 GHz . Qub-6GHz 5G
Abdulhas 30%31.9x% 1.6 3%3 used |hexagonal Gain: 9.1 dBi applications
an et al., |(FR-4) periodic shape patch (gain . Microwave
2019 FSSSize: arrays antenna enhancement | imaging
33 x33x1.6 made . ground plang from 4.8 to applications
(FR-4) with surface. 7.8dBi with
hFSS=21.6 mm | Crossed . a FSS| FSS)
slots in reflector is| -10dBBW:
the employed 2.6- 11|
square below the| Radiation
patch suggested Efficiency:
(FSS) ultra-wide- 75%
band antenna| (Efficiency
.The gain of | reduced by 109
UWB antenna| due to FSS)
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Ref. Antenna Size FSS Uses [Optimization | Performance Applications
(mm3) used ANN [Technique Parameters
Distance Or no. of IAnd Key | Operating
between layers Features Freq., fo
Antenna  and -10dB BW
FSS layer, hrss (GH2)
Gain (dBi)
of 3 x 3 FSS
array
[75] Microstrip NA Yes . Antenna A4 element| Sub6GHz
Liu, et antenna  array . Design antenna arrays | Applications
al., 2014 | compared with Gaus | Optimization | Gain: 15.8dB
sian | Based on BW: 3-6GHz
Proce | Evolutionary
Ss Computation
(GP | and Machine
Mach | Learning
ine Techniques
learni | . The design
ng) and
surro | optimization
gate | process
mode | more than
| four times
faster than
with
differential
evolution
[76] Reflector arrays| NA Yes .ANN and | high levels of| Beam tracingin
Prado, et . MOM is accuracy within| terahertz band
al., 2018 ANN | compared an accelerate(
and with SVM design process
MO
M
[77] E-Shaped NA Yes . Monopole | It was possible . UWB
Silva el | Antenna Linea | circular to find the besf applications
al., 2013 r Ring outcomes
Regre | antenna without  doing
ssion | . Linear any further
(LR) | Regression | simulations
is compared | BW: 9.36GHz
with
Traditional
Simulations
. @ machine
learning
technique to
enhance a
multi-
objective
evolutionary
algorithm to
estimate
fitness
function
behaviors
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2.2 Machine Learning (ML)

In recent decades, machine learning (ML) has become a global phenomenon due to
its widespread use in automating repetitive operations and providing revolutionary
discoveries in all fields of technological advancement and science. ML has virtually
transforned the technology sector, even if it is still in its early stages. ML experts
have transformed the foundations of many industries and academic disciplines,
most recently in antenna development and optimization. In the current era of big
data, machine leammy has attracted significant interest, particulamlyhe domain

of designing antennas and forecasting their behaviour.

Machine learning has the potential to significantly accelerate these processes while
maintaining high levels of perfection. Antennas are characterized by intricate
forms. Computational electromagnetic uses Maxwell's equateonsplicate the

way antennas interact with electromagnetic figltsually, approximated solutions

to comprehend the antenna's design on a physical level.

Advances in numerical techniques led to the use of integral formulas for solving
linear antenna problems. A few years later, as computers developed, it became
feasible to use differential and integral equation solvers to solve the equations
created by Mawell. The method of moments (MoM) to solve the integral
equationsFor an antenna arrangement that was more complex, the equations were
expanded to include more unknowriBifferential equation solvers were then
developed using a more straightforward approach, despite including more
unknowns. Memory and CPU utilization increase with antenna size, posing
fundamental disadvantages for integral and differential problem sol@eisk
integral equation solvers were subsequently created, using iterative methods to
solve the integral equations with reduced memory demands. The most popular
CEM techniques for antenna design fall into two categories: numerical approaches
and highfrequency approaches. In antenna computations and verification, the finite
element method (FEM), MoM, and finite difference time domain (FDTD) are
frequently employed as the three numerical analysis techrigg&9] Forantenna
designng and simulations, HFSS, ADS, IE3D, and CST are the most popular
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commercial CEM toold-or example, ADS is unable to represent thieensional
structures, IE3D is unable to simulate structures with finite features, and the size of
the antenna structure greatly affects how long HFSS and CST take to eSeweée

ML's fundamental nonlinearities make it a complementary technique to CEM in the
design and optimization of different kinds of antennas, it has received careful

consideration§0Q].

Ability of machine to imitate human

I Artificial Intelligence ———— intelligence
./’-\\
Machine Learning N »  Algorithms to incorporate intelligence into

machine by automatically learning from
data

Algorithms that mimics human brain to
incorporate intelligence into machine

Fig. 2.1: Correlation between deep learning, machine learning, and artificial
intelligence

As Fig. 2.1 illustrates, machine learning (ML) is a broad field within artificial
intelligence (Al) centered on extracting meaningful information from data, which
explains why ML is widely connected to statistical analysis and data sciences.
However, thestandargdquantity, and accessibility of data are critical for the success
of machine learning techniques, and they can be difficult to obtain in some
situations.As there is no standard dataset for antennas, like those available for
machine vision, this da must be acquired, if not already available, from the
perspective of antenna desigrhis can be accomplished by using CEM software
that simulates a particular antenna over a lamggnof values. To train an ML

model and determine whether it is successful in generalizing to new inputs, a
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dataset can be built and split into training, creaskdity, and testing sets based on

the obtained findings. In this context, plotting learning curves and verifying bias
and variance values are usual procedures to follow. Generally, the designer's vision
significantly enhances a model's performance, particularly in neural networks,
where determining the ideal architecture and hyaeameters is crucial for
maximum efficiency.

In its simplest terms, machine learning is the process of creating dependable
prediction algorithms to extract insights from data. The quality and volume of the
data collected determine how effective these algorithms will be at optimizing. They
can be exe#mely effective. That's why the analysis of data and statistics is often
linked to machine learning . Neural networks are a class of machine learning
algorithms that attempt to imitate the functioning of the human brain. Layers upon
layers of networked n@$ make up neural networks. Every node generates a
nonlinear function based on its input.

Deep neural networks (DNNs), also known as deep learning neural networks,
are neural networks with multiple hidden layeegard these two algorithms as
examples of machine learning algorithr8g][

Machine learning primarily benefits by reducing the lengthy calculation
durations associated with current CEM techniques. This is particularly useful when
designing complex structures or optimizing several parameters. Many antenna
shapes, particularly theswith creative structuring, intricate geometries, or
dynamic loads, remain challenging to describe analytically using existing antenna
theories, in part because some of them continue to have poor pre8&igs].[
Machine learning (ML) in antenna caadijning save time by eliminating the need
for trial-anderror simulations to optimizehapefeaturesfor particular design
need, like radiation characteristics, particularly when feale changes are
required and finding closefdrm solutions is challenging. Machine learning is built
on algorithms that can learn from data without using rbéessed programminng4].
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2.3.Classification of Learning

ML falls into three maintypes, which are supervised learning, unsupervised

learning, and reinforcement learning ($ag. 2.2).

Supervised
Learning

* Makes machine Learn
explicitly

* Data with clearly
defined output is given

* Direct feedback is given
* Predicts outcome/future
* Resolves classification
and regression problems

Unsupervised
Learning

* Machine understands the
data (ldentifies
patterns/structures)
*Evaluation is qualitative
or indirect

* Does not predict/find
anything specific

Reinforcement
Learning

* An approach to Al

* Reward based learning
* Learning form +ve &
+ve reinforcement
*Machine Learns how to
act in a cerlain
environment

* To maximize rewards

Fig. 2.2: Categories of Machine Learning algorithms

2.3.1. Supervised learning

Supervised machine learning involves training an algorithm labeled dataset
After training on a given data séfe learning method extends to produce precise
predictions for any possible inputechniques for supervised learning include
logistic regression, support vector machines, artificial neural networks, and linear

regression.
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Linear Regression: To produce predictions about incoming inputs, an algorithm

uses linear regressiolh,comprises fitting the data to a continuous linkegction

Logistic Regression: Classification jobs use logistic regression to predict the

likelihood that a given input will belong to one bktpreviously known classes.

Avrtificial Neural Networks: To achieve excellent performance, neural networks
use massivenks of "neurons,” which are essentially simple processing cells. When
discoveed as large, conplex operations, neural networks offer an alternative
method of machine learningigure 2.3 illustrates the several layers that comprise
neural networks: the input layer, the output layer, and hidden layers situated
between the input and output levels. The femdard neural network is a neural
network architecture that receives as input frooheseuron a weighted total of the
outputs of all connectemeurons.
Input

= Hidden

xX; ) Layer

.\-8 7

Fig. 2.3: Artificial neural networkANN)
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1 Support Vector Machines: Support vector machines are an additional kind
of algorithm for supervised learning. Support vector machines employ
kernel techniques to address the complex scenario of features that are not
linearly separable in classificatio83).
1 kNearestNeighbors: The k nearest neighbors’ al gor
of the most fundamental machine learning algorithBysexamining the
outputs of the nearest inputs, the algorithm forecasts the result of every new
input.

2.3.2. Unsupervised learning

An unsupervised learning algorithm first accepts an unlabeled dataset and then
forecasts specific labels for future input. There is no separation between train and
test data in unsupervised learning, in contrast to supervised learning. Unsupervised
learnirg is known to present two learning problems :
9 Clustering: Clustering, a learning problem commonly used in large
datasetspbjectivesto identify areasor groupings in datasets.
9 Diminished dimensions: The practice of manifold learning involves
reducing the dimensions of data representation while preserving certain

essential aspects of the original representation.

2.3.3. Reinforcement learning

The computer does not receive any labeled data sets when using reinforcement
learning. Instead, the computer collects data by engaging with its surroundings
through a variety of behaviors. Since the machine receives a reward after every
action, its goal is0 maximize the expected average payout to the point where the
action is considered ideal. The Markov Decision Process (MDP) is an illustration

of a reinforcement learning model.

2.4.Machine learning frameworks

To solve practical issues using machine and deep leacoimgeptsanenormous

number of opefrsource frameworks are available. Built on efficient programs
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written in Python, R, Java, MATLAB, or any other programming language, these
platforms offer quick and flexible access to a variety of techniques, making them

important assets for development and research.

2.5. Models With Learning Algorithms

A large datasepgeneratesnodels mapping the nonlinear relationship between
geometry parameters and antenna features. Common machine learning approaches
for antenna design include ANN&1| and SVR . Machine learning techniques are

widely used in antenna selection for wireless communications

2.5.1. Artificial Neural Networks

Several types oWwork have explored machine learningesin antenna design.
Expected benefits of machine learning include a potential prediction of antenna
behavior, improved computational speed, and fewer essential simulations. It can
also expedite the antenna design process while maintaining high accuelsy lev
minimizing error, and saving timeNumerous simulations to analyze the
electromagnetic characteristics of an antefiias collection of attributes, stored

in a database, trains a specific machine learning algorifkfter generating
predictions,Basa on the designer's expectations, the algorithm generates the
antenna that provides the closest results.

An ANN typically consists of zero or more hidden layers, known as hidden nodes,
an output layer of computation nodes, and an input layer of nodes that do not count
because no computations take place at this layer. Numerous interconnected
individual cells known as neurons, comprise ANNs. Each neuron performs a basic
mathematical calculation, usually linearly combining its inputs before producing a
nonlinear function. Neurons group together to form layers. ANNs can have a
variety of topologies based on hawe layers interact with onanother.The
machine learning system trains on a dataset containing measured valuesfor the s

parameter, operation bandwidth gain, and antenna resonant frequency. The
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network's desired output and the learning methodology's algorithm determine the
number of nodes averylayer and the overall number of layers in the network
architecture.
To comprehend an Artificial Neural Network (ANN), consider the following nested
function:
S =nfi(x) (2.2)
Following is the format of the nested function's internal functions for layer indices
m:
f m(Z)=gm (Wm Z+ bm) (2.2)
The "gm" represents an activation function. A computation node uses fixed non
linear functions, known as activation functions, as tools to calculate its output,
which it then provides as input to nodes that follow it. The logistic function,
sometimes refeed to as the sigmoid function, has the following definitigj:[
g(x)=1/1+¢* (2.3)

Sigmoid Function

1.0 R

f{x}: 1

1+e "

0.8

fix)

0.4 4

Fig. 2.4: Sigmoid Function

The logistic function exhibits sensitivity for values of x close to zero but
saturates and becomes less sensitive to input for high or low values of x, as shown
in Fig. 2.4.
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2.5.2. Difficulties In Machine Learning

Despite its many benefits, machine learning is not without its difficulties. The most

common challenges include, but are not limited to:

1
T
T
T

The comparison of the various machiearning methods applied in the research

Formulaton the Problem

Algorithm debugging

publications is presented Trable 2.2.

Table 2.2: Comparison of the different machine learning techniques used in the

Selection ofan algorithm for learning

Acquiring sufficient dataPreprocessing:

investigated papers

Reference Type of Compared Algorithm Outcome
Antenna with used
[75] Microstrip Differential Gaussian Over four times faster than usir|
Antenna Evolution Process differential evolution, the desig
and optimization procedure
[76] Reflector arrays | SVM ANN and | high levels of accuracy within g
MOM accelerated design process
[77] E-Shaped Traditional Linear It was possible to find the be
Antenna Simulations Regression outcomes without doing an
further simulations.
[79] Rectangular ANN SVM Faster convergence rate a
Microstrip improved computationa
Antenna efficiency
[89] Monopole Traditional ANN decrease time-consuming
antenna Simulations procedures like mukilesign
parametric @ antenna systems
[90] PIFA Traditional ANN Optimal antenna behavig
Simulations prediction in the absence
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sophisticated electromagnet

models
[91] Stacked Patcl Traditional Kriging It is possible to achiev
Antenna Simulations comparable  outcomes  wif]

alternative optimization method
while cutting the number o
required simulations by 80%.

[92] Slotted Traditional ANN multi-antenna paramete
Waveguide Simulations computation that agrees well wit
Antenna the results of simulation an
fabrication
[93] SWA Traditional ANN The design process can
Simulations accelerated by doing away wi

the requirement for laboriou

simulations.
Proposed Microstrip Traditional ANN Prediction of the height of FS
Work Antenna Simulations below the MPA

2.6. Artificial neural networks (ANNS) based literature studies is given in detail below:
Angiulli et al. introduced accurate models for microwave devices and
antennas through machine learning. Their study investigates and compares the
modeling capabilities of support vector regression machines (SVRMs) against
artificial neural networks (ANNs)9]. N. T. Tokan and F. Gunes conducted a
study using Support Vector Machines (SVM) with 'L' measured data for a
rectangular microstrip antenna. They analyzed resonant frequency, operation
bandwidth, and input impedance. Additionally, they employed éicett neural
network (ANN) to generalize data on these parame®&fs4. Zheng et.alexplore
the potential of Support Vector Machines (SVMs) in antenna design. They
demonstrate that SVMs can achieve high accuracy in antenna design by reducing
costs and using a moderate number ofvtdve simulations to generate training
and test dataset3his capability makes SVMs an attractive option for antenna
design P6]. A.E Alami et al. presented a new structure for microstrip patch
antennas that optimizes results in terms of reflection coefficient, VSWR,

bandwidth, input impedancand radiation pattern. This innovative design offers a
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viable solution for many wireless applicatio®3]} Ahmet Kayabasi et ahpplied

ANN, ANFIS, and SVM models to compute the resonant frequency of ACMAS
using IE3DM simulation software. They defined the resonant frequency for 144
ACMAs, trained the models with data from 124 ACMAs, sexted?0 more. These
models provide simple, fast, and accurate solutions with less computational time
and fewer errors, making them ideal for complex engineering problems with high
nonlinearity [98]. Ahmet Kayabasi and Ali Adagli used an SVM machine learning
model to accurately predict the resonant frequency of ARCMAs. They trained the
model with data from 88 ARCMAs and tested it on 12, finding good agreement
with simulation results. The SVM method outperformed other metihodke
literature, demonstrating high accuracy, speed, and fewer ef@@rsChandan

et.al. poposed a method for accurately computing four performance parameters of
a rectangular microstrip antenndepending on eight input parameters.
Additionally, they optimized a conventional ANN model and compared its
performance with that of an SVM moddlOp]. Youngwook Kim reviewed the
applications of deep learning in applied electromagnetic (EM), highlighting that
advancements in machine learning algorithms could benefit areas such as radar
image classification and antenna design, aiding-e@xperienced engineers and
identifying new antenna structure$(l]. Daniel R. Prado et atlemonstrated the
efficiency of support vector machines (SVMSs) in characterizing tteflgay unit

cells, resulting in an accurate reflection coefficient matrix. Initially, SVMs were
trained using random samples from the reflection coefficient matrix with the full
wave method of moments based on local periodicity (MdM. The SVM model

was validated with different samples, showing strong agreement with NBM
simulations for all reflection coefficients, including cross coefficients. The results
indicated excellent alignment between SVM and MbRIsimulations in both co
polarization and craspolarization patterns 102]. Y. Sharma et al. Applied
contemporary machine learning methods, including lasso, artificial neural networks
(ANN), and knearest neighbor (KN) algorithms, to optimize antenna design.

They focused on determining the optimal design parameters for-aahugidouble

45



T-shaped monopole antenna, aiming to enhance performance in+8ed23Hz

and 5.155.6 GHz frequency band4(3]. Sukhdeep Kaur et al.presented a
microstrip antenna design. The synthesis phase determines the geometric
dimensions (width and length) based on the substrate's height and dielectric
constant. The ANN analysis compares the synthesized resonant frequency to the
target frequencyThis study proposes a generalized design methonhiitnostrip
antennas using ANN (M4]. Nada Sekeljic et al.propoed a novel multiband
antenna for mobile and wirelegses This compact design supports the entire sub

6 GHz span including lower and mid5G frequenes and offers excellent
performance for new communication technologi#85]. S. Keerhana and P.
Jothilakshmintroduced a project focusing on designing and analyzing a microstrip
patch antenna for 5G applications, including a study on aetement antenna
array. Their elliptical design is tailored for efficient use in 5G mobile applications.
Future work @ams to enhance efficiency, reduce substrate dimensions, apply
advanced techniques to minimize patch size, and improve antenna characteristics
for 5G applications J06]. P. Rajeswari and P. Anbalagaassessed microstrip
antenna (MSA) performance via an Android app using thelinear vector
decomposed neural network (NVDN) methdtudy utilized Android mobile
applications with neural network models to compute various MSA performance
parameters, demonstrating consistent and effective results aorokiple
references J07]. Mattia Lecci et al.introduced an Mtbased framework to
optimize antenna design efficiently. This framework reduces the search space,
allowing for further refinement with precise simulations. The optimizer identifies
vertical linear arrays as the optimafrangemenfor a 3GPPcompliant urban
micro-cell with stationary users, confirming previous findin8q. Tao Hong et.

al. Proposedn ML-based antenna design scheme for physical layer secrgy.
authorused a multobjective genetic algorithm to minimize antenna side lobes and
enhance orientation by optimizing the antenna size, achieving optimal Pareto fronts
[109].
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2.7 Conclusion

The LevenbergMarquardt (LM) algorithm is a robust and efficient method for
solvingnortlinear least squares problems, is consideredsugeéd for the current

work and how it will be implemented in the following chapters
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CHAPTER 3

FSS for ANTENNA in SUB-6GHz

This chaptediscusses the design of a rectangular patch antenna and FSS reflector
for sub6 GHz 5G applications, focusing on parametric changes and effects on

antenna parameters.

3.1. Introduction

The development of wireless communication technology has increased the
demand for research and antenna structure designs. Compared to traditional
antennas, microstrip patch antennas (MPA) have made great progress in the field
of research due to their afttability, low profile, lightweight design, and ease of
fabrication. The substrate and its physical properties play a major role in the
antenna's performance. A MPA has a similar design to a sandwich, with the main
patch on top, a substrate in the middied ahe ground plane at the bottom.-Wi
MAX, WI-Fi, mobile communication, and internet of things (loT) applications
have emerged drastically in the recent pa$d]|

This requires the use of leprofile, affordable, and mechanically durable
antennas. Those can be mounted on unyielding planes. Undoubtedly, MPA was
always the first choice of antenna aregrs in such applications [1]1 Multiple
design methods for MPA have already been available in the literature, whose
objectives are to enhance complete attainment parameters, e.g., reflection
coefficient, bandwidth, radiation efficiency, and antenna gain. Despite having
many benefits,microstrip antennas have numerous limitations, such as low
efficiency, spurious feed radiation, lower powerghhiQ, and extremely limited
bandwidths 112, 113]. However, for the past decade, several researchers and
antenna designers have been working on inc
higher gain has a beneficial effect on network applications. High gains are being
used to fulfill these objectives baken fifth generation(5G) applications and

various features. Due to the wide variety of applications, there is an increasing need
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for high-gain antennas that can function in 5G frequency raWggennas witlut
frequencyselective surfaces (FSS) have bidirectional radiation patterns, limited
gain, a lower fronto-back ratio, anddwer radiation efficiencie§l14-116]. A
frequencyselective surface employs a technique that utilizes periodic patterns in
the structure to generate reflection and transmission behavior. Until now, experts
have recommended and implemented several methods to enhance the performance
parameters foMPA. A high-gain, directional pattern antenna is the base for
microstrip line to waveguide transitionkl[/-118].

Many experts have employed metamaterials to constructbdunal, high
gain patch antennas using defective ground surfaces (DGS) and SRRaygist
at the ground plan&Nakmouche and Nassifh19 120] have designed a dublnd
planar inverteeFF antenna (PIFA). By utilizing fishnshaped metamaterial
surfaces as DGS, the antenna gain was increased from 3 dB to 8 dB. The simulation
finding of the suggested FishAsdsed PIFA structure antenna demaiss dual
band frequency at 3.9 GHz and 5 GHz with emdeanent in reflection coefficient,
a slightly stronger overall good efficiency of 92.50%, and a gain extended by 3.11
dB compared to the conventional PIFA antenna gain. FSS is another attractive
arrangement that significantly contributes to improving MPakitenna gain and
overall effectiveness. The primary purpose of its creation was to control the
transmission and reflection characteristics of an incident wave. Typically, it
consists of a definite planar arrangement of regularly spagtednit cells on a
dielectric substrate material. Munklp] has fabricated a quarterave impedance
transformeifed microstrip antenna for gain enhancement at an industrial scientific
and medical (ISM) band frequency of 2.4 GHz by using a SIW FSS structure. A
gain enhancement using SIW FSS was 4.15 dBl][ In other words, FSS is a
periodic structure of unit cells that consists of metallic patches or space
components. These have excellent transomnsor reflection properties. To
improve gainiteraturehas proposed a riaty of antenna designs based on FSS.
Kim et al. [122] have proposed a holey, superstiaésed antenna. The superstrate
hole radiusadjustment changes the effective permittivity and enhances the electric

field on the top surface of the superstratsing meta surfacethe broadside gain
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is enhanced by 10.86 dBi. Tilak et al2f] have proposed a heataped dual

band monopole antenna using an artificial magnetic conductor (AMC) to improve
antenna resultant parameters and radiation characteristics. The antenna is perfect
for the ISM band. The monopole antenna without an AMC asbagins a gain of

1.8 dBi and 2.21 dB at the frequencies of 3.5 GHAW®X and 5.8 GHz WLAN
applications. The AMC is placedfrent a di st a
the monopole antenna. The introdu@#® 3 AMC structure enhances the gain of
5.86 dBi at the WMAX band and 7.20 dBi in the WAN applications band
Hussain et al. [24] have designed a spadesape CPWed antenna for bandwidth

and gain enhancement using a 5x5 square circular hybrid FSS fewid&dand

(UWB) applications. After loading with the FSS antenna, it attains a peak gain of
10.5 dBi, while without FSS, itgain was 6.5 dBi. Ranga dt f125 have used a
multioctave FSS reflector for a UWB antenna at a frequency of 3 GHariféena

gain remains constant at 7.5 dBi throughout thellfeom 3 GHz to 7 GHz. Belen

[126] has constructed a douHkyered FSS for antenna performance enhancement

in the ISM band at a frequency of 2.4 GHz. A total 7.15 dBi gain impnene is
achieved. Ali et al. [27] have presented a modified rectangular patch antenna at
mmwave 24 GHz using mulBtrip FSS superstrate, which not only improves the

-10 dB bandwidth and gain but also controls the polarization and suppresses the
crosspolarization.

In this chapter, a method is presented to obtain an enhanceddigh
monopole antenna supported by a dipole FSS reflector fobGttz and 5G
demands. The dipole FSS surface is made by placing the dipoles having the same
width as the patch antenna substrto boost gain at the ideal spacing discovered
using the optometric tool in ANSYS Highequency structure simulator (HFSS).
Other parameters such as the width of the ground plane, spacing between the
dipoles in FSS, and the width of dipoles in FSSadse obtained with the help of
the Optometric tool in ANSYS HFSS.
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3.2. Methodology

The size of the recommended anteapaimizedthrough simulation iterations. The
patch is made of RT Duroi g2588therRBdt er i al

structure ismadeontheFR s ubstrate

mat er4.4aHFSSis t h

utilized to simulate thea nt e n n apedorménceg fhe suggested antenna

operates in the su® GHz region, which covers a wide range of spectrum bands.

3.2.1. Design Approach

Antenna Design specifications

v

Antenna Parameter Evaluation and Design using

Electronfnetic Tool

Optimize the Antenna Parameters for better Reflection
Coefficients, Antenna Gain and Radiation Efficiency

2

Simulation Process and Fixing of Antenna
Resultant Parameters

Results Up to the
Mark

Fabrication and Testing of
Designed Antenna

Fig. 3.1: Block diagram of antenna design methodology
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An antenna is designed by following these design steps:

i

i

Choose a design frequency/band and the application of the antenna at this
frequency/band.

Choose a suitable material to construct the antenna with known properties
like its permittivity and its thickness.

Using the primary design equations evaluate the antenna's principal
dimensions.

Design and analyze the antenna using available design software for
electromagnetic simulation.

Fabricate the antenna to match the application after obtasurigble
simulation results from the parametric analysis.

To measure the antenna and confirm its radiation pattern and antenna
reflection coefficient's physical existence, use an anechoic chamber and
Vector network analyzer.

Compare the fabricated antenna with the available similar literature
antenna.

Conclude.

The antenna design and fabrication methodology are illustrated in the systematic

block diagram irFig. 3.1.

3.2.2. Antenna Geometry

The microstrip rectangular patch antenna is designed on a pié8afx49 mm
RT Duroid 5880 substrate for a design frequency5t8GHz. The RT Duroid
substrate height of 1.588mm is chosen with relative permitivity2.2.

3.2.2.1. Development of Rectangular Patch Antenna

The dimensions of the designed microstrip rectangular patch are evaluated using
equations4.1) to equation4.11) [128].
The width of the patch

7 e (3.1)
The effective permittivity for W/h>1
R _ — p — (3.2
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The patch’s effective |l ength (consideratio

o . 8 — 8
=
Y, 1™ pcE 5 . (3.3)

.. oY, (3.4)
Finally, calculatd, the resonant frequency for the i mode considering the
fringing effect as

E —5 (3.5)

Therefore, the patch length

o

, — 5 (3.6)
50Q Microstrip Feed Line width
7 —— Pauv O (3.7)

50Q Microstrip Feed Line I ength

, = @ — (3.8)
Substrate width

7 cE7 OE (3.9)
Substrate length

7 : , , OE (3.10)
Ground Dimensions

7 , 7 : (3.11)

(b)
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I 49mm

(€)
Fig.3.2: AntennaGeometry (a) Patch side (front view), (b) Ground side (Rear
View), and (c) FSS surface (dipole section)

The dimensions of the patch are calculated using the formulas available in the
literature, from EquatioB.1 to EquatioB.6 [129-130]. The feed width and length

are evaluated using EquatioB¥ and3.8. The feed length is considered to be
double the guided quarter wavelength. Initially, substrate length and width are
evaluated using Equatioh9, which is considered approximately equal to three
times the patch width (¥, and finally readjusted as per the better results of
resonance frequency, reflection coefficient, ad@® dB fractional bandwidth
(FBW). Similarly, at the initial stage, the ground length and width are considered
the @ame as those of the RT Duroid 5880 substrate. The dimension of the reduced
ground plane and inset cuts is obtained through the optometric function of ANSYS
HFSS, which is found to be 14.25 mm. The antenna geometry of the patch and
moderate ground planeseashown inFigs. 3.2(a) to 3.2(c). The dimensional
description of the designed antenna evaluated and the simulated parameters are

displayed inTable 3.1.
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3.2.2.2. Frequency Selective Surface

Due to the significanmilitary applications, work on periodic surfaces began in the
mid-1960s.Although the general concept was understood much beforértias

The renowned Marconi and Franklin received a patent for periodic structures in
1919. The frequencyselective surface (FSS) is just a modified version of the
periodic structure. The major military applications spurred the start of work on
periodic surfaces in the mitB60s. However, the general principle was already
known long before thiperiod. A patent was grantedif19 to the famous Marconi

and Franklin regarding periodic structures. The frequembyctive surface (FSS)

is just a modified version of the periodic structure. The projected FSS works as a
reflector for the back radiation, and eventually, it suppresisesback lobe.
Consequently, the front lobe level is increased in the forward direction, and hence,
the gain is increased. Therefore, the FSS serves as a reflector for the back lobes.
The FSS has beeatevelopedn the singlesided FR4 substrate of the s® size as

that of the RT Duroid substrate. The FSS consists of 49 equally separated dipole
elements. Each microstrip dipole has a length of 49 mm and a width of 0.25 mm.
The spacing between the paralleled placed dipoles is 1 mm. The dipole spacing (d)
and dipole width (Wiipole) are optimized through the optometric in the ANSYS
HFSS software. The length of the dipole, the dipole lengilol). strips, is kept

the same as that of the RT Dur&@880 substrate. The workings of FSS can be
explained in terms of the dipole array excited by an incident wave. The co
polarization component of the back lobes excites current in the dipole array of the
FSS, which eventually radiates and contributes toatmtion from the particular
patch antennaFig. 3.3(a) illustrates the geometry of the frequersslective
surface beneath the moderate grodaykr The spacing between the reduced
ground plane and FSS is obtained through the optometric, which wak ttobe

G =6.412 mmFig. 3.3(a) represents the designed FSS with optimized dimensions.
FSS is made up of equivalent inductors connected in series. The equivalent
impedance ¢is the sum of all the individual inductors of the dipole elements.

Fig.3.3(b) displays the equivalent circuit of the FSS surf&ag. 3.4 displays the
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final layout of the recommended antendable 3.1 displays the dimensional
description of the designed antenna parameters.

Table 3.1. Antenna design dimensions

Parameter Symbolic Evaluated Value Simulatedor
Name Representation (mm) Optimized
value
(mm)
FR4 and RT Duroid 588( Wsu=Lsub 44.12 49.0
Substrates width
R4 and RT Duroid 588( Lsu=L+Lp+3h 44.12 49.0
Substrates length
Patch width Wp 16.493 14.25
Patchlength Lp 20.445 175
Microstrip Feed width Ws 3.986 2.0
Microstrip Feed Length L= 18.91 20
InsetCut width Wi 0.5 0.5
InsetCut length Li 4.25 4.25
Ground width Wend 49.78 49.0
Ground length Lend 49 14.25
Height of RT Duroid 5880 | H 1.588 1.588
Height of FR4 h;=h 1.588 1.588
The ogap between tw| G 6.412 6.412
substrates
Width of dipole Wiaipole 0.25 0.25
Length of dipole L diopole 49.0 49.0
The separation between tw D 0.75 0.75
dipoles
Number of dipoles N e 49(Unit less)
N
4?9 mm
 Dipole Strip



| |III‘ “Lz “Zo

(b)
Fig. 3.3: Antenna reflector (a) FSS surface (dipole sectang (b) dipole strips
and their equivalent

RT Duroid 5880 Substrate

Excitation

R4 PORT

(b)

Fig. 3.4: PatchAntenna with FSS (a) bottom side view (b) trimetric view
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3.3.  Electrical Equivalent of the FSS Antenna

O ! A

Z)=joleq

Ree” Le cl Re
-

/1
\

P~
cair

O * J

(a) (b)
Fig. 3.5: Equivalent circuit of the patch antenna (a) without FSS and (b) with FSS

The electrical equivalent of a microstrip rectangular patch antenna is
represented as the parallel combination of R, L, and C values contributed by the
patch and the ground plane due to the existing substrate height and the permittivity,
as shown irig. 3.5(a). FSS is represented by an equivalent inductance contributed
by the series combination of 49 rectangular dipole strips, as displayed 38(b).

The FR4 substrate is separated from the ground plane by an air gap; thus, this gap
incorporates a parallel combination of an air capacitor and an air inductor. This FSS
effect is added to the equivalent circuit of the rectangular patch without FSS, as
displayed inFig.3.5 (b). Fig.3.5 represents the electrical equivalent circuit of the
designed antenna with @mvithout FSS [45, 161]. FSS not only enhances the gain

of the antenna but also provides shifting in the resonance frequency.

3.4. Results

3.4.1. Parametric Analysis

3.4.1.1. Substrate Length (Lsub) and Substrate Width (Wsub)

Initially, the design started with the standard substrate dimensions
(26.021mmx44.12mm) evaluated using equation (1.9) and equation (1.10). In this
case, all the reflection coefficient value is abei®dB and radiation efficiency is
lower than 50%. Therne dimensions of the substrate width and length make equal
40.12mm. This again implies no reasonable resultant reflection coefficient value

lower than-10dB. Further, the length and width are kept equal to twice the
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rectangular patch length (2Li.e., 40.89mm this results in d40dB narrow
bandwidth from 6.58GHz to 6.80GHz with excellent radiation efficiency. Further
to improve the reflection coefficient antlOdB fractional bandwidth the length and
width are increased in equal proportionateapproximately 49.0 mm. This will
result in wide bandwidt(8.90Ghz -6.44Ghz)with enhanced gain.63dbi and very
good radiation efficienc®7.36as mentioned ifmable 3.2 and all five cases of

substrate dimensions variatioa® depicted iffrig. 3.6.

Reflection Coefficient, S,,(dB)

] Wb XL sub=16.021mmX44.12mm
-18 _ W g pXL gyp=44.12mmX44.12mm
-20 - WXL gy p=49.78mmX49.78mm
22 ] W gypXL gy p=40.89mmX40.89mm
J—— Wg pXL gyp=49.0mmX49.0mm
-24 S AL LR BUELEL L B A B B B B L

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Freq(GHz)
Fig. 3.6: Parametr of Substrate dimensions

Table 3.2. Parameter of Substrate dimensions

Case/ Mode Substrate Size | fr -10dB Minimum | 10dB | Gain | Rad.Eff. n
Wsub=Lsub (Wsubx (GHz) |Band Su1 (dB) FBW | (dBi) | (%)
(mm) Lsub) (fL-fr) (%)

mm? (GHz)
Wsu=3h+We+3h=26.021| 26.021x44.12 6.37 |---- -7.31 ---- 4.03 | 49.96
Lsu= Li+Lpt3h=44.12
Li+Lpt3h=44.12 44.12x44.12 | 6.35 |---- -8.47 —— 5.29 | 98.92
2L/=40.89 40.89x40.89 | 6.69 [6.586.80| -12.38 3.29 | 2.19 | 98.75
3Wp=49.78 49.78x49.78 | 4.04 |---- -3.44 ---- 8.48 | Invalid
49.0 (This Work) 49.0x49.0 5.90 |3.906.44| -19.23 49.13] 7.63 | 97.36
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3.4.1.2. Patch width (W) and Patch Length (Lr)

The rectangular patch width @Vis varied in a step size of 0.5mm by
keeping the patch length fLfixed to 20.445mm. It isioticed that the decreased
value of Waresults in an improvement in the reflection coefficient)(8n the other
hand it will result in decreased value of gain. The bandwidth and resonant
frequency remain the same. All the parametric effects are arrangebia 3.3
and displayed ifrig. 3.7.

Table 3.3. Parametr of rectangular patctvidth (\Wp)

Case/ Patch Size | fr -10dB Minimum | -10dB | Gain Rad.
Mode (WexLp) (GHz) | Band Su1 (dB) FBW | (dBi) Eff.
Wp mm?2 (fL-fr) (%) n
(GHz2) (%)
Wp 16493x20.445 | 3.78 | 3.11-4.40 | -26.23 34.35 | 4.10 97.19
Wp 16x20.445 3.83 | 3.144.43 | -33.0 34.08 | 4.09 96.39
Wp 15.50x20.445 | 3.82 | 3.124.43 | -33.78 34.70 | 3.93 96.97
Wp 15x20.445 3.83 [3.11-4.44 | -41.76 35.23 | 3.77 96.67
Wp 14.50x20.445 | 3.85 | 3.184.46 | -47.06 33.50 | 3.83 97.41
Wp 14.25x20.445 | 3.83 | 3.124.443 | -39.57 34.98 | 3.64 96.82
0
-5
0 401
S 10 -
» 157
T -20
Q ]
2 25
= ]
8 304 e W.=
S 5 Wp=16.493mm
S 35 W,=16.0mm
S -40 Wep=15.5mm
S -45- W,=15.0mm
o 5o —— Wp=14.5mm
] —— Wp=14.25mm
'55 . LENLENL AL DL R B DL AL L L T T

L L L B L B
2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0

Feq(GHz)
Fig. 3.7: Parameteof rectangular patctvidth (\Wp)

The rectangular patch lengthgLis varied in a step size of 1.0mm by
keeping the patch width (My/fixed to 14.25mm. It is noticed that the decreased
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value of Lp results in the improvement in th20dB fractional bandwidth (FBW)
on the other hand it will shift the resonant frequencies towards the right and
decrease reflection coefficientigpwhile this results in the increased valugain
7.70 dBiand radiation efficienc®7.88 All the parametric effects of patch length
are arranged ifable 3.4 and displayed iffrig. 3.8.

Table 3.4. Paramedr of rectangular patch length gL

Case/ Patch  Size | f; -10dB Minimum | -10dB | Gain | Rad.
Mode (WpxLp) (GHz) | Band S1; (dB) FBW | (dBi) | Eff.
Le (mm) | mm2 (fL-fr) (%) n
(GHz) (%)

Lp 14.25%20.445 3.83 | 3.124.443| -39.57 34.98 | 3.64 | 96.82
Le 14.25x19.5 |4.34 | 3.615.58 | -22.94 42.87 | 8.41 | 93.07
Lp 14.25x18.5 |4.59 |3.756.03 | -17.25 46.625| 8.43 | 96.51
Lp 14.25x17.5 |5.88 | 3.91-6.42 | -19.53 48,59 | 7.70 | 97.88

4]

-5

-10
-15 -

-20

Reflection Coefficient, S,,(dB)

-30

] Lp=20.445mm
=35 Le=19.5mm
_40 «~— Lp=18.5mm

Le=17.5mm

20 25 30 35 40 45 50 55 60 6.5 7.0
Frea(GHz)
Fig. 3.8: Parameter of rectangular pateimgh (Lp)

3.4.1.3. Inset Depth (Li) and Inset Gap (Wi=0.5mm)

The Inset depth (Lis varied in a step size of Lmm by keeping the inset gap
constant equal to 0.5mm. It is noticed that every time increase in depthad.
shifted the resonance frequency towards right close to the design frequency 5.8GHz.
It also improves the reflection coefficient more flatten and belb®dB. It also
results in an enhanced value of gain. All variations of inset depth (Li) withifiset
gap (W) are tabulated iffable 3.5 and illustrated irfig. 3.9.
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——Li=0.0mm | '
16 J——Li=1.25mm| %
18 J—— Li=2.25mm
Li=3.25mm
20 J—— Li=4.25mm

20 25 30 35 40 45 50 55 60 65 7.0

Freq(GHz)
Fig. 3.9: Parameteof Insetcut length (L)

Reflection Coefficient, S,,(dB)
3

Table 3.5. Parametr of Inset Depth Length (L

Case/ fr -10dB Minimum | -10dB Gain Rad. Eff.

Mode (GH2z) Band S11 (dB) FBW (%) | (dBi) n

Li (f-fh) (%)

(mm) (GH2)

Li=0 4.29, 3.505.43, | -17.63, 43.225, 5.78 97.73
6.88 5.90-7.50 -11.62 23.88

Li=1.25 4.37, 3.627.20 -16.27, 66.17 6.21 97.78
6.56 -12.46

2.25 4.27, 3.505.43, | -17.64, 43.225, 5.75 97.73
6.89 5.907.30 -11.62 21.55

3.25 4.50, 3.786.67 -14.63, 55.31 7.12 97.79
6.12 -15.32

4.25 5.88 3.91:6.42 -19.53 48.59 7.70 97.88
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3.4.1.4. The gap between Substrates, G (Ground and FSS)

Reflection Coefficient, S,,(dB)

{—— G=5.412mm
20 J—— G=6.412mm

——G=7

A412mm

! I
20 25 3.0 35

40 45 50 55 60 65 7.0
Freq(GHz)

Fig. 3.10: Parametr of Gap between Two Substrates (G)
The adjustment of the gap between the two substrates' main patch and FSS

layers, G in a step size of Imm. Initially, the gap is kept at 5.12mm. To enhance the
gain and widen the bandwidth with more flathess bel@®ddB of reflection
coefficient S1, the gap is changed to 6.412mm and 7.412mm. In each parametric
case the change in gap results in an excellent improvement in the gain value and
fractional bandwidth belowl5dB as displayed ifable 3.6 and represented in
Fig.3.10.

Table 3.6. Parametr of Gap between The Substrates, G (Ground and FSS)

Case/ fr -10dB Minimum | -10dB Gain Rad. Eff.
Mode (GH2) Band S11(dB) FBW (%) | (dBi) n (%)
G(mm) (f-fr)

(GH2)
5.412 5.97 4.136.47 -19.73 | ....... 5.97 97.60
6.412 5.90 3.906.44 | -19.23 49.13 7.63 97.36
7.412 5.80 3.746.40 |-19.63 | ....... 7.84 97.56
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3.4.1.5.Separations between Dipoles (d)

—=—d=0.50mm
«~—d=0.75mm

——d=1.00mm
22

Reflection Coefficient, S,,(dB)

L LA BLELEL LA B
40 45 50 565 60 65 7.0

Freq(GHz)
Fig. 3.11: Paramedr of Gap between Two dipoles (d)

20 25 3.0 35

The endto-end separation between the two dipoles of the frequency
selective surface (FSS) is changed with a step size of 0.25mm. Initially, the
separation (d) is 0.50mm then in each parametric it will be increased to 0.75mm
and then 1.0mm. It is observétat excellent radiation efficiency and the highest
gain at a frequency of 5.8GHz is achieved. The parametric effect of the gap between
the dipole is displayed ifable 3.7 and indicated irrig. 3.11.

Table 3.7 Paramegr of Gap between Two dipoles, d

Case/ fr -10dB Minimum -10dB Gain Rad. Eff.
Mode (GHz) Band S11 (dB) FBW (%) (dBi) 1 (%)
d (mm) (fL-fH)

(GH2)
0.50 5.90 3.91-6.42 -19.50 48.59 7.70 97.88
0.75 5.90 3.906.44 -19.23 49.13 7.63 97.36
1.0 5.97 4,136.47 -19.73 44,15 7.56 97.60
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3.4.1.6. Effect of Thickness of Dipole (Widipole)

|~ Wi0e=0.25mm
w =0.50mm
——W =0.75mm

1 Wiipole=1-0mm
R e T A B B DL

; = —
20 25 30 35 40 45 50 55 60 65 70

Freq(GHz)
Fig. 3.12: Parametr of Thickness of dipole (Whole)

The thickness of the dipole is initially kept equal to 0.25mm. After that, the

dipole

Reflection Coefficient, S,,(dB)

dipole

width of each dipole is increased with a step size of 0.25mm. Therefore, the width
of each dipole becomes 0.50mm, 0.75mm, and 1.0mm. These parametric do not
affect the reflectin coefficient, fractional bandwidth, and radiation efficiency. The
parametric of the thickness of the dipole are arrangedaivlie 3.8 and their
reflection coefficients curve family is plotted kig. 3.12.

Table 3.8. Paramedr of Thickness of dipole (\Whole)

Case/ Mode | f; -10dBBand Minimum | -10dB Gain Rad. Eff.
Waipole (GHz) | (f.-fu) (GHz) | S11 (dB) FBW (%) | (dBi) n (%)
(mm)

0.25 5.90 3.906.44 -19.23 49.13 7.63 97.36
0.50 5.90 3.91-6.38 -19.68 48.00 7.68 97.88
0.75 5.89 3.896.42 -19.54 49.08 7.76 96.87
1.0 5.86 3.806.41 -19.38 51.12 7.56 97.42
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3.5. Effect of FSS as Reflector on Rectangular Patch Antenna

3.5.1. Reflection Coefficient (S11),and VSWR

0:
-2 3
_4_2
_sz
-8 3
-10 3
12 3
-14 3
-16 3
-18 3
-20 3
-22 3
-24 3
-26 3
-28 3
-30 —=— Without FSS
~32 7 With FSS

L e o I B o B B e B
20 25 30 35 40 45 50 55 60 65 7.0

Freq(GHz)
(a)

Reflection Coefficient, S,,(dB)

VSWR
N
4]

1.5

J—— Without FSS
With FSS

1.0 1 ————
20 25 30 35 40 45 50 55 6.0 6.5 7.0

Freq(GHz)
(b)

Fig. 3.13 :(a) Reflection Coefficients,ipand (b) VSWR of the antenna
The plot of VSWR and reflection coefficients indicates a good impedance matching
at the resonant frequency of 5.8 GHz. However;10edB fractional bandwidth is
compromised a little for enhanced value of the gain. Without using of ERIB
fractional badwidth is more than 98% while it becomes down to 49% with the
introduced FSS. The introduced FSS reduces the value of VSWR to 1.24 from 1.08
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and enhances the gain by mitid from 2.87dBi to 7.70dBi at the cost of 50%
reduced bandwidth. The reflection coefficient curves and voltage standing wave
ratio plots of the antenna with and without FSS are represenkag. i®113(a) and

Fig. 3.13(b) respectively. It has been observed from the plots thas Secreased

by positioning the FSS below the ground plane.

3.5.2.Gain and Radiation Efficiency

An antenna's gain indicates the strength of transmission power in the
direction of maximum radiation concerning an isotropic source. In other words, it
represents the antenna's magnitude in transmitting or receiving a signal in the
specific path's directm The simulated gain comparison of the antenna with FSS
and without FSS is illustrated Fig.3.14(a). The lower black line plot represents
the antenna gain without FSS while the upper red line plot represents the antenna
gain after inclusion of the FS&flector surface beneath the main antenna ground
plane. The comparison indicates the observation of the gain vs frequency plots, the
antenna gain with FSS is increased throughout the whole frequency range. It depicts
an increase in the gain from 1dBi toBsdvhile at the resonant frequency of 5.8
GHz; the gain is enhanced from 2.72dBi to 7.76d®Big. 3.14(b) shows the
comparison of the radiation efficiencies of the fabricated antenna with FSS and
without using the FSS. It is noticed from the graph inrdseilting figure that the
patch antenna with FSS has an efficiency of about 98% while the antenna without
FSS efficiency is close to 94%. Therefore, it is concluded that the FSS beneath the
patch not only enhances the gain but also improves the radiffimeney. All the
resultant parameters without FSS and with FSS of the designed structures are

arranged inrable 3.9.

Table 3.9Antennaresultant performance parameters

Case/ Mode | fr -10dB Mini- VS | -10dB Gain Rad. Eff.
(GHz) | Band mum WR | FBW (dBi) n (%)
(fL-fr) S11 (dB) (%)
(GH2)
Without 4.78 2.06.42 -28.64 1.08 | 98.12 2.87 94.68
FSS
With FSS 5.89 3.896.42 -19.54 1.24 | 49.08 7.76 97.88
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Gain(dBi)

Gain Without FSS

Gain With FSS

LR B L LA B LR LR L T Trr 11 '
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Fig. 3.14: (a) Gain Comparison (b) Comparison of the radiation efficiency
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3.5.3.Radiation Patterns
Antenna radiation pattern typically includes information about antenna

directivity, antenna gain, half power beam width uplBne and Kplane, fronito-

back ratio, etcFig. 3.15 (a-b) andFig. 3.16 (a-b) indicate the comparison of the

Erandkat ®=0 plane and ®=90 for the designed
FSS. I n the ®=0 pl ame,remarkade aedftiedc83 is o f FSS
effectively reflecting the back radiation in the desired direction. On the other hand,

the effect of FSS in the ®=90 Plane i s co0mj

case oftheEc omponent , the effect of FSS can be
effect i s negl iFRi3di(ae)illusiratesthecrodpolérisapon a n e .

|l evel s at ®=0 and ®=90 axes. Pol ari zation
along the bore sight di r ectdpdanzationhi | e i n

components. The FSS reflector consists of long parallel equidistant dipole strips
with spacing <<AO0. The dipole strips were pl
of the patch antenna to improve thepmmarization level.
The 3D radiation patterns for the &d & components without FSS and
with FSS are shown iRkig. 3.18(a-d). It is obvious fromFig. 3.17 that the FSS
reflector reduces the level of backdiated power and increases the level of power
radiated in the forward direction. The fretotback ratio without using FSS is found
to be 1.79 (2.53dB) while with FSS it is increased up to a value 0662.7

(approximately 18dB) which is a remarkable achievement.

< [—=—without Fss| /"~

) Sl—e—withFss | e e B, )
150° 210° / \7[—+/* 150°
180° 180°
(a) (b)
Fig. 3.15: Gain radiation Patterns (a) abEn ®=Plne(lHatki n ®=90
(H-Plane)
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(c)(d)
Fig. 3.18: 3D Radiation patterns (apBvithout FSS (b) Ewith FSS (c) Bwithout

FSS (d) Bwith FSS

3.6.Discussions

3.6.1. Limitation
The fabricated antenna has wide bandwidth, high gain, and very high radiation
efficiency values even though it has several limitations. As the FSS surface is
arranged beneath the ground at some gap, increases the aitenimathe third
dimension and hence will occupy more spdgiace the main rectangular patch
antenna is designed on the RT Duroid 5880, this will make the antenna costly.
Introduced FSS improves the gain and radiation efficiency at the cost of the reduced
reflection coefficient. As the #&mnna has widéandwidth from 3.91GHz to
6.44GHz it is suitable to Sub 6GHz applications k& (5150- 5925MHz), n47
(5855— 5925MHz), n77 (390@200MHz), n79 (440®6000MHz), n96/n102
(59256425MHz) bandsThe numbers of 5G SuiiGHz applications like the n78

band and others can be improved by increasing the antenna patch length to
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20.445mm instead of 17.5mm. In most of the work same substrate material was
used for the radiator as well as the FSS structure, and complex geometries were
fabricated, those are difficult to manufacture. In the present chapter different
substrates are usddr both radiators as well as the FSS design and simple strip

lines were used for the construction of the FSS.

3.6.2. Comparison of the closely existing literature antennas

The resultant parameters of the fabricated antenna with FSStisaibtle
antenna resonates at the designing frequency of 5.80GHz with a reflection
coefficient 0f-19.54 dB. The gain after the integration of FSS is 7.76dBi, and the
antenna radiation efficiency is also increased by an amount of 98.81%, which
makes the aenna suitable for Sub 6 GHz frequency applications. The resultant
performance parameters comparison between the fabricated antenna prototype and
the existing antenna models found in therditare are presented irable 3.10. In
the literature, the majority of antennas are made o#iFRbstratanaterial. The
comparisons table tells that the recommended antenna design has a maximum
improvement of gain of 4.89dBi, which is significantly higher than the gains of the
existing antennas.The current design is more compact and achieves higher
radiation efficiency and gain than previous works, based on a comparison with
similar existing antennas in the available literature.
Table 3.10. Gainrenhancement comparison of the suggested antenna and published

recently FSS/metasurface work

Ref Antenna Size | Design | Method for | FBW Rad | Gain Gain
No. (mm3) Freq., | Gain fL-fu, . (dBi) | Enhancem
(Antenna fo Enhanceme | (GHz) Eff., ent dBi)
Type) (GHz) | nt n
(%)
[45] 66.4x66.4x1.6| 2.45 SRR triplet| 1.81-3.0 92.8 | 7.16 7.286 to
Varshney et al.| FR-4 (without 5 7.16
2021 (Monopole) reflector)
[46] 50%x50x%1.6 6.0 FSS 5.536.36 | >95 | 8.89 3.12 t08.89
Nakmouche ef RT  Duroid
al., 2021 5880
(Monopole)
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[131] 60x60x1.6 3.75, | AMC Multi - 7.52 3.88104.93
Ghosh et al.| FR4 5.98 (Double band,
2016 and Layer) 3.75,
8.79 5.98 and
(Multi- 8.79
band)
[132] 50%x53.4x1.6 | 2.4 DRA-FSS 24 NA | 8.6 3t08.6
Belen,Mahouti,| FR-4
and
Palandoken,
2020
[133] 40%30x%0.8 8.15 | FSS 8.15-13.2 | NA | 7.8 33t07.8
Bhattacharya, | (DR height =| 13.2 (Dualside) (5.05)
Dasgupta, and 4.3 mm) (5.05)
Jyoti, 2020
[134] 32x25%x1.52 | 12.0 FSS 5-18 >90 | 10.5 6.510.5
Hussain, et al.| Rogers
2023 RT/Duroid
6002
[135] 63.65x54.16x | 2.4 BandPass 2.4 NA |7 5t07
Belen, 2018 1.588 FSS
(Double
Layer)
[136] 60x 50 x1.6 | 5.8 SIW  Cavity | 5.7-5.9 NA | 8.13 3.13t08.13
Patel and| (FR-4) Backed
Raval, antenna
2021 using
dielectric
loading, FR4
cylinder,
Teflon
cylinder
[137] 20x20x1.6 28.4 Asymmetric | 28.436 NA | 8.30 4108.3
Belabbas et al.| RT  Duroid AMC ground
2021 TTN plane
(Impedance
surface)
[138] 50.4x28x0.1 | 2.4 3x3 rotatable| 2.182.90 | NA | 8.31 3t08.31
H. Jing et al.,| Polyimide (PI) curved FSS
2023 substrate
Proposed Work 49x49x1.588 | 5.8 FSS as ¢ 3.91:6.44 | 97.8 | 7.76 2.871t07.76
RT  Duroid reflector 8
5880 and (Double
FR-4 Layer)
(Monopole)

3.7.Conclusion and Future Work

A modern technique based upon the Frequency selective surfanprtve the

gain and efficiency of a microstrip antenna lheerpresented in ik chapterThe

FSS

refl

ector
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To increase the epolarization level, the dipole strips have been positioned parallel
to the patch antenna'’s longer dimension (patch length). A remarkable enhancement
in the gain of the antenna from 1 dBi to 6 dBi and efficiency from 92% to 99% have
beenachieved in the simulation results by using this FSS as a reflector to the main
patch antenna. It indicates that the reflector FSS is effectively reflecting the back
lobes in the desired direction without incorporating cipaarization. Further,
simulaton results were optimized through the inbuilt optimization tool of the
ANSYS HFSS software. The fabricated antenna is most suitable fe6Gldh
applicationsThe FSS of the antenna const49 closely spaced dipole strips that
make the FSS complicated to fabricate. Therefore, it is important to reduce the
numberof dipole strips in the FSS by making their width wider and increasing the
spacing between dipole stripsriodically The gain and bandwidth of the present
antennaarelimited andcould be furbher improvedoy controllingthe gap between

the radiator substrate and the FSS substrates.
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CHAPTER 4

ANN-BASED FSS REFLECTOR ANTENNA

This chapter discusses the development, analysis, fabrication, and measurements of
an insetfeed frequency selective surface (FSS) monopole rectangular patch
antenna. The FS®ith 15 dipole strips as reflector layers, resulting in enhanced
gain and unidirectional radiation patterns. The antenna has UWB performance,
making it suitable for wireless 3G/4G/5G, StBHz, satdite, and RADAR
communications. Prediction of the gap between the antennareffettor
determinedising machinéeaning. Theeflection oefficient of the RLC equivalent

circuit is validated using Advanced Design System (ADS) Software.
4.1. Introduction

In the present scenario, with the development of teobechnologies like
3G/4G/5G, the demand for 5&htennas is increasind herefore, the demand for
antennas that will cover 5G s@6Hz bands, especially n77, n78, and n79, is now
necessarily important I7/]. One solution to enhance the gain of planar antennas
and improve directional radiation characteristics is the FEf8ctor [122, 127].

FSS is a periodic structure of unit cells that consists of metallic patches or space
components. These have excellent transmission or reflection prop&tiasallah

et al. have discussed a dielectric resonator antenna (DRA) using an SRR substrate
surface toincrease gain to 11.15 dBi4()]. Krishna R. R. and Kumar R. have
proposed a planasiotted grounded ultrevideband (3.2 GHz to 12 GHz) antenna
using an FSS reflector. The antenna radiator and FSS layer both use the same
substrées. The antenna attains enhanced gairfdBi over the full band; it also
minimizes crospolarization [#1]. Devarapalli et al. have proposed an H#Sed
dualCSRRloaded Wshaped patch antenna. The metamatésaded antenna

with FSS has also shown better gain, going from 5.9 dBi to 7.1 dBi, with three
tuned resonances at 4.2, 6.2, and 8 GHz. The anteruzdust¢ is lowcost and
becomes complex with CSRR loadindf]. Tewary et al. have developed an FSS
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based wideband -Shaped slotted ground microstrip patch antenna for 5G
communication, RADAR, satellte services, wireless, and satellite
communications. It achieves a gain of 3.9 dBi at 19 GHz without applying FSS.
The introduced FSS in the antenna enhsugegn, BW, and directivity. The antenna

with FSS achieves a maximum gain of 9.4 dBi at 22.1 GHz and a1ddiB FBW

of 111%. This antenna is leprofile, low-cost, fabricated on an FR substrate,

and uses a larger FSS layer as compared to the maatimgdpatch antenna. The
volume of the overall antenna is higher as the FSS is placed at a distance of 15 mm
from the main patchl43]. Tewary et al. have presented a supateband (SWB)
monopole antenna for lorgjstance communication. The proposed SWB antenna
has a realized gain of 4.80 dBi. The FSS functions as a partial reflector surface,
combining with the current antenna to entethe maximum gain throughout the
entire frequency range. The new FSS, with a physical volume of 56 mm x 56 mm

x 26.2 mm,has a realized gain of 9.3 dBi. The antenna with FSS improves both
gain and bandwidth, yet it maintains a large size and a distance of 26.2 mm from
the main patch, resulting in an increase in its overall voludd.[Einally, Tewary

et al. made an Nhaped antenna with FSS that has a 10 dB FBW of 138%,
resonance at 14.55 GHz, and a peak gain of 4.45 dBi at 9.5 GHz. At 3.5 GHz, the
antenna achieves a maximum gain enhancement of 7.5 dBi, and at 9.3 GHz, it
achieves geak gain of 9.1 dBi @5]. Lanka and CHasani have designed an-M
shaped conformal antenna with FSS support for gain enhancement. The FSS
located below the antenna serves as a reflector, adding an extra 22% gain and a
12% efficiency increase §b]. Danuor et al. have designed a rectangular patch with
sever al mat ching stubs surrounding it t o
bandwidth for the Land Sbands at 1-8.1 GHz and 242.85 GHz, respectively.

The FSS layer, printed on the antenna's riear, svas composed of thremit cells.
Moreover, he antenna achieved radiation efficiencies of 89.7% and 94.2% at 2.5
GHz and 1.7 GHz, respectively. The measured average gain of the suggested
antenna for the Land Sbands is 5.2 dBi and 6.1 dBi, respectivel¢ L Tariq et

al . have proposed an FSS sheet to enhance

positioned a sheet of FSS behind the antenna to increase its gain and backward
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reflection. I t gamfranmé dB to 9.51d8i A8].nAraeeandch a ’ s
Nunna have proposed a rectangular patch antenna with FSS. The introduced FSS
enhances the gain of 7.76 dBi (an improvement of 4.91 dBi) and an incré@sed

dB FBW (3.90 GHz to 6.43 GHz). FSS also converts the bidirectional radiation
pattern intoca unidirectional one, greatly increasing the frmback ratio (FBR).
Additionally, researchers measured the antenna's radiation efficiency at its
resonance frequency of 5.8 GHzlie 94.68% without the FSS reflecting surface,
and increased it to 97.88% with the FSS reflecting surfat®.[1

4.2. Modified antenna with 15- dipole

According totheresearch that has already been done, the FSS layer, which acts as
a reflector under the antenna radiator, raises the antenna's gain, and the monopole
partial/reduced/DGS raises its 10 #BW. The literature clearly indicates that
most research focuses on the matrix of unit cells and the array of elements in the
FSS layer [45, 18, and B(Q]. A lot of research has been done on FSS sizes bigger
than the radiator size, and Rsubstrates have been used for main a@gatch
designs above &Hz. As FR-4 substates above 6 GHz are not effective; they
introduce dispersion losses and permittivity, leading to a nonlinear loss tangent
[118]. All the available designs in the literature using FSS have complex radiator
and reflector geometries and use the same substrate for the fabrication of the
reflector and the radiator design. Most of the existing antennas in the literature are
multi-bandin nature, with narrow bandwidths and lower gain values. Furthermore,
they have a limited number of applications. The abovearet gaps motivate us

to work on the following areas collectively.

The following are the main objectives of the proposed work of this chapter;

() The main objective of the present study is to design a simple rectangular patch
antenna to cover the full range of sbilisHz applications, with the main concern
being the n77 (336@1200 MHz), n78 (3308800 MHz), and n79 (448000
MHZz) bands.
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(i) Another goal of this work is to improve the antenna gain and directional
radiation by positioning the FSS layer as a reflector at the right depth below the
main radiator and using two separate substrates for each.
(iif) Another goal of this project is to develop an electrical equivalent RLC model
and validate it using advanced design software (ADS).
(iv)The ANN optimization method is utilized to ascertain the ideal distance
between the reflector FSS layer and the main patch radiator.
A FSSlayer design (consisting of 15 dipole strips) is proposed in this chapter that
eliminates the need for complexly designed metamaterials or metasurfaces.
4.3. Methods
4.3.1. Design Development

Here, a rectangular patch antenna is designed at a frequency of 5.5 GHz,
primarily using design equationsg1]. The antenna radiator is developed on a
low-loss RT Duroid 5880, which has a relative permittivity of 2.2 and a height of
1.588 mm. On the other hand, the frequency selective surface (FSS) is developed
and designed on an FRsubstrate, which has a relaipermittivity of 4.4 and a
height of 1.588 mm. An artificial neural network (ANN) model evaluatedytpe
between the two substrates at 8 mm. The FSS is placed below the ground level of
the main radiator. The patch length and width are evaluated 2fivbénd 17.45
mm, respectively, at the operating frequency, and finally opéichto 21.55 mm
and 17.5 mm.ritially evaluatedvalue ofthe RT Duroid 5880 substrate length at
31.088 mm and 42.158 mm, and finally optimized it to 49 mm on each sidé. FR
substrateis chosen for FS&s the reflector. Therefore, the final antenna size
becomes 49 mmx49 gx4rimx3P6AMG &t (hé degnBré&quency
of 5.5 GHz. A array of 15 equally spaced (1.0 mm) dipole strips of length 49 mm
and width 2 rm as an FS&eflector, whichetcledon a lossy FRI substrate. This
will increasethe gain and radiation characteristics of the patch antenna in one
direction. The following secondary derived formulas are also used for the
evaluation of antenna other dimensional parameters:
Inset feed length, , , (4.1)

Inset feed Gap/widthy — —— (4.2)
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Length of dipO'e, Li.iopole: Lsub (43)
Width of ground, Wnd= Wsub (4.4)

Length of the ground, da=— (4.5)

The substrate Rogers RT Duroid 5880 was chosen for patch design at a frequency
of 5.5GHz. The main rationale behindoosingsubstrate is its low loss and stable
behavior of permittivity after 6GHz [I7]. The results ofadiationand reflection
coefficients of the presented antenna have been studied for a frequency sweep from
1GHz to 9GHz. The lowost FR4 substrate shows nonlinear behavior of
permittivity and loss tangent as frequencies go higher than 6GHz. The reflector FSS
is designed on a lowost FR4 substrate since it is used only for the reflecting layer
only the copper conductor will play a role in the reflection of the excitation signal.
The dimensions of the radiating patch are evaluated at design frequencies. The
dimensions of the substrate akept equal to (bu=Li+Lp+3n) % (Wsur
3h+Wek+3h). The spacing between the radiator and FSS substrate is kept less than

or equal to the quartgyuided wavelength (H=) so that the reflected signal will

add up to the radiated signal and improve the directional properties and gain.

The inset feed rectangular patch radiator is displaydeign4.1(a), the ground
structure of the antenna is displayedHFig. 4.1(b), and the FSS reflector is
represented ifrig. 4.1(c). The geometry of the present antenna design, along with

its all-dimensional representation, is showcaseHig 4.1(d). Table 4.1 lists the
evaluated values of the designed antenna dimensions and compares them with the

optimized simulated dimensions in the other column.

*T=2 mm

d2=
1 mm

(b)
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Fig.4.1: FSS Antenna (a) Top View, (b) Bottom View, (c) FSS layer, and (d)

Dimensional View

(d)

Lpipote
=49mm

Table 4.1. Antenna design dimensions

Parameter Symbolic Evaluated Simulated or

Name Representation | Value (in | Optimized
mm) value (in mm)

FR-4 and RT Duroicb880 Substrate] Wsus= 31.088 49.0

width 3h+We+3h

FR-4 and RT Duroid 5880 Substrat{ Lsut=Li+Lp+3h | 42.158 49.0

length

Patch width Wp 21.56 21.55

Patch length Lp 17.455 17.5

Microstrip Feed width We 4.893 2.0

Microstrip Feed Length Le=— 19.94 21.25

InsetCut width Weu= Wetlmm | O 3.0

InsetCut length Lcut 0 5.5

Ground width Wene= Wsub 31.088 49.0

Ground length L aniE— 9.97 14.25

Height of RT Duroid 5880 hy 1.588 1.588

Height of FR4 hy 1.588 1.6

The gap between two substrates | y-_ 9.97 8.0

Width of dipole Wiipole =WE 3.0 2.0

Length of dipole L diopote= Lsub 42.158 49.0

First dipole distance dx 1.044 2.0

The separation between two dipole d» 1.0 1.0

Number of dipoles N 8 (Unit less) | 15 (Unit less)
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4.3.2. Gap Determination using Artificial Neural Network (ANN)

The utilization of mathematical concepts to everyday issues has increased in
popularity as a result ahe increasing capacity for the computation of digital
machines and computational methods, both of which have made it simpler to solve
lengthy and complicated problems. Developing -reatld issues into a
mathematical model can improve the representatind solution of certain
problems. The machine learning artificial neural network (ANN) model
architecture is representedhig. 4.2. [120]. Within a neural network, the R and
MSE values are the only factors that determine which neuron is the best fit.

The correlation coefficient measures the strength and direction of the relationship
between two variables, ranging frefinto 1. A value of 1 indicates a strong positive
relationship, -1 indicates a strong negative relationship, and 0 indicates no
relatiorship. The Rsquared (R2?) value, ranging from 0 to 1, represents the
proportion of the dependent vari abl e’ s va
independentvariable. A significant correlation is shown by an-VRlue that
approaches one, and the MSE valerds toward zero, suggesting little error in

fitting the data, in order to identify the optimal neuron and validate the model.

3

-

1 Zle NI

\ / \ /

Fig. 4.2: Proposed ANN model
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This study developed a generalized model that predicted the height of the FSS

beneath the antenna using antenna performance paramfetéosal of 6137
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samples to model the parameters, using 70% of the data set for training, 15% for
validation, and 15% for testing.
The LevenbergMarquardt learning algorithm was employadd continuethis
training process until it reaches saturation. supervised ledoeicause thefrave
determined the inputs and outputs . Errors propagate back through the neurons
during training, leading to adjustments in the neurons' weights. After 316 iterations,
the performance diagram as displayedrig. 4.3(a) and the error histogram as
represented ifrig. 4.3(b) of training data using the ANN model at a minimum
mean square error (MSE) of 0.0328were obtainedTable 4.2 arranges the
training progress of the ANN.

Table 4.2. Training Progress

Unit Starting Value Stopped Value Target Value
Epoch 0 316 1000
Elapsed Time - 00:00:12 -
Performance 1.62 0.0277 0

Elapsed Time - 00:00:12 -

Gradient 3.81 0.00495 1le07

Mu 0.001 1e08 le+10
Gradient 3.81 0.00495 le07
Validation Checks | O 6 6

Fig. 4.4 shows the gradient, momentum, and validation check values
obtained during the modeling process for the-besiyzed neuraletwork.

Best Validation Performance is 0.032844 at epoch 2310
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Error Histogram with 20 Bins
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Fig. 4.3: (a) Data performance plots for training, validation, and testing. (b) Error
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Fig. 4.4: Learning Process
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Fig. 4.5: Regression Plot

The network structure uses a regression plot to assess the fithess of input and output
data. A regression plot typically contains four graphs: training, validation, testing,
and combiningFig. 4.5 depicts the regression plots for thetwork considered

The graph clearly shows that all data sets fit correctly in the line. The graph
confirms the correctness of the suggested neural network architecture and its ability
to predict the output, specifically the height of the FSS below the ant€hea.
highly taiget the output paths for training (Ralue = 0.9868), validation (R2alue

= 0.9830), and testing (R&alue = 0.9798). These values could imply a total
response of R2 = 0.9848.

The functional relationship between the output (height) and the antenna's
performance parameter is directly proportional. Equation (4.6) expresses the
functional relationship between the antenna's performance parameter and the height
of FSS.
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( A3 h6 3 72 (4.6)
Where H is the predicted height of the FSBis resonance frequency (GH3),
represent the -parameter/reflection coefficient (dB), voltage standing wave ratio
(VSWR), and gain of the antenna in dB. The Data collected from the HFSS
simulation is shown iffable 4.3.

Table 4.3. Data Collected from the HFSS Simulation

No. Parameter

Resonance Frequency(GHz)
S-Parameter (dB)

VSWR

Gain(dB)

& R0

Equation (4.7) can be used to calculate the predicted height of the FSS under the
antenna using the ANBlgorithm.

( vdpuLv! P! M@ TWT1T! Tt pg b T

X t@p p X! T (4.7)

Where Ai (i=1 to 10) are hidden neuron responses that feed the network output

value and can be calculated with Equation (4.8).

|
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Where4 AT CRE ©f WE A— p (4.9)

Where x is any arbitrary value evaluated through a matrix of equation (4.8).
R2-value as 0.999986 having an average absolute percentage error of 0.0124% at
0.0874% root mean square error (RMSE). The training result of the algorithm is
shown inTable 4.3. It has been determined that the developed equation represented
in Equation (4.2) is the best for predicting the height of FSS below the antenna.
ANN can predict the outcomes with the highest accuracy. The 80/10/10 splitting

ratio was found to offer superior performance based on the evaluagioios.This
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determination is likely derived from comparative assessments of predictive
accuracy, error rates, model robustness, or other relevant performance indicators
across the different splitting ratios (70/15/15, 60/20/20).

4.3.3. Effect of FSS

n
L I L

-
o
L l L

-
3
L I L

Reflection Coefficient, S11(dB)

20 || Without FSS
{——With FSS
1 2 3 4 5 & 1 8 9
Freq(GHz)

Fig. 4.6: Effect of FSS on the radiator reflection coefficient

An insetfeed, duatuned UWB monopole antenna is first designed at a frequency
of 5.5 GHz. This antenna has an ulivele bandwidth of 189.0 GHz (FBW:
145.45%) and a reflection coefficient lower thaf dB, while its gain is limited to
4.41 dBi. Then a refleot FSS layer of a 28ipole striparray arrangedt a distance

of 8 mm beneath the ground of the antenna radiator. It will excellently improve the

antenna gain from 4.41 dBi to 8.99 dBi at the cost of a slight decrease in UWB
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fractional bandwidth to 136.73% from 1-864 GHz.Fig. 4.6 and Table 4.4

represent the effect of FSS layer attachments.

Table 4.4. Effect of FSS

Case /] fr Su1 -10dB BW Gainatfo | -10dB FBW
Mode (GH2) (dB) fi-fu (GHz) (dBi) (%)
Without 1.59, -1509, 1.09.0 4.41 145.45
FSS 5.77 -20.40
With FSS 1.35,5.79 | -1303, 1.128.64 8.99 136.73
-18.07
*f,.=Resonance Frequency; fo=Design Frequency; FBW=Fractional Bandwidth
4.3.4. Effect of Ground
The ground length is optimized by reducing it fra&mmt o t he 50Q

feed

The fulllength antenna has dual wideband (WB) with antenna gain at a design

frequency of 792 dBi. When the value of ground becomes half, i.e., 24.5 mm, the

gain of the antenna reduces to 5.54 dBi. To maintain the reduced value ahda

make the antenna UWB, the reductiortfe#ground length process continued, and
it yielded a gain value of 8.99 dBi and a UWB for the ground length of 14.25 mm.

The effect of variation in grouhlength is illustrated ifig. 4 .7 and showcased in

Table 4.5.
Table 4.5. Effect of Ground

Case / Mode fr Su -10dB BW Gainat fo | Band

(GH2) (dB) fL-fn (GH2) (dBi)
Full Ground| 1.0, -19.14 1.0-4.40, 7.92 Dual WB
Len=49mm 1.4.92, -27.37, 4.699.0

5.93 -34.36
Ground Length| 1.0, -14.73 1-4.06, 5.54 Dual WB
Lene24.5mm 5.47 -26.36 5.17-9.0
Ground Length 1.35, -13.03, 1.128.64 8.99 Single UWB
Lene14.25mm 5.79 -18.07

*f.=Resonance Frequency; fo=Design Frequency
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Fig. 4.7: Groundlength variation effect on the antenna reflection coefficient
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4.3.5. Effect of FSS Spacing (H)
Initially, the minimum spacing between the two substrates is equal to the

guarterguided wavelength (I—“=.) i.e., 9.97 mm, with a fixed dipole strip width

(Wiadipatle) of 2 mm. Then it is reduced to a step size of 1 maile 4.6 arranges all

the parametric results of the spacing between the two substrateEjgar8
displays them. It has been noticed that the gain, resonance frequergies (f
reflection coefficients (§), and-10 dB BW of the antenna are sensitive to the FSS
spacing (H) from the radiating patch. When the FSS spacing is 8 mm, the antenna
achieves the highest gain at the design frequesgydivest reflections, and UWB
bandwidth from 1.12 GHto 8.64 GHz.
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Table 4.6. Effect of FSS Spacing (H)

FSS Spacing fr Su -10dB BW Gain at fo Band
(H=24 (inmm) | (GH2) (dB) fi-fu (GHz) | (dBi)
H=9.97 10 1.44,4.48,| -12.58, | 1.198.79, 8.29 Single UWB
6.0 -11.34, | 4.699.0
-17.32
H=9.0 1.48,4.50, | -12.28, | 1-8.82 8.50 Single UWB
6.01 -11.58,
-17.38
H=8.0 1.35, -1303, | 1.128.64 8.99 Single UWB
5.79 -18.07
H=7.0 1.36, 4.68,| -13.25, | 1.178.92 8.59 Single UWB
6.08 -12.22,
-17.55
H=6.0 1.32, -1257, | 1.173.21, 8.64 Dual WB
4.72,6.12 | -11.95, | 4.098.68
-16.86
H=5.0 1.36, -1261, | 1.163.40, 8.61 Dual WB
4.76,6.16 | -12.69, | 4.158.77
17.01
0
] —=—H=9.97mm
2] ——H=9.0mm
O 4] ——H=8.0mm
—
T —— H=7.0mm
D 6 —+—H=6.0mm

- -
S o
| '

Reflection Coefficients
> N
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Fig.4.8: Parametr effect of FSS Spacing (H)
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4.3.6. Effect of Number of FSS dipole Strip width
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Fig.4.9: Parametr effect of dipole strip widths and their spacing in FSS
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Initially, the width of each dipole strip is kept equal to the feed width of the
rectangular patch (Mboe=Wr), and the minimum spacing between the two

substrates is equal to the quaigerded wavelength (I—L:), i.e., 9.97 mm. Then the

dipole strip width is reduced to a step size of 0.5 mm without affecting the number
of dipole strip elements (N = 15). The decrease in strip width size automatically
increases the spacing between the dipole strig)sndhe same proportion of step
size, i.e., 0.5 mm. All the parametric sensitivity results of spacing between the two
dipole strips and their changes in widths on @gmeantenna resonance frequencies
(fr), reflection coefficients (&), 10 dB BW, and antenna gains are showhahle

4.7 and illustrated irFig. 4.9. It has been observed that the gain of the antenna is
sensitive to the FSS dipole strip width and spacing, and it is highest at 8.99 dBi
with dipole strip widths of 2.0 mm and their spacindgld¥ mm. In this complete

process, the FSS spacing is kept fixed at 8 mm.
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Table 4.7. Effect of dipole strip widths and their spacing in FSS

Strip Spacing fr Su -10dB BW Gain at fo Band

width, | in strips, | (GHz) | (dB) fi-fu (GHz) (dBi)

d (mm) | d2(mm)

3.0 0 1.36, -1296, | 1.168.89 8.54 Single UWB
4.52, -11.89,
6.04 -17.72

25 0.5 1.40, -12.76, | 1.148.87 8.61 Single UWB
4.60, -11.88,
6.04 -17.63

2.0 1.0 1.35, -13.03, | 1.128.64 8.99 Single UWB
5.79 -18.07

1.5 1.5 1.48, -11.60, | 1.163.25, 8.52 Dual WB
4.55, -11.34, | 3.908.60
6.05 -16.91

1.0 2.0 1.32, -12.91, | 1.148.85 8.53 Single UWB
4.56, -11.82,
6.05 -17.49

0.5 2.5 1.45, -12.77, | 1.21-8.88 8.53 Single UWB
4.61, -11.91,
6.04 -17.52

4.3.7. Effect of Number of Dipole Strips in FSS

0
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Fig. 4.10: Parametr effect of the number of dipole strips in FSS
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Further, another parametric test with changes in the number of dipole strips (N)
with fixed optimized values of the dipole strip widths of 2.0 mm and the fixed
spacing between the substrate and the FSS layer of 8.0 mm has been carried out.
The number of ghole strips could be increased from 9 to 19 by the decrease in
dipole strip spacing @lin a step size of 0.5 mm. The number of dipole strips also
affects the antenna gain as well as the other resultant parameters, as showcased in
Table 4.8 and illustrated irFig. 4.10. Numberl15 dipole strips achieve the lowest
reflections and the highest gain values.

Table 4.8. Effect of Number of Dipole Strips in FSS

Number of | Spacing | fr Su -10dB BW | Gain at | Band
Dipole in strips | (GHz) (dB) f-fu fo (dBI)
Strips (N) | (d2) (GH2)
N=9 3.0 1.48, -12.95, 1.09.0 8.50 SingleUWB
4.56, -12.21,
6.04 -17.96
N=11 25 1.40, -12.65, 1.158.85 | 8.62 Single UWB
4.56, -11.87,
6.0 -17.51
N=11 2.0 1.36, -12.63, 1.178.82 | 8.56 Single UWB
4.53, -11.80
6.0 -17.39
N=13 1.5 1.40, -12.48, 1.158.83 | 8.55 Single UWB
4.56, -11.78,
6.04 -17.35
N=15 1.0 1.35, -13.03, 1.128.64 | 8.99 Single UWB
5.79 -18.07
N=19 0.5 1.36, -12.28, 1.153.41, | 8.60 Dual WB
4.60, -11.47, 3.768.70
6.04 -17.14
4.4. Results

The fabricated FSS antenna is measured, analyzed, and discussed in detail in the
forthcoming subsections.

4.4.1. Fabrication and Measurements of Fabricated Antenna Prototype

A doublelayered antenna is fabricated and measured. The antenna radiator patch
and ground are fabricated on a kngs RT Duroid 5880 substrate, while the
reflector (frequency selective surface) with 15 dipole strips is etched on & single
sided, lowcostFR-4 substrate. Finally, the reflector and radiator are connected at

a separation of 8.0 mm using four cylindrical plastic materials. The fabricated

92



radiator, ground, and reflector FSS are displaydeign4.11 (a-d). The following

are the common steps involved in the fabrication of the radiator and reflector
elements of the antenna:

-A piece of 1.588mm thick RT doubteded coppeclad RT Duroid 5880 substrate

of dimensions 49mmx49mm is cut using a PCB cutter machine for the radiator
fabrication, while another piece of 1.6mm thick -ERsinglesided coppeclad
substrate of the samenaension is cut for the reflector fabrication.

-Two negatives (one for the antenna radiator and the other for the reflector) with
the same dimensions as the PCB pieces are prepared by artwork using black film.
-By repeating the above step third negative is also prepared (for the ground with
49mmx49mm) just the back side of the radiator of the RT Duroid 5880 substrate.
-Then these negatives are put on the clear RT Duroid aptig€tes and UV rays

are exposed for 30 seconds for image development of the radiator, ground, and
reflector.

-After that these PCB pieces are dropped in the photo developer solutions.
-Further, these two PCB pieces fall into to btlie solution.

- At last, these bludie PCB pieces are hung in the FeCI3 solution, for a sufficient
time until the undesired copper has been removed from the radiator and reflector
pieces.

-After the completion of the etching proces
the feed of the radiator andpfleces of 8mnheight plastics (used as the separator)
are pasted using a ghib®nd between the antenna reflector and radiator.

Agilent Technologies N5247A vector network analyzer (VNA) was used to
measure the antenna reflection coefficient that was presented, which was produced
by the simulation. For the purpose of measuring frequeepgndent
characteristics including reflectiacoefficient (VSWR) and impedance, a vector
network analyzer with a maximum working frequency of 67 GHz is used in the
measurement setuphese measurements are conducted using the sweep frequency
mode. An inhouse semautomated anechoic chamber is uéitizto measure
antennarelated parameters like gain and efficiency. This chamber is equipped with

a stepper motecontrolled 2axis positioner, a standard gaialibrated broadband
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antenna, and a power met&éhe designed antenna structure utilizes thdiééa
experimental setup. In this setup, the antenna under test and a calibrated antenna
are positioned approximately more than three times the guided wavelength, i.e.,
120 mm apart, to achieve the required-field distance within the operating
frequency range of 1 GHz to 9 GHz, as displaye#&im 4.10(e). Conventional
designs typically use a 3.5 mm SMA connector for the lower frequency range of
operation (DC to 18 GHz).

(@) (b)

(b) @
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Fig.4.11: Fabricated antenna views (a) Top patch radiator, (b) Bottom ground, (c)
FSS reflector, and (d) Antenna Prototype Model (e) Calibration and Measurement
Setup
4.4.2. Reflection Coefficient
The comparison plot of the simulated and measured reflection coefficients is plotted
in Fig. 4.12. The measured plot confirms the simulated reflection coefficient curve,
albeit with a slight decrease in the fractional bandwidth. The measured curve has a
UWB range from 1.10 GHz to 8.21 GHz (FBW: 129.27%), while the simulated
curve has a UWB performance the range of 1.12 GHz to 8.64 GHz (FBW:
136.73%). The resonance frequencies in the simulated plot are 1.35 GHz and 5.79
GHz, while those in the measureatpare 1.41 GHz and 6.01 GHz, respectively.
Therefore, both the simulated and measured plots are in excellent agreement with
each other, as illustrated ihable 4.9. The slight variations from the ideal
dimensions and fabrication tolerances are the main cause of deviations in resonance
frequency and FBW. Another reason for the variations in antenna performance is
the practical spacing between the radiator and reflaghile pasting 4lastic
separators. The other reasons for the discrepancies in the etcalia are
environmental factors and the operational conditions of the antenna. The
environmental factor mainly includes temperature and humidity. These factors may

slightly change the conductivity, effective permittivity, and loss tangent of the PCB
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materials. The changes in these factors may result in deviations in frequency shift
as well as compression and expansion of the FBW. When an antenna operates in an
environment where small objects are present in itsfgdr it undergoes multiple
reflecions and interferences from these objects; hence, this degrades the reflection
coefficient value, and interference provides frequency and bandwidth changes.

Table 4.9. Simulated and measured reflection coefficients

Case / Mode | fr Su -10dB BW Gain at fo -10dB FBW
(GHz2) (dB) fL-fu (GH2) (dBi) (%)
Simulated 1.35, -13.03, 1.128.64 8.99 136.73
With FSS 5.79 -18.07
Measured 1.41, -15.06, 1.108.21 9.85 129.27
With FSS 6.01 -19.03
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Fig. 4.12: Simulatedand Measured Reflection Coefficient Curve
4.4.3. Antenna Gain
The antenna gains without the FSS reflector and with the FSS reflector are
drawn inFig. 4.13. It is observed from the comparison tfraim 2.80 GHz to 7.40

GHz the antenna gain is excellently enhanced at every frequency of the span and
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this reaches its peak valeé 9.85 dBi at a frequency of 6.0 GHz wiém FSS
reflector while the peak gain value without reflector was 4.41dBi at 5.79 GHz. At
the designed frequency of 5.5 GHz, the gains of the antenna with an FSS reflector
and without an FSS reflector are 4.41dBi and 8.99 dBi respectively. The antenna
gain meaurement in an anechoic chamber is also displayed in the left corner of the

gain comparison plots.

Gain(dBi)

—— Without FSS

. —— With FSS

1 2 3 4 S 6 7 8 9

Freq(GHz)

Fig.4.13: Antenna gain plots without FSS reflector and with FSS reflector
4.4.4. Radiation Pattern
The gain radiation pattern of the designed antenna without and with an FSS
reflector in the Eplane and Hp | ane wi th ®=0° and&igg®=90° i s
4.14. It is observed from the radiation pattern that when no reflector surface is used
in the radiator behind the ground, the radiation in th@dae is omnidirectional
and, in the Hplane is like the figure of eight. After the introduction of a reflector
bereath the ground of the radiating patch, the bidirectional nature of the radiation

pattern becomesraost unidirectional in the fplane with a fronto-back lobe ratio
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of 17.5 dB. The Eplane significantly reduces the size of the back lobe. While in

the Hplane, the back lobe becomes weaker. The fi@bick lobe ratio in the H

plane is 15.2 dB.

The gain radiation pattern of the designed antenna simulated and measured in the
E-plane and Hp| ane with ®=0° and Fig.249%0 Risar e comp:
observed from the radiation patterns that when both the radiation pattern plots in
the Eplane are similar to the measured radiation plot, they have a small back lobe
as compared to the main lobe. The peak value of the main lobe coincides, and the
measured radiation pattern follows the simulated radiation pattern in the main lobe
direction. In the Hplane, the measured radiation pattern does not exactly match the
simulated one. The reason for these discrepancies in the measured data is due to an
error in the measurement setup or some measurement and observation error, and

one of the most important responsible parameters in its fabrication is an error in the

SMA connector soldering.
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Fig. 4.14: E-pane and Fplane Radiation Patterns without FSS and with FSS @
5.50GHz
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Fig. 4.15: Simulated and Measured@ane and kplane Radiation Patterns with
FSSat5.50GHz
4.45. Equivalent Circuit and Its Validation

The reflection coefficient plot from the HFSS simulation develops the
equivalent circuit for the designed antenna with an FSS reflector. According to the
RLC resonance circuit theory, the lowest impedance represents the series RLC
connection, whereas theghest impedance represents the parallel combination of
RLC circuits [45]152]. There are three resonance frequencies: 1.35 GHz, 4.61 GHz,
and 5.79 GHz in the UWB range from 1.12 GHz to 8.64 GHz, corresponding to the

lowest reflection coefficient values titese frequencies. The impedances at these

frequenci es ar e (4.32+)35.44) Q, ( 8.

respectively. These are very close to zero values, the three series RLC circuits in
parallel branches, as shownFig. 16. The values of the R, L, and&e evaluated
parameters for each resonance branch using the basic bandwidth and quality factor
relationships 152]. The evaluated values-tene with the help of advanced design
system (ADS) software for the validation of the HFSS reflection coefficient
generated circuifrig. 4.17(a) [117] displays the reflection coefficient values from

the ADS software. This plot is then compared with the HEiB&ilated value. It is
noticed that both ADS and HFSSii1Splots have almost similar resonance

frequencies and bandwidths, @l®llowing the shapes depicted kig. 4.17(b).
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Black and red dastlot lines mark the existing error margins in the resonance
frequencies. This validated the generated RLC electrical equivalent circuit of the

designed antenna.
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Fig. 4.16: RLC electrical equivalent of the FSS reflector antenna
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Fig. 4.17: Reflection coefficientplot (a) ADS softwargenerated, (b) Its

validations
4.5.Discussions

The ANN method is utilized to determine the optimum distance of the FSS reflector
beneath the radiating substrate. The antenna designed in this chapter is simple in
structure with 15 dipole strips at a distance of 8 mm beneath the ground and is used
as a eflector, resulting in a UWB bandwidth of 1.12 GHz to 8.64 GHz and a gain
enhancement of 4.58 dBi (from 4.41 dBi to 8.99 dBi). Thar8 air gap reduces

the overall volume of the antenna. The FSS reflector layer strip width, strip
distances, and air gap lbeten the main and FSS substrate help to enhance the gain
of the antenna, while the overall bandwidth of the antenna is improved by a
reduction in the length of the antenna. The FSS layer also improves the radiation

characteristics and directional propestief its E and Hplanes. The measured
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results confirm the prototype's results through comparisons with simulated data.
The ADS software manually evaluates and validates the RLC electrical equivalent
circuit of the antenna.

45.1. Comparison of Designed Antenna with Existing Literature

The prototyped antenna resultant parameters are compared with the existing similar
antennas and other techniques used for gain enhancements. The parameter
comparison of the FSS reflector rectangudartennashow that the antenna
resonates at a frequency of 5.80GHz and 1.35GHz within thewitietband range

from 1.12GHz8.64GHz while all other antenna has mbkind narrow bandwidth

or wide bandwidths. In most cases, the radiator and reflector FSS surface is
fabricated on the same substrate except ingdhadated design, and referencéqJL

the radiator and reflector are fabricated on two separate substrates. The complexity
of the FSS layer is reduced in the proposed design as compared to Refet8hce [1

by reducing the number of dipole strips in the array and increasing the separation
between the two dipole strip&arlier Literatureantennas cover a limited number

of sub-6GHz band applications while the proposed antenna covers the whole range
of the sub6GHz band including important 5G bands n77, nt8& a79. The
resultant performance parameters comparison between the proposed antenna and
the existing antenna models found in the literature are presentatdbia4.9. In

the literature, the comparisons table shows that the suggested antenna design has a
maximum improvement of gain of 4.52dBi, which is significantly superior to the
gains of the existing antennas except for referencé&y IB2, 136, and Bg|. A
comparison with active similar antennas in the literature has been presented and
shows that th@resent design is simpler, easy to fabricate, has UWB bandwidth,

and has higher gain than the earlier studies.
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Table 4.10. Comparison of theesignedantenna and with similar published

FSS/metasurface work

Ref. No. Ant. Size Design | Method for FBW Comp | Gai | Gain Cost | Effici
(mm?) Freq., | Gain fL-fu, lexity | n Enhanc ency
(Ant. Type) | fo Enhancemen | (GHz) (dBi | ement (%)
(GHz) |t ) (dBi)
[45] 66.4x66.4 | 2.45 SRR triplet| 1.8 Moder | 7.16 | 7.286 to| Low | 92.85
Varshney | x 1.6, FR4 (without 3.0 ate 7.16
etal., 2021 | (Monopole) reflector)
[126] 63.65x54.1 | 2.4 BandPass 2.4 High 7 5t07 Low | NG
Belen, 6 FSS
2018 x  1.588, (Double
FR-4 Layer)
[133] 40 x 30 x| 8.15- | FSS 8.15- High 7.8 3.3 to| Hig | NG
Bhattachar | 0.8 13.2 (Double side)| 13.2 7.8 h
ya, et al,| (DR height | (5.05) (5.05)
2020 =4.3 mm)
[124) 32 x 25 x| 12.0 FSS at a 518 Moder | 10.5 | 6.510.5 | Hig | >78
Hussain, 1.52 distance  of ate h
etal., 2023 | (Rogers 9.0mm
RT/Duroid
6002)
[143] 20x14 x1.6 | 9.12 6x6 (39mmx | 9.12 Moder | 9.40 | 3.90 to| Low | 58
Tewary et | FR-4 39mm) FSS| 31.67 ate 9.40
al. 2023 (Monopole) layer beneath (WB) (5.5)
the antenna a
a 15mm
distance
[144]]Tewa | 26x26 x1.6 | 2.75 4x4 (56mmx | 2.7528 | Moder | 9.40 | 4.80 to| Low | 76
ry et al| FR4 56mm) FSS| (SWB) | ate 9.30
2022 (Monopole) layer beneath (3.5)
the antenna a
a 26.2mm
distance
[149] 49 x49| 5.8 49 number of| 3.9%- Moder | 7.76 | 2.87 to| Med | >88
Ara S., x1.588 Dipole strips| 6.44 ate 7.76 ium
and RT Duroid FSS as 4§ (WB)
Kumari P. | 5880 and reflector at a
2023 FR-4 distance  of
(Monopole) 8mm
(Double
Layer)
[132] 50 x 53.4 x| 2.4 DRA-FSS at| 2.4 Low 8.6 3t08.6 | Low | NG
Belen, et| 1.6 a distance of
al., 2020 (FR-4) 16mm
[136] 60x 50 x| 5.8 SIW Cavity | 5.7-5.9 | High 8.13 | 3.13 to| Low | NG
Patel and| 1.6 Backed 8.13
Raval, (FR-4) antenna using
2021 two dielectric
resonator
loading, FR4
inner
cylinder,
Teflon outer
cylinder
[138] 50.4x 28 x| 2.4 3x3 (102mm | 2.18 High 8.31 | 3t08.31| Med | NG
Hua Jing 0.1 x102mm) 2.90 ium
etal., 2023 rotatable ((NB)
curved FSS
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Polyimide
(PN
substrate
[131] 60 x 60 x| 3.75,5.| AMC Multi- | High | 7.52 | 3.88 to| Low | NG
Ghosh, et| 1.6 98 and| (Double band, 4.93
al., 2016 FR-4 8.79 Layer) 3.75,
(Multi- 5.98
band) and
8.79
[137] 20x 20 x| 28.4 Asymmetric | 28.436 | Low 8.30 | 4t08.3 | Hig | 92
Belabbas | 1.6 8x8 AMC h
etal, 2021 | RT Duroid ground plane
TTN (Impedance
surface)
Proposed | 49x49 5.5 15 number of| 1.12 Least | 8.99 | 441 to| Med | 97
work x1.588 Dipole strips| 8.64 8.99 ium
RT Duroid FSS as 4 (UWB) (4.58dB
5880 and reflector i)
FR-4
(Monopole)

*NB=Narrow band; WB=Wide Band; UWB=Ultra-Wideband; NG=Not Given

45.2. Limitation

The projected antenna has ultvade bandwidth, is simple, compact in size, has
high gain, and very high radiation efficiency values, although it has quite a few
limitations. As the reflector FSS surface is applied beneath the bottom at a distance
of an 8mm gap, this will increase the volume of the antenna and therefore engage
more volume instead of area. Since the radiating patch is etched on the RT Duroid
5880 top layer, the antenna becomes expensive. The dipole strip array FSS
enhances the gain and raiibn efficiency but compresses the reflection coefficient.

As the antenna has uliréide bandwidth from 1.12 GHz to 8.64 GHz, it is
appropriate for su6 GHz communications like n46 (5145@25 MHz), n47 (5855

5925 MHz), n77 (390@200 MHz), n78 (330B800MHz), n79 (44065000 MHz),
n96/n102 (592%H425 MHz), etc. However, the UWB bandwidth results in
interferences with other than 5G applications, such as from the Wi
Fi/Bluetooth/WLAN (2.42.5 GHz), WiMAX (3.5 GHz), CDMA (1706
1900/2100 MHz), GSM (185.990MHz), ISM (2.4-2.4835 GHz), PCS (1850
1990 MHz) bands, WFi 5/6 (5 GHz), LTE (2.3, 2.5, and 5.8 GHz), HiperLAN
(5.155.35 GHz), and another microwavebland, Sband, Cband for wireless,
RADAR, and satellite applications. The size of the main radiatavider as
compared to other works in the same domain, so matdn of dimensiongn

future. In most of the work, complex geometries were fabricated, which are difficult

104



to manufacture. In the presented literature, different substrates are utilized for both
the patch and the FSS design, and simple, thick strip lines with a reduced count

were used for the assembly of the FSS.

4.6.Conclusion and Future Works

The fabricated antenna has a FBW of 136.73% from 1.12 GHz to 8.64 GHz; it
is the better choice to use for all seBHz applications, including important n77
(33064200GHz), n78 (33G68800MHZz), n79 (44066000MHz) bands, etc., along
with CDMA (1706-1900/2100MHz), GSM (18568-1990MHz), ISM (2.42.4835
GHz), PCS (185861990 MHz) bands, WFi 4/5/6 (2.4 GHz and 5 GHz), WLAN
(2.5GHz), Bluetooth (2.45GHz), LTE/NMMAX (2.3, 2.5, and 5.8GHz),
HIPERLAN (5.15-5.35GHz), and another microwavebland, Shand, and éand
for wireless, RADAR, and satellite communicatiofi$ie projected antenna has
ultraawide bandwidth, excellent gain, and very high radiation efficiency values,
although it has a few limitations. Setting the FSS surface beneath the ground at a
gap increases the antenna volume in the third dimension, therelyyying more
space. The RT Duroid 5880's main rectangular patch antenna design will result in
higher antennaosts.The abovanentionedimitations and challenges are the aim
of the next future workThe generated interferences due to UWB bandwidth will
be reduced by either decreasing the antenna bandwidth or making the antenna
multiband. The overall volume of the antenna is controlled by further reducing the
existing gaps between tisebstratesSince the antenna is designed for the 6 GHz
band the dimensions of the main radiator antenna are high. Therefore,
miniaturization of the antenna size is also a challenging tasie$earchersThe
next chapter's design focuses on the following challengesntedy the existing

issues in the projected work.

In the futurethereis needto reduce the antenna'’s size. The UWB bandwidth covers
applications other than 5G; this increases the likelihood of interference with other
coveredapplicationsTherefore, taeduce interference,vich canbeachievedhis

by altering the air gap between the two substrates
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CHAPTER 5

MINIATURIZED FSS REFLECTOR ANTENNA

This chapter presents a dudmnd lowloss doubldayered inseted
miniaturized rectangular microstrip antenna for Sub 6GHz 5G applications. The
antenna uses an FSS layer as a reflector beneath théemhsettangular patch,
improving its directional rdiation characteristics. The existing antennas face issues
with largersize and ultrawvideband (UWB) bandwidth, resulting in potential
interferences. The miniaturized antenna achieves 74.11% size miniaturization and
a 47.6% reduction in thel0dB fraction& bandwidth. The overall volume is
controlled by optimizing the gap between the two substrates. The antenna separates
extraapplications into separate bands, eliminating interference with 5G
applications. It is the most suitable candidate for all 5G bandsiding the main
n77, n78, and n79 bands. The antenna's performance is validated by comparing
measured and simulated reflection coefficients and radiation performance

characteristics.

5.1. Miniaturization
Currently, microstrip patch antennas (MPA) atensively used in satellite
communications, RADAR and direct broadband services, industrial, scientific,
medical (BM) band, and PCSapplications 45]. The ultrawideband (UWB)
antennas have limitations in terms of application interference, asdley awide
range of applications BB]. Multi-narrow and wideband antennas are the remedies
for these apptation interference issuesd4]. Low-cost FR4 substrates fabricate
most lowfrequency operated antermaesulting in high lossed herefore, there is
a desire to fabricate an FiRAnd 5Goperated antenna using ldass materials.
The larger size of the antenna is restricted by the higher operating band, while UWB
bandwidth allows for many other operations that fall imitthis range.These
described applications interference$herefore, application interference is a

challenging issue.
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The solution to this is the RT Duroid 5880, which has a loss tangent of
0.0009 as compared to the BRoss tangent dd.02.Compared to FR, the low
loss RT Duroid materials are too expensive. These increase the antenna's overall
cost. Minimizing the area of the used substrate somewhat reduces the antenna's
cost. However, this will decrease the gain of the designed anteomaetyg.
Frequencyselective surfaces (FSS), metasurfaces, metamaterials, stacked patches,
reflectors, and muliayered methosl entance the antenna's gain5(156).
Normally, the size of the FSS layer is greater than the patch to enhance the
bandwidth and gain157,158. This leads to an increase in cost and material
requirements. As a result, the antenna size reduction is also dependent on the FSS
layer size reduction.

The reference B8] monopole rectangular FSS antenna had a feed length of the
order of halfwave guided length, i.e., 21.25mm, and a feed width of 2.0mm, but
the estimated feed width corresqossndi ng to
RT Dur oi d =22 dndh=r1.888 exm)(atethe design frequency of 5.5 GHz.
Since the antenna's length depends on the feedth (Lsus=Lt++Lp+3h or
Lsu=3h+lp+ 3 h) , By keeping the feed width corres
(L) is reduced so that the overall length of the antenna is reducedsdseSihce
the width of the antenna is equal to the width of the substraig, (it is also a
function of the patch width and the substrate height, i.euwV8h+Wk+3h. The
reference antenna3&] does not follow these standard relationships. By following
the standard rectangular patch antenna equations, the modified sizeaotenna
is miniaturized to 28mmx22.2mm (0.18%0.148_ ) as compared to the reference
antenna size of 49mmx49mm (0.9580.955_) where,_ is corresponds to the
lowest resonating frequency£2.01GHz). Thus, a total size reduction of 74.11%
is achieved

Furthermore minimize the antenna's volume by controlling or adjusting the
existing gap between the radiator RT Durb68B0 substrate and the reflector FSS
FR-4 substrate (G). The gap between the two substrates (G) of the reference antenna,
which was 8 mm, is now only 2.0 mm. This parametric operation reduces the

overall volume of the antenna tp to 86% of the referenceq8]. The antenna
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maintains its volume by keeping the two substrates, the antenna radiator and the
FSS reflector, similar in size. This parametric optimization shortens the dipole
strips' length (kipole) @and cuts the number of dipoles in the FSS reflector from 15
to 9. It doesn't change the dipoles' widthydé) or the distance (d) between them.

Also, by making the monopole ground (LGnd) length longer across the whole
bottom surface of the RT Duroid 5880 radiator substrate, the6Siz 5G FR1
band (1 GHz6 GHz) interferencesare eliminatedvith the other higher ®and
(6.0 GHz8.0 GHz) and lower and (8.0 GHz10.0 GHz) apps. As a result, the
ground length (kup) equals the two substrates of the designed antennas.
5.1.1. Design Equations

The conventional rectangular patch antenna dimensions are estimated using

standard desigequations.
5.1.2. Prototype Development

(a) (b)
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() (d)

Fig. 5.1: Rectangulapatch FSSntenna (a) estimated antenna with the full ground
(Iteration0), (b) Monopole antenna [2] (lteratidr), (c) Modified monopole
antennglteration2), and (d)Miniaturized antennéteration3)

The rectangular patch antenna design starts with estimated dimensions using
standard design equations, as showrFiq 5.1(a). This antenna (Iteratio)
consists of full bottom ground on the bottom surface of the RT Duroid 5880
substrate with a size of 26.021mmx49.765mm and an FSS layer (of width equal to
just double of the width of radiator substrate) beneath the radiatomaidstance
(evaluated using ANN method). The initial size of the FSS layer is just double the
width of the RT Duroid (radiating gich) substrate, while the lengths of both
substrates are kept equal. The 2mm wide seventeen (17) dipole strips and are
equally spaced atl mm apart from each other periodically. The array of 7 units of
dipole strips is used as reflector FSS. The dimensiértbe antennand FSS
substrateshave been furthemodified (each of dimensions 49mmx49mrty
achieve enhanced bandwidth and improved gain values, as shé&igqm hl(b).

This modified monopole antenna (lteratibphas a reduced ground of 14.25 mm

on the bottom of the RT Duroid 5880 substrate, which has a 49 mm x 49 mm square
area, and an FSS layer below the radiator that is 6.412mm below the radiator ground
surface To achieve a wide bandwidth, the radiating rectangular patch dimensions
have been optimized to 21.55mmx17.50mm. The modified size of the FSS layer is

optimized exactly equal to the RT Duroid substrate. The improve antenna gain is
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achieved by increasing the number of 49 units of dipole strips (from 17 dipole) of
width (0.25 mm) and periodic spacing (0.75 mm) on the reflector FSS, as shown in
Fig. 5.1(b). The FSS layer in this design is complicated and has congested spaced
dipole strips. The small spacing restricts the iteralicamtenna design from its
fabrication.Thereforejteration1 antenna design is again modifi¢eration2). It

has a monopole ground 14.25 mm long on the bottom of the RT Duroid 5880
substrate and covers an area of 49 mm x 49 mm. The gap between the FSS layer
substrate under the radiator is 8 mm. Again, the size of the FSS layer is kept similar
to the RT Duroid substrate i.e, 49mmx49mm. The FSS consists equally spaced (1
mm apart, 2.0 mm wide) 15 units of dipole strips as reflector, as shotig.in
5.1(c). The enhanced bandwidth causes applicationfaremnces and the 15 dipoles

in the FSS needed higher area of thed/&hd RT Duroid 5880 substrate the makes
the antenna size higher and costlier. Therefore, it is important to miniaturize the
overall size of the substrate required to fabricate FSS asaweladiator and
secondly reduce the gaps between the two substrates to control overall antenna
volume, finally the wider bandwidth becomes narrower by means of increasing the
ground length on the full bottom surface it reduces the application interferdmce
achieving thighe further modification in the design of Iterati@rantenna is carried

out as shown irfrig. 5.1(d). The detailed explanations of the designed antenna
(iteration-3) is explained in the next sigection of this chapter.

5.1.3. Optimized Design

(b)
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h=1.558 mm
=2 mm

#1.558 mm

(d)

Fig. 5.2: Miniaturized antenna structure (a)Top view, (b) Bottom view, (c)Dipole
Array as FSS reflector, and (d) Miniaturized antedin@ensional structure

To achieve bandwidth and gain enhancement, the size of the RT Duroid 5880 has
been increased. This will increase the cost and also allow other applications’
interferences to interfere with 5G S6Hz FR1 band applications. The antenna
maintains its costypshrinking the size of the RT Duroid substrate. Also, application
interference is minimized by reducing the bandwidth or making the antenna multi
band in nature. These limitations and challenges can be addressed by miniaturizing
the overall volume of thantenna. The feed length, number of dipole strips, ground
length, and the existing gap between the substrate are optimized to reduce the
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limitations of theFig. 5.1(b)-designed antenna. The final redeveloped (modified)
antenna structure is illustrated Fig. 5.2(a—d). Table 5.1 mentions all the
optimized design parameters and dimensidia®le 5.1 also shows the estimated
parameter dimensions, the reference antenna dimensions [189], and the modified

miniaturized antenna dimensions.

Table 5.1. Dimensions of the Miniaturized FSS Antenna

Parameter Symbolic Estimated | Reference Modified Final Design
Name Representation | Value Design with | Design with | with 9 dipole
(in mm) 49  dipole | 15 dipole | strips
@5.5GHz | strips strips @5.5GHz
Iteration- | @5.8GHz @5.5GHz Simulated
0 or or or Optimized
Optimized Optimized value (mm)
value (mm) | value (mm) Iteration-3
Iteration-1 | Iteration-2
RT Duroid 5880 Wsu=3h+We+3h | 26.021 49.0 49.0 28.0
Substrates width
FR4 Substrate width Wsus = 2uWV 52.042 49.0 49.0 28.0
FR4 and RT Duroid Lsus=3h+Le+3h [ 49.765 49.0 49.0 22.2
5880 Substrate or
length Lsu=Ls+Lpt+3h
Patch width Wp 16.493 14.25 21.55 19.5
Patch length Le 20.445 17.50 17.50 17.0
Microstrip Feed| Ws 3.986 2.0 2.0 4.86
width
Microstrip Feed| | - 18.91 20 20.25 5.5
Length
InsetCut width Wi 0.5 0.5 0.5 0.515
InsetCut length Li 4.25 4.25 4.5 35
Ground width Woand 26.021 49.0 49.0 28.0
Ground length Lend 49.765 14.25 14.25 22.2
Height of RT|H 1.588 1.588 1.588 1.588
Duroid 5880
Height of FR4 hi=h 1.588 1.588 1.588 1.588
The gap betweel| G 8 6.412 8 2.0
two substrates
Width of dipole Woipole 2.0 0.25 2.0 2.0
Length of dipole L diopole 49.765 49.0 49.0 22.2
The separatior] D 1.0 0.75 1.0 1.0
between two dipole

Each dipole length {ipoie) is kept equal to the length of the substrates (Lsub); the
ground is spread over the full bottom surface, and the gap (G) between the two

substrates is reduced to 2 mhme number of dipole stripare reduceth the FSS
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layer to 9 units. A detailed description of the antenna dimensions, size, and volume

miniaturization has been described in Section F.8ole 5.2 showcases the

dimensional parameter variations and their respective values.

Table 5.2. Antenna Dimensions Miniaturization

N | Feed Feed | Li Wi G Lend | Reflector | Patch Size fr -10dB BW | Gain
length | width | (mm) | (mm) | (mm) | (mm) | Size (mm?)| (mMm?) (GHz) | (GH2) (dBi)
Lt Wk (LsubXWsub) (LPXWP) at fo=
(mm) | (mm) 5.50G
Hz
17| 1891 | 486 | 4.25 | 050 | 8.0 49.765| 26.021 16.493 1.0, (0.933.34),| 0.64
1-0 (Full | x49.765 x20.445 | 4.46, | (4.255.36),
bottom 6.21 (5.829.37)
49 | 20.25 | 2.0 4.5 0.50 | 6.412| 14.25| 49x49 14.25 5.89 (3.91:6.44)| 7.0
I-1 x17.50
15|55 486 | 35 0.515| 2.0 22.2 | 22.2x49 17x19.5 2.08, | (1.735.54), 5.30
(Full 6.32 (5.87-9.0)
bottom
15| 5.5 486 | 35 0.515| 2.0 (Full | 30x49 17x19.5 2.04, | (1.745.41), 6.21
bottom 6.32 (5.968.77)
15| 5.5 486 | 35 0.515| 2.0 (Full | 49x49 17x19.5 2.04, | (1.725.46), 6.31
bottom 6.24 (5.91-8.83)
15| 21.25 | 486 | 5.5 0.515| 2.0 (Full | 49x49 17x19.5 1.02, | (0.963.58),| 9.06
bottom 5.03, | (4.735.65)
6.17 (5.887.79)
15| 21.25 | 486 | 5.5 0.50 | 2.0 (Full | 49x49 17x19.5 1.02, | (0.97-3.58),] 9.0
bottom 5.03, | (4.735.65)
6.17 (5.887.79)
15| 21.25 | 486 | 5.5 0.50 | 2.0 (Full | 49x49 17.5x 1.02, | (0.91-3.83),| 9.16
bottom) [1] 21.55 5.03, | (4.695.54)
6.17 (5.737.82)
15| 21.25 | 2.0 5.5 0.50 | 2.0 (Full | 49x49 17.5x 0.79, | (0.67-4.57),| 8.37
bottom) [1] 21.55 5.06, | (4.69>10)
6.25
15| 21.25 | 2.0 5.5 0.50 | 6.0 (Full | 49x49 17.5x 0.74, | (0.704.49),| 8.15
bottom) [1] 21.55 4.96, | (4.70>10)
5.96
15| 21.25 | 2.0 55 0.50 | 4.0 14.25 | 49x49 17.5x% 1.27, (1.103.47),| 8.88
(monop [1] 21.55 4.83, | (4.27-8.59)
ole) 6.0
15| 21.25 | 2.0 5.5 0.50 | 6.0 14.25| 49x49 17.5x 1.18, | (1.053.34),| 9.07
(monop [1] 21.55 5.95 (4.87-8.43)
ole)
15| 21.25 | 2.0 5.5 0.50 | 8.0 14.25| 49x49 17.5x 1,27, | (1.128.63) | 8.97
1-2 (monog [1] 21.55 5.82
ole)
9 |55 486 | 35 0.515| 2.0 (Full | 22.2x28.0 | 17x19.5 2.04, | (1.725.54), 4.21
1-3 bottom) (Proposed 6.32 (5.858.91)
work)
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5.2. Parameter of Design

To accomplish the antenna size miniaturization along with reduced application
interference, the parametric on all the possible antenna parameters has been applied.
This section provides a detailed description of the parametric analysis of the
antenna paraaters. The parametric study of the modified miniaturized antenna
dimensions has been carried out to achieve-baatl and reduced bandwidth to
limit the application interferences within the band. The parametric values of
dimensional parameters are arranged ables 5.3-5.8, and their corresponding

reflection coefficients are illustrated kigs. 5.3-5.8.

5.2.1. Ground Length (Laend)

Fig. 5.3 represents the parameter study of the ground length variations from
12.5% to 100% as arranged iable 5.3 and their effect on the reflection
coefficient (S1) of the miniaturized antenna. It is ascribed from the parametric data
that when the ground length is spread over the whole bottom surface of the radiator
substrate, it will provide the highest gain of 4.21 dBi at the design frequency as well
as convert tb bandwidth of the antenna to dual wide bands. It also introduces a
notch band from 5.54 GHz to8 GHz.

Table 5.3. Parameter of ground length

Lend (Mm) fr (GHz) -10dB BW (GHz) Gain (dBi) at
fo=5.5GHz
2.775 (12.5%) 2.76, 6.44 (2.067.94) 1.45
5.55 (25%) 2.76,5.88 (2.168.01) 1.38
11.1 (50%) 2.36 (1.988.16) -0.37
22.2 (100%) 2.04, (1.725.54), 4.21
6.32 (5.858.91)
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Fig. 5.3: Effect of ground length variations (LGnd)

5.2.2.The gap between the radiator and FSS reflector substrates (G)

Reflection Coefficient, S,,(dB)

30 —— G_1.0mm
) ] } — G_2.0mm
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Fig. 5.4: parameter of gapetween two substrates (G)

The parametestudy of the gap variations in a step size of 1. mm reduction from
8.0 mm to 1.0 mm is arrangedTiable 5.4, and their effect on the reflection
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coefficient (S1) of the miniaturized antenna is representeign 5.4. It is said

that when the gap between two substrates is equal to 2.0 mm, it will provide the
strongest notch of 310 MHz within the band and strongly support thébdnell
nature(1.725.54), (5.858.91)of the antenna.

Table 5.4. Parameteof gap between Two Substrates (G)

G fr -10dB BW Introduced notch | Gain (dBi) at
(mm) (GH2) (GH2) band (GHz) fo=5.5GHz
1 2.04, (1.725.56), 270MHz 4.22
6.32 (5.838.96) (5.565.83)
2 2.04, (1.725.54), 310MHz 4.21
6.32 (5.858.91) (5.545.85)
3 2.08, (1.725.62), 210MHz 4.39
6.32 (5.839.0) (5.625.83)
4 2.04, (1.725.61), 210MHz 4.34
6.36 (5.849.0) (5.61:5.84)
5 2.08, (1.735.67), 120MHz 4.27
6.36 (5.799.0) (5.67-5.79)
6 2.08, (1.725.64), 210MHz 4.27
6.36 (5.859.0) (5.645.85)
7 2.04, (1.71:5.61), 200MHz 4.36
6.32 (5.81-8.98) (5.61:5.81)
8 2.04, (1.725.59), 250MHz 4.21
6.32 (5.848.96) (5.595.84)

5.2.3. Parameter of Number of Dipoles (N)
By keeping the width and spacing between the dipole strips constant, the

number of dipole strips in a pair of dipoles is reduced from 15 to 9 by keeping the
gaps between the two substrates (G) constant at 2.0 mm and the length of the
substrate constant tte RT Duroid substrate (22.2 mm). The reduced number of
dipole strips also generates the possibility of reducing the width of the FSS reflector
FR-4 substrate. The parameter value of the number of strips is showcasdxdein

5.5, and their reflection cdkcients are illustrated ifrig. 5.5. It is noticed from the

S11 comparisons that with 9 units of dipole strips, the FSS size gets reduced to a
minimum, consequently 28 mmx22.2 mm, and the overall volume of the antenna
system gets reduced. With these dipole number variations, bandwidtmsemai

almost constant while the gain of the proposed antenna reduces to 4.21 dBi.
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Table 5.5. Parameter of the number of dipole stripg

N Reflector Size fr -10dB BW Gain (dBi) at
(LsunXWsub)in (GHz) (GHz) fo=5.50GHz
mm
15 22.2%x49 2.08, (1.735.54), 5.30
6.32 (5.879.0) 5.0
13 22.2x40 2.08, (1.735.61), 5.0
6.32 (5.87-9.0) 4.8
11 22.2%x34 2.04, (1.745.49), 4,41
6.36 (5.938.89) 4.0
9 22.2%x28 2.04, (1.725.54), 4.21
6.32 (5.858.91) 3.7
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Fig. 5.5: Effect of the number of dipole strips reduction

5.2.4. Parameter of the Patch Width (Wp)

Table 5.6 showcases the parametatudy of patch width variations from
21.55mm to 18.50 mm, with a step size of 0.50mm, while maintaining a constant
patch length of 17.0 mmEig. 5.6 illustrates their impact on the reflection

coefficient (S1) of the minaturized antenna. The paramedata suggests that a

patch width of 19.50 mm yields the highest FR1band of the 5G6 sGibiz

bandwidth (1.72 GH&.54 GHz) in its initial band. It also introduces a notch band

from 5.54 GHz to 5.85 GHz, which minimizes application interference witlarl
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and X-band applicaons, also conclude that patch width reduction transforms the
antenna into a duddand configuration and introduces a small notch band. The
patch width reduction will also reduce the gain. Therefore, 19.5@smonsidered
as an optimized valuef patch width

Table 5.6. Parameteof the Patch width (\A)

W fr -10dB BW Gain (dBi)
(mm) (GHz) (GHz) at fo=5.5GHz
21.55 1.96,6.12 (1.638.36) 4.86
2150 1.96, 6.16 (1.648.44) 4.84
20.50 1.96, 6.20 (1.668.57) 458
19.50 2.04, (1.725.54), 4.21
6.32 (5.858.91) 3.5
18.50 2.08, (1.755.50), 3.92
6.40 (5.949.0) 3.2
0 -
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Fig. 5.6: Effect of the patch width variations
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5.2.5. Parameter of the Patch Length (Lp)
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Fig. 5.7: Effect of the patch length variations

The parametestudy of the patch length variations from 17.50mm to 16.90mm

in a step size of 0.05/0.10mm by keeping patch width constant equal to 19.50mm

is carried out and showcased Trable 5.7, and their effect on the reflection

coefficient (Q1) of the miniaturized antenna is representeéign 5.7. It is ascribed

from the parametric data that when the patch length is 17.0 mm, it will provide the
highest FR1band of 5G s#bhGHz bandwidth (1.72 GH®5.54 GHz) in its first
band. It also supports maintaining a notchd&om 5.54 GHz to 5.85 GHz and

minimizes application interference with-liand and Xband applicatins, also

conclude that reducing the patch length results in lower gain values. Consequently,

as a result, the 17.0 mm patch length is treated as an optimized value.

Table 5.7: Parameteof the patch length @)

Le (mm) fr (GHz) -10dB BW (GHz) Gain (dBi) at
fo=5.5GHz
17.50 2.0, (1.67-5.52), 4.65
6.20 (5.66-8.99)
17.45 2.0, (1.685.52), 4.58
6.20 (5.728.95)
17.40 2.04, (1.705.53), 4.57
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6.24 (5.739.0)

17.30 2.0, (1.685.52), 4.44
6.20 (5.748.83)

17.20 2.0, (1.695.53), 4.40
6.28 (5.78:8.90)

17.10 2.04, (1.705.62), 4.25
6.36 (5.798.97)

17.0 2.04, (1.725.54), 4.21
6.32 (5.858.91)

16.90 2.04, (1.735.57), 4.24
6.32 (5.86:8.91)

5.2.6. Parameter of the Inset length (Li)/Feed length (L¢)
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Fig. 5.8: Variations of the inset length ijLand feed length ¢
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Since the feed length (Lis dependent on the inset length)(lany change in
the inset length also changes teed lengthParametric studys carried out of the
inset length variations from 4.5 mm to 3.3 mm in a step size of 0.20 mm,
maintaining the inset width (Wconstant at 0.515 mnT.able 5.8 showcases this

study, andrig. 5.8 represents their effect on the reflection coefficient)(8f the
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miniaturized antenna. The parametric data suggests that an inset length of 3.50 mm
yields the highest FR1 band of the 5G-€uBHz bandwidth (1.72 GH5.54 GHz)
in its initial band. It also introduces a notch band from 5.54 GHz to 5.85 GHz,
which minimizesapplication interference with -8and and Xband appcations,
also conclude that a 4.1 mm reduction in inset length transforms the antenna into a
dualband and introduces a small notch band. The reduction in inset length will also
lead to a decrease inigaConsequently, 3.5 mm inset length is treated as an
optimized value.

Table 5.8: Parameteof the Inset length (). and Feed length (L

Li (mm) L¢ (mm) fr -10dB BW Gain (dBi)
(GH2) (GHz) at fo=5.5GHz
4.5 6.5 1.92,6.16 (1.658.22) 4.51
4.3 6.3 2.04,6.24 (1.698.76) 4.45
4.1 6.1 2.0, (1.685.65), 4.38
6.24 (5.728.66)
3.9 5.9 2.0, (1.695.55), 4.39
6.24 (5.788.61)
3.7 5.7 2.0, 6.24 (1.698.74) 4.38
3.5 5.5 2.04, (1.72-5.54), 421
6.32 (5.85-8.91)
3.3 5.3 2.04, (1.71-5.56), 4.24
6.36 (5.859.0)

5.3.Results and Discussions

5.3.1. Reflection Coefficient Comparisons of Antenna Miniaturization

The reflection coefficient comparison of the miniaturized antenna
development stages as discussed in Section 5.3 is illustrdteyd ;19 Antennas
designedusing standard equations (Iterati@)) resulting in three narrow bands
and a low gain value. The bandwidth of the antenna is enhanced by reducing the
ground length and using 49 dipole strips as an FSS layer at a distance of 6.412 mm.
This action makes thantenna wideband, and the gain of the antenna is enhanced
to 7.76 dBi. However, the limitatioof this iterationl antenna is that it will not
cover the important sué GHz 5G applications like the n77 and n78 bands; it uses
49 dipole strips in a larger area, and it is costly too. Therefore, these gaps are further

filled by modifying the design {gration 2). The iteratic@ antenna has UWB
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bandwidth, higher gain, and is easy to fabricate. However, it is costly and covers
other applications than the 5G FR1 band. Further, new challenges are raised to
reduce bandwidth, limit application interference, and reduce costs. These
challenges are res@d in the modified, miniaturized dubhnd antenna (iteration

3). The introduced notch band (between red and green vertical dashed lines)
separates the st GHz band frequencies from the otheib&hd and Xband
frequencies, and consequently, applicatistierferences areninimized and the

miniaturized size helps to reduce the cost of the antenna.

|
| 5G Sub 6GHz Applications |
| llower X-band Applications

| Antenna

Upper C-band and

-20

25 -

30 _ Estimated Antenna
] Reference Antenna

351 lteration-0_N=17

1 4 —— Iteration-1_N=49
40 - Miniaturized Antenna lteration-2_N=15

Reflection Coefficient, S,,(dB)

45 —— lteration-3_N=09
f 2 3 4 5 & 1 8 9
Freq(GHz)

Fig. 5.9: ReflectionCoefficients of Antenna Miniaturization

5.3.2.Miniaturized FSS Reflector Antenna Prototype

The miniaturized doublayered antenna is fabricated using two substraies
main radiator rectangular patch is etched on the costly 28mmx22.2mm RT Duroid

substrate of thickness 1.588mimig. 5.10(a)]. The bottom side of the antenna

122



contains full copperHig. 5.10(b)] . Finally, a 50Q SMA connec

the feed. The FSS layer is etched on the-¢ost piece with the same dimensions

as RT Duroid and the same thickness of 1.6 mm. The 9 units of periodically spaced
dipole copper strips collectively create th83- layer Fig. 5.10(c)]. So, both
substratesare joinedusing 2.0mm separators. The photographFig. 5.10(d)

displays the final prototype of the miniaturized antenna model.

(a) (b)

(© d) (

(d)
Fig. 5.10: Miniaturized Antenna Fabricated Model (a) Front View (RT Duroid

5880), (b) Ground View (RT Duroid 5880), (c) FSS Reflector View-@yRand
(d) 3-D View of the Final Fabricated FSS Antenna
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5.3.3. Antenna Testing

In order to make sure the antenna wollysgonfirmingits gain, radiation pattern,

and reflection coefficients at two resonating frequencies of 2.01 GHz an@824

and compaing these resultameasured,for simulating the antennaAll the

measured graphs are closer to the simulated vafigs.5.11-5.14 display the

simulated and measured antenna parameters, Whiale 5.9 summarizes. These

parameters include the input reflection coefficient, VSWR, gain, and radiation

pattern.Fig. 5.13 (a—d) illustrates the gain radiation patterns in thpl&e and H

plane at the two resonating frequenciEgy. 5.14 illustrates the antenna's 3D

radiation pattern atlesignfrequency. It is unidirectional and has a small, minor

lobe in the back. Therefore, it has an excellent ftotitack ratio (FBR).

Table 5.9. Results of Miniaturized FSS Antenna

Antenna Resultant | Simulated Measured Simulated Measured
Parameter Value Value Value Value
(Without FSS) | (without FSS) | (With FSS) (With FSS)
Resonating 2.08GHz and 2.76GHz and 2.01GHz and 3.1GHz and
frequency f 6.26GHz 6.31GHz 6.24GHz 6.21GHz
Reflection -39.18dB and -34.54dB and | -36.86dB and | -36.81 dB and
coefficients, -23.14dB -22.93dB -20.54dB -18.12dB
Sipatf
-10 dB fractional| 1.72>9GHz 1.56—>9GHz | (1.72 (1.68-5.0GHz)
BW 5.54GHz) and
and (5.56-
(5.85- 8.89GHz)
8.91GHz)
Gains at f 1.05dBi and| 1.40dBi  and| 1.05dBi and| 1.40dBi and
5.92dBi 5.50dBi 5.92dBi 5.50dBi
Half Power Beam — =8 5. 8 8| No Record —=86.23|—=79. 20
width (HPBW) —=85.6"° —=87.34|—=75.9°
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Miniaturized Antenna without Reflector
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Fig. 5.11: Simulated and Measured Miniaturized Antenna without FSS reflector
(a) Reflection Coefficients and (b) Gains
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Fig. 5.14:3D-Radiation pattern

5.3.4. State-of-the-Art of Miniaturized Antenna

Table 5.10 showcases the staté-the-art results of the recently published FSS
antennas. Theecordeddata reveals that the proposed antenna boasts the smallest
size among laexisting similar antennasl®4, 136, 137 and B9]. The proposed
antenna has the lowest cost as compared to antennas fabricated using the RT Duroid
5880 substratedt is also obserwd# that the miniaturization process turns the
antenna into a mulband device. These muliand antenna miniaturization
processes also salt in reduced gain values34]. The proposed antenna is the
smallest, has low loss, is dti@dnd, has an acceptable gain of the order of 5 dBi to
6 dBi, and has a wide dual band. It also has a notch band that entiretyagm
application interferences $3 ,158].

Table 5.10. Comparison of the designed Antenna with Similar literature Antennas

Ref. fr Freg. Band | Size (mm?) -10dB | Gain | Cost
(GHz) | (GH2) (WsubX Lsub) FBW | (dBi)
(%)
Varshney et | 3.40, (2.87-3.92), | 28.45x33.4 30.88, | 3.59, Low
al. 2024[154] | 6.02, (5.497.03), | (0.322_x0.378_) | 24.60,
8.21 (8.038.40) 4.50
Saad, etal, | 1.54, (1.48-1.63), | 15x35 9.6, 0.8, Low
2017[160] 2.45, (2.25-2.48), | (0.08_ x0.18 ) 9.72, 1.6,
5.1 (4.22-6.0) 34.8 2.9
Nakmouche et 6.0 (5.536.36 50x50 13.65 | 8.89 High
al., 2021)59] C %)
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Hussain et al.,| 12.0 (5-18) 32x25 113 10.5 High
2023 [10] (1.28_x_)
Belabbas et al| 28.4 28.4-36 20x 20 23.60 |8.3 High
2021 [137] (18.93_ x18.33.)
Pateland | 5.8 5.7-5.9 60x 50 34 8.13 High
Raval 2021 (0.08_ x0.18 )
[136]
Ara and 5.85 3.91-6.44 49x49 50.48 | 7.76 High
Nunna (0.955_ x0.955 )
2023[153]
Ara and| 1.35, 1.128.64 49x49 154.09 | 8.99 High
Nunna2024[1 | 5.79 (UWB) (0.22Q_ x0.22Q_)
58]
Proposed 2.01, (1.725.54), | 28x22.2 105.23,| 1.05, Medium
work 6.24 (5.858.91) | (0.187_x0.14p_) | 41.46 |5.92

5.4.Conclusion

The lowloss miniaturizedantenna resolves application interferences within the
band by introducing a small notch band within its larger bandwidth, which spans
from 1.12 GHz to over 9.0 GHz. Therefore, due to its filtering action, the antenna
proposed in this chapter behaves ldee applicatiorfiltering antenna. Of course,
the antenna miniaturizes the size by 74.11%, reducing the overall cost due to the
need for the expensive RT Duroid 5880 substrBige to miniaturization, the
overall gain decreasdwwever, the antenna resorthtessential frequendyand.

The reduced gap between the two substrates reduces the overall volume to 86%,
while the introduced notch band (5.54 GHAB5 GHz) due to the combined effect

of increased ground length, patch modification, reduced gap, and the number of
dipole strips in the=SS results in a dusandreduction in the overall0 dB
fractional bandwidth (FBW) to 47.6%. As a result, the miniaturized antenna
becomes an ideal candidate for FBnd sukb GHz (5G) applications such as the
n77, n78, anth79 bands. Introducing a stacked patch over the rectangular patch at

a suitable location could further improve the reduced antenna gain.
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CHAPTER 6

RESULTS

This chapter presents the summary of the three fabricated antennas and compares
theperformanceneasuresFor validation purpose of these antennas their reflection
coefficients and gains plots are presenfgus chapter concludes the thesis and
highlights future scope.

6.1. Antenna Prototype

Antenna without FSS

(@)
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Antenna With 9 dipoles

(b)
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(e)

Fig 6.1: ProposedAntennastructureqa) Antenna without FSSFront view, Rear

view(b) Antenna with 15dipole-Front view, Rear vievand FSSc)Antenna with
9 dipole-Front view, Rear vievand FSSd) antenna with 15 dipole stripgodel,
and (e)Antenna with 9 dipole stripsodel

Three antennas have been modeled, evaluated, designed, fabricated, and
measured for conductimgsearcton sub6 GHz 5Guses as showcased Fig. 6.1.
The research started with the design and development of the rectangular patch
antenna without the use of a frequessejective surface, which was then fabricated
on an RT Duroid 5880 substrate and measured as displayEtgsn6.1(a)
Afterward, the periodic structure of equally spaced 49 dipole strips at a suitable
distance beneath the ground of the argermplaced below the main antenna
radiator. That serves as a reflector for the electromagnetic waves and improves the
directivity and gain of the singllayered rectangular patch antenna. The fabrication
of this FSS layer is very complicated as theirstp thickness is very thin, and
these are close together. The FSS layer is then improved by reducing the 49 dipole
strips to 15 dipole strips with an increased gap between the strips. These FSS are
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simple and easily fabricable on ERsubstrated-ig. 6.1(b) displaysthe 15-dipole
antenna’'s FSS layer. The prototydéd dipoleFSS antenné displayed inFig.

6.1(d). This antenna has higher gain and bandwidth but suffers from application
interference and is larger. To remedy these issues, the antenna is further
miniaturized in size, and FSS is also miniaturized by reducing the number of dipole
strips from 15 to 9, assplayed inFig. 6.1(c). This miniaturized antenna is named

a9 -dipoleantenna, as shown kig. 6.1(e).

6.2. Reflection coefficients and Gain Plots

The fabricated antennas are tested using a 60GHz Keysight vector network
analyzer (VNA), an Agilent N5247A, and an 18 GHz anechoic chamber for the gain
and radiation power measurements as discussed in the previous chapters. The
designed and simulated reflem coefficients of the fabricated antennas are
compared irFig. 6.2. The closeness of these plots confirms that the designed and
fabricated antennas are valid for the use of&@Hz 5G applications. The single
layer and the antenndth 15 dipoleshavea wider bandwidth and larger sizes. The
miniaturized antenna FSS is designed and arranged in such a way that it introduces
a notch in the wide bandwidth, making the antenna dual band. This eliminates the
issue of application interference due to wide badthg.

Fig. 6.3 compares the simulated and measured gains of the fabricated antennas.
The simulated and measured results are in agreement, with some discrepancies in
the curve shapes. These differences between the simulated and measured gains are
due to fabrication erraf SMA connector connections, and misalignments in the
proper placement of the FSS layer. The FSS improves the gain by 5 dBili the
dipoleantennawhile the miniaturized antenméth 9 -dipolesfalls below the gain
value by 1.3 dBi.
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Fig. 6.2: Simulated and measured reflection coefficienis) (@ots of designed and

fabricated antenna
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6.3.Results Comparisons

For three fabricated antennas, the performance measures are analyaiad 611

Table 6.1. Antennas resudtperformance parameter comparisons

Parameter Antenna Antenna With 15- | Miniaturized Antenna
Name Without FSS dipole Strips FSS as | With 9-dipole Strips
Reflector FSS as Reflector

Gap betweer| ------- 6.412mm 2.0mm

two Substrates

No. of Dipole| ------- 15 09

Strips

Ground Size Monopole, Monopole, 29.08% Full Ground,
29.08% (14.25 (14.25mm) 100%(22.2mm)
mm)

Antenna Size | 499mmx49mm 49mmx49mm 28mmx22.2mm

Size Not done Not done 74.11%

Miniaturization

Volume 49mmx49mmx1.6mn 49mmx49mmx9.6mmnm 28mmx22.2mmx5.188mn

Volume Not done Not done 86%

Reduction

-10dB BW (5G| 1 GHz9.5 GHz 1.12GHz8.62GHz 1.70GHz

Coverage) 5.63GHz=3.93GHz

Fractional 170% 156.72% (7.5GHz) 71.45% (3.93GHz)

Bandwidth

(FBW)

BW reduction | Not done Not done 47.6%

Minimum -20.14dB -18.07dB -37.03dB

Reflection

Coefficients,

(S11)

VSWR 1.22 1.29 1.027

Gain at desigr] 5.5dBi 8.99dBi 5.35dBi

frequency

Radiation Bidirectional Unidirectional Unidirectional

Patterns and highly directive | and directive

The table illustrates the unique features of the designed FSS antennas. The final
antenna has a compact size, wide bandwidth, and higher gain. The hybrid
combination of the substrate for the radiator and the FSS design yields a reduction
in the antenna ctsThe lower spacing (gap) between the FSS and radiator makes
the antenna lowprofile and economical. The FSS reflector layer makes the

bidirectional radiation characteristics directional, improving directivity and gain.
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The improved gain is achieved with a radiation efficiency higher than 95% in each
fabricated model. The antenwéh 15 dipole strip achievdsghest gain nearly 10

dBi. The 74.11% antenna size miniaturization results in a small reduction in the
gain value by 1.3 dBi. The biggest advantage of the ant&ith® dipole stripss

that it strongly reduces application interference problems.

6.4. Conclusion

To improve the design in terms of antenna size to further reduction in overall
antenna costor the applicationinterferencesare further needed~or achieving

these aims antenna is further miniaturized to 74.11% (28mmx22.2mmx5.2mm)
from its parent size (49mmx49mmx9.6mm) with reduced (9 number) dipole strips
in FSS. This fabricated and tested antenna introduced a notch band in the UWB and
from 5.5GHz5.85GHz and makes the nature of the antenna dual band-[(1.72
5.54GHz), and (5.88.91GHz)]. This bifurcation not only separates the-8Giz

FR1 band applications from C and X bands but also mininiigegferencesOn

the othethand,the gain of thentenna reduces to 5.92dBi.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1. Conclusion

A modern technique based upon the frequency selective surface to enhance the
gain and efficiency of a microstrip antenna has been presented in this thesis. The
designed antennas cover the full range of theGs@z 5G applications and FR1
bands, as dispy@d inTable 1.2. The singldayer antenna and parent antenna are
bigger in size and cover the full s6bGHz bandwidth, along with someland
and Xband applications. Those results in application interference due to antennas
wider bandwidths. The epolarization level is improved by placing dipole strips at
equi di s tamdpostionsdpardéllel to each other.

The antenna's gain and efficiency have been significantly improved using a
reflector FSS as a reflector on the main patch antenna. The fabricated antenna is
suitable for suk6 GHz applications and can be reconfigured for other bands by
increasing the patdength.

The proposed parent antenna has an-ulide bandwidth, excellent gain, and
high radiation efficiency values, but it also has limitations. Setting the FSS surface
beneath the ground increases the antenna volume and occupies more space. The
main rectangulapatch antenna is designed for the RT Duroid 5880, making it
expensive. The new FSS reduces the reflection coefficient while improving gain
and radiation efficiency. The fabricated antenna has FBW of 136.73% from 1.12
GHz to 8.64 GHz, making it suitablerfsub6 GHz applications like n77, n78, n79,
CDMA, GSM, ISM, PCS, Wi, WLAN, Bluetooth, LTE/WiMAX, HIPERLAN,
and microwave communications. Different substrates are used for rectangular

patches and FSS designs with simple, equally spaceddant dipog lines.
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7.2. Future Scope

T

T

Further this design can also be employed wjtht-ring resonators, EBG
structures, anddvanced technologidike

1.Adjusting the air gap between substrates.
2. Making the FSS layer tunable using PIN diodes .

Machine learning can be an important tool to evaluate gaps between
substrates.

The design could be explored in a midtyer structure by:
1.Placing the FSS above the radiator.
2.Further improving the gain value of the antenna.

TheProposedntennausea conventional rectangular patch structure, but
this research can be extended to:

1.Circular patch antennas.

2 Fractal antennas.

3.Metamaterial antennas.

4 MIMO and array antennas with FSS.

Using different substrates may result in varying performance
characteristics.
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