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Abstract

More and more electronic components are being combined onto a single platform

due to the demands of downsizing and multi-function in current communication net-

works. As a result, electromagnetic interference between the signals emanating from

the radiatoing devices must be avoided. It is possible to greatly increase the quality

of communication and to avoid the interference by employing the spatial filters.

Spatial filters offer a solution to the problem of improving the performance of com-

munication networks. The use of spatial filters for making stacked apertures has

caught a lot of attention. Traditional approaches for developing small, broadband,

and high gain antennas are time consuming and costly to implement in practise.

Planar frequency selective surfaces (PFSSs) are employed as spatial filters for elec-

tromagnetic (EM) waves, which may either transmit or reflect in the required oper-

ational frequency band, to achieve these properties. This research work presents a

method for creating high gain, compact, and wide band antennas by utilizing PF-

SSs. This method provides greater antenna capability at a lower cost, as well as a

considerable reduction in size and area.

This dissertation describes the overviews and the problems faced in the design of the

compact wideband high performance printed patch antennas. The research includes

a thorough examination of the compact wideband antennas and the creation of fre-

quency selective surface based spatial filters targeted for sub-6 GHz 5G wideband

applications. The characterization of frequency selective surfaces is discussed by

using a theoretical and experimental methods. The basic parametric performance

analysis, which is critical in the design of the frequency selective surface, is also dis-
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cussed in the thesis. Wideband operation is achieved in the printed patch antennas

by making use of the slotted ground geometries. The theoretical and experimental

research is provided for the two stacked radiating designs which are given as the ma-

jor emphasis in this thesis. The evolution of a polygon slotted ground printed patch

antenna from a normal patch antenna design is fully discussed through experiment

and simulation. The influence of various polygon shapes, such as hexagon and 18

segment polygon, on antenna performance is investigated by using the experiments

and simulations. Design equations are formulated for implementing the frequency

selective surface as spatial filters in the targeted frequency bands and are validated.

The frequency selective surface is utilized as a superstrate with the printed patch

antenna radiator, and the output performance characteristics are evaluated and

reported. The frequency selective surface layer is placed in the two different ori-

entations on the two different proposed printed patch antenna (PPA) designs. In

addition, the parametric variation of the height at which the frequency selective

surface is positioned above the radiator has been discussed in this thesis. The re-

sults of the computational and experimental research on the double layered planar

frequency selective surface (DSLPFSS) based stacked design structure are compared

for validating the design. This thesis summarizes the results of theoretical and ex-

perimental research on a layered architecture of DSLPFSS placed on the PPA. The

thesis objective is to design a stacking architecture consisting of a compact wideband

high performance radiator which can be utilized in 5G devices consisting of mobile

phones, wireless LANs, and other tiny wireless connection terminals.
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Chapter 1

Introduction

1.1 Overview

Electromagnetic environment is greatly influenced by both natural and human fac-

tors. The expansion of electronics and electrical equipment in numerous industries,

such as the networking sector, wireless communication industry, and high-speed

computation, etc necessitates the operation of several systems near to one another.

All of the applications of electronics in the communication industry will emit elec-

tromagnetic radiations, which may be categorized as either deliberate or man-made.

Humans are inherently surrounded by electromagnetic radiations which are emitted

by some of the other antennas as radiating apertures. When the electromagnetic

radiation is emitted from a source, then it travels to a far-field distance. The volt-

ages and currents are further induced in the neighboring circuits due to electro-

magnetic induction which is known as radiated coupling. There is no requirement

for a conducting channel in this case, unlike in regular impedance coupling. To

see the influence of distant fields, radiation coupling must be investigated. Most

of us find it fascinating that currents running in one circuit may cause currents to

flow in another circuit across the room or even many miles away. The presence of

electromagnetic waves can be felt in the radiations which were identified far back
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by James Clerk Maxwell in the year 1864. In his research, he determined the wave

propagation velocity along with reflection and diffraction behavior. In modern com-

munication systems, wireless connectivity is taken for granted. Even though the

technology which is used to generate and transmit electromagnetic waves remains

sophisticated, many engineers believe that electromagnetic radiations are both dif-

ficult to make and detect. Almost all the wireless circuits emit detectable amounts

of ambient electromagnetic fields. The most difficult task for electronic engineers is

to design antenna radiators that do not release excessive electromagnetic radiation.

Hence, there is a need to develop a mechanism to mitigate the stray electromagnetic

fields.

In addition, as the communication industry has evolved from 1st generation

wireless mobile systems to 5th generation wireless mobile systems, there has been a

desire for small miniaturized antennas that take up less space while yet delivering

adequate performance. The antennas that must be developed must be light, small,

and simple to manufacture. An antenna is a component of any wireless communica-

tion system that is used to transmit or receive radio waves. It is an electronic device

that helps to broadcast electromagnetic waves into the air by converting all the sup-

plied electrostatic energy into the radio waves and performs a reverse phenomenon

at the receiver end [1]. Antennas are embedded in all the wireless technologies which

include wireless television remote control, telematics devices, high-speed spacecraft

and aircraft, and satellite communications. With the introduction of integrated cir-

cuit technology and the development of miniaturized electronic devices, the need

for compact and low-profile antennas is growing. Antenna design is a crucial com-

ponent of growing wireless technology which has experienced a flourishing phase

from the 1940s until the 21st century [2]. This is because of the technological

advancements which have occurred by the addition of several new design method-

ologies and innovation of new structures such as lens antennas, parabolic reflectors,
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rhombic antennas, and microstrip antennas which have contributed to its success

[1]. Downsizing the communication equipment has been constrained by the size of

the antennas. The major drawback of the low profile antennas is their small values

of the impedance bandwidth, with low gain and directivity [2]- [4]. There is a

trade-off in maintaining a wide bandwidth with adequate gain and directivity, as an

increase in one parameter tends to reduce the other. Hence, many techniques are

suggested in the available literature which makes use of the complex designs that

can be implemented in almost all personal wireless communication devices. These

difficulties can be mitigated by proper designing of the antennas which makes this

field of research more appealing. Figure 1.1 depicts some of the most common types

of antennas used in the communications sector.

Figure 1.1: Classification of the types of antenna geometries

1.2 Printed patch antenna

The printed patch antenna (PPA) is cutting-edge technology in the design of radiat-

ing apertures. It is commonly utilized in wireless communication systems because it

offers inherent advantages of simplicity and compatibility with printed circuit tech-

nology. Microstrip geometries that emit electromagnetic waves were first considered
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in the early 1950s [3]. Deschamps firstly proposed the concept of microstrip antenna

in the year 1953 [3]. In 1955, the patent was granted to Gutton and Baissinot for

the microstrip antenna [4]. PPA may now be found in nearly all wireless systems.

It’s utilized to send and receive electromagnetic signals in the microwave range, and

it’s employed in wireless communications.

The shape and material characteristics of the substrate on which the antenna is

printed has an influence on the performance and operation of the PPA. Engineers

have been required to create scaled-down electronic frameworks as a result of im-

provements in the communication industry, allowing researchers to cope with both

embedded systems and patch antenna innovation. Due to a few attractive qualities,

PPAs have become a crucial component of scaled-down electronic systems. The

PPAs are made up of a metallic transmission patch created over a dielectric sub-

strate and supported by a metallic ground plane in their most basic form. It can

be found in virtually all generations of mobile phone receivers. In recent wireless

communications generations, such as industry 4.0 and internet of things devices,

PPAs have gotten a lot of attention. Regardless of its numerous areas of interest,

it has a significant disadvantage in form of low value of gain and reduced amount

of bandwidth. To overcome this issue, many design approaches for increasing the

narrow bandwidth of PPAs have been devised. Due to its various advantages over

typical microwave antennas, PPAs have proven to be an efficient radiator for a va-

riety of applications. Figure 1.2 highlights some of the most important advantages

of the patch antennas. Several feeding strategies for enhancing the PPA’s output

performance characteristics have been offered. The incident energy is fed into the

radiating aperture using the feeding technique. It is crucial because it serves as a

link between the air interface and the radiating aperture. Figure 1.3 depicts some

of the PPA feeding strategies.

The direct contact microstrip line feed is a widely utilized feeding technology as
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Figure 1.2: Figure of merits of the PPA

Figure 1.3: Illustration of the feeding techniques for the PPA

it is easy to fabricate. As seen in Figure 1.4, a conducting strip is attached directly

to the margin of the microstrip patch. The dimensions of the radiating patch extend

beyond the conducting strip. The feed-in form of conducting strip may be etched

on the same substrate as that of the patch, giving it a flat appearance. This feeding

technique offers with simple manufacturing, modeling, and impedance matching.

However, this feeding technique suffers from a strong limitation. Surface waves and

spurious feed radiations rise as the thickness of the dielectric substrate increases,
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limiting the antenna’s bandwidth.

Figure 1.4: Basic geometry of the PPA with microstrip line feed

1.3 Performance metrics of the PPA

PPA forms the backbone of today’s mobile communication systems. They obey the

reciprocity property which implies that the antenna geometry maintains the same

features in the transmitting as well as in the receiving mode. The design of the PPA

is targeted to achieve adequate values of the performance metrics as described below:

1.3.1 Reflection coefficient

The reflection coefficient of the PPA forms important design criteria and in terms of

the scattering parameters, it is given by the S11 coefficient. It signifies the percent

of the total power of the source which is reflected in the overall power output. The

amount of radiation is calculated by looking at the reflection coefficient, which should

be as small as feasible. It’s a statistic that quantifies of how much an electromagnetic

wave is reflected back owing to a transmission medium impedance discontinuity.
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1.3.2 Voltage standing wave ratio

The voltage standing wave ratio (VSWR) is basically a measurement of how well

input power is transferred through the PPA for radiation purposes. The PPA is

connected by the feedline from the source generator. When the source, feedline, and

PPA impedances are correctly matched, the energy created by the source is entirely

transmitted to the surroundings through the antenna interface. The transceivers

and the feed lines are designed for exhibiting 50-ohm impedance and therefore if the

impedance offered by the PPA differs from 50 ohm, then there is a mismatch which

results in energy loss [1]- [3]. An optimal communication system radiates all the

incident power given to an antenna. This requires a perfect impedance matching

between the source, feedline, and the PPA. In real-world systems, if any impedance

mismatch occurs at the interface of these systems, then it might cause some amount

of energy to be reflected in the source. This creates a standing voltage across the

line, and consequently, the reflection generates the destructive interference and thus

causing the voltage to fluctuate at different points along the line. So, VSWR helps

to measure the voltage fluctuation along with the targeted frequency band.

1.3.3 Impedance bandwidth

Another essential feature of the PPA antenna is its bandwidth, which is defined as

the range of frequencies across which the antenna can transmit or receive energy

correctly. As a result, bandwidth is a crucial aspect to consider when building a

PPA for a certain application. The term fractional percentage bandwidth is utilized

to explain the broadband characteristics of the designed antennas which are given by:

Bandwidth =
HigherFrequency − LowerFrequency

MiddleFrequency
(1.1)
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1.3.4 Gain

Gain of the PPA is defined as the ratio of the overall radiation intensity (RI) of

the proposed PPA design in a given direction to that of its value that would be

produced by a lossless isotropic PPA. Also, the effective radiation intensity of the

lossless isotropic PPA is equal to the ratio of the amount of power that enters into

the radiating aperture and the solid angle of 4π steradians.

Mathematically,

Gain =
4πRI

Pin
(1.2)

Gain of a PPA is measured usually in dB and a gain of 10 dB which when equated

to an isotropic antenna is termed as 10dBi. The amount of radiation exhibited

by an isotropic antenna is equal in all directions. In the real-world, the isotropic

antenna doesn’t exist, but it surely helps to retrieve the antenna parameters. The

measurement of the gain is done by equating the test antenna with a standard

calibrated antenna. An antenna doesn’t generate power, so the total amount of the

power radiated from an antenna is equal to that of an isotropic antenna, but it is

non-uniformly distributed.

1.3.5 Directivity

When a uniform quantity of power is radiated, the directivity may be calculated by

dividing the power density in the direction of highest value by the power density of

an ideal isotropic antenna. It is a measurement of the radiation pattern directional-

ity of an antenna. An isotropic antenna is a lossless antenna that radiates evenly in

all directions. It has a perfect spherical radiation pattern in free space, which means

that the electric strength of the field radiated by an isotropic antenna is the same

at every point on an imagined spherical surface. As a result, if an isotropic antenna
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outputs total power Pt in watts and is positioned in the centre of a transparent

(or fictional) far-field sphere of radius R metres, the power density throughout the

whole spherical surface is given by:

Pisotropic =
Pt

4πR2
W/m2 (1.3)

As the total amount of input power Pt is spread equally throughout the entire

surface area of the sphere and the radiation is being felt uniformly, hence the above

equation holds valid. Practical antennas possess some degree of non-uniformity

in their emission patterns; hence an isotropic radiator is not physically possible.

A practical antenna, which is essentially a non-isotropic radiator, has a directed

pattern because it radiates more power in certain directions than others. Despite

emitting the same total power, a directional antenna will produce more power in its

maximum radiation direction than an isotropic antenna. Directivity is essentially

a statistical measure of an antenna’s ability to concentrate radiated power per unit

solid angle in a certain direction.

1.3.6 Radiation efficiency

The radiation efficiency of the PPA is calculated by taking the ratio of the net

amount of power supplied at the input terminal to the power emitted from the

output terminal. For a highly efficient antenna, a major portion of the power de-

livered at the antenna’s input must be radiated out. But in a practical scenario,

the majority of the power is absorbed due to losses inside the PPA. An important

feature exhibited by the PPA is in the form of having an ability to maintain the

same efficiency when applied in the transmitter or at the receiver side. The radiation

efficiency is determined by dividing the net radiated power by the total provided

input power of the PPA and is expressed as follows:
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εr =
Pemitted
Pinput

(1.4)

The value of the radiation efficiency lies between 0 and 1. Usually, the value

is taken in percentage such as efficiency of 0.5 equals to 50 % and it is commonly

expressed in decibels (dB).

1.3.7 Fresnel and fraunhofer regions

The radiation pattern of the PPA fluctuates with the distance at which the radiation

is measured. It basically consists of two forms of energy that is reactive energy felt

in the near fields and radiating energy felt in the far fields as shown in the Fig-

ure 1.5. Therefore, the antenna vicinity is classified into three distinct regions which

are classified as: (a) Reactive fresnel field region, (b) Radiating fresnel field region,

and (c) Fraunhofer field region. The reactive energy oscillates to and fro from the

antenna in the reactive fresnel field area. This area has a significant disadvantage

in that it is unable to emit energy, thus the entire energy component is stored in it.

The final place where its presence is sensed is at:

X1 = 0.62

√
D3

λ
(1.5)

where X1 represents the distance of the radiating field measurement from the

antenna surface, D denotes the greatest dimension of the antenna aperture, and the

operating wavelength is denoted by λ.

The radiating fresnel field region is located between the reactive fresnel field and

the fraunhofer field region. In this area, the value of reactive fields is smaller than

that of radiating fields, and radiation fields begin to dominate. Its influence may be

visible up to the outermost layer, which is located at a distance of:
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X2 = 2

√
D2

λ
(1.6)

where X2 denotes the distance from the surface of antenna. The third region

consists of the fraunhoffer field region which exists beyond the distance of X2. This

region experiences lack of the reactive fields and only the effect of the radiating fields

are felt. It is crucial to notice that the angular field distribution is unaffected by

the distance between the PPA and the observer.

Figure 1.5: Radiations exhibited by a PPA

1.3.8 Radiation pattern

The term "radiation" is used to describe the emission or reception of a wavefront

at the PPA interface, which further specifies its intensity. The radiation pattern

of the PPA is a sketch created to illustrate its radiation as a function of direction.

The parameters such as the gain and directivity may be easily deduced by looking

at its radiation pattern. When the power is emitted from the PPA, then it has an

influence in both the near and distant fields. The radiation emitted from the PPA

depends on the angular position of the receiver and also on the radial distance at

which it is measured. The radiation pattern’s mathematical representation can be
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expressed in terms of spherical co-ordinates such as E (θ,φ) and H (θ,φ). Figure 1.6

depicts an omnidirectional radiation pattern, which is defined as the uniform emis-

sion of radiation in all directions.

Figure 1.6: Omnidirectional radiation pattern of the PPA

1.4 Applications

PPA forms the backbone of almost all mobile communication devices. They find

their usage in a variety of areas such as in satellite communication, RFID (radio

frequency identification), mobile communication systems, and in healthcare sys-

tems. Satellite links, for example, need circularly polarized radiation characteris-

tics, which may be realized by using either a square or circular patch microstrip

antenna. Circularly polarized transceivers are employed in global positioning satel-

lite (GPS) systems as they are quite small and highly costly. These are used in

telemedicine applications operating at 2.45 GHz. Wearable microstrip antennas are

an appropriate candidates for wireless body area networks. RFID (radio frequency

identification), wireless telephones, and healthcare systems are some of the appli-

cations which employ microstrip antennas. An RFID system is made up of a tag
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and a reader which incorporated PPAs. Microwave radiation is believed to be the

most effective technique of generating hyperthermia in the treatment of malignant

tumours. The radiators used for this function should be compact, easy to handle,

and durable. These requirements can only be met by use of the PPA. The earliest

microstrip radiator designs for generating hyperthermia in medical applications were

based on printed dipoles and annular rings built on S-band. Some of the potential

uses of PPAs are depicted in Figure 1.7 below:

Figure 1.7: Potential applications of the PPA

1.5 Frequency bands of interest

Fifth generation (5G) mobile communication is the most recent generation of cellular

technology, and it promises to deliver seamless coverage, high data rates, minimal

latency, and extremely dependable communications. It will increase the system’s

energy efficiency, spectrum efficiency, and network efficiency. It will serve as an in-

formation conduit, connecting billions of Internet of Things (IoT) devices while also

providing faster and more reliable access. The 5G enabled communication systems

will deliver higher quality video services possessing high speed mobility. The deliv-

ery of information and data will be through billions of connected devices. They will

support the delivery of vital services such as telesurgery and self-driving vehicles,
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ensuring low latency and ultra-reliability networks. It will increase the productiv-

ity by providing high-quality and real-time data. Historically, India’s technological

deployment has lagged behind that of the world’s most industrialized countries. In-

dia, on the other hand, is meticulously preparing to install 5G technology ahead

of the rest of the world. The lifeblood of every wireless communication system is

its spectrum. 5G spectrum caters to three different frequency bands consisting of

low frequencies (less than 1 GHz) which allows IoT for low data rate applications

and provides wide area and deep indoor coverage throughout urban, suburban, and

rural regions. The second one is the medium range of the frequencies (1 GHz –6

GHz) which offers excellent coverage and speed. However, in dense installations, the

higher-order frequencies (lying above 6 GHz) hold significant potential for providing

very high data rates and system capacity. The three different 5G frequency bands

are illustrated in Figure 1.8 as mentioned below.

Figure 1.8: Spectrum allocation for 5G deployment

The sub-6 GHz FR1 bands of 5G communication are mostly used for enhanced
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mobile broadband (eMBB), massive machine-type communication (mMTC), and

ultra-reliable low latency communications (uRLLC) [5]. In the recent decade, tech-

nological improvements in wireless communication have made tiny patch radiators

a viable option for large-scale deployments on existing 4G and projected sub-6 GHz

5G cellular networks. At the moment, mobile users want faster data speeds and bet-

ter service efficiency. The FR1 band will be of significant value as a result of recent

advancements in the communication industry and the introduction of 5G devices,

as it will bridge the technological gap between the present 4G and 5G networks.

As indicated in Figure 1.9, many nations have finalised their frequency bands for

deployment.

Figure 1.9: Global snapshot of 5G spectrum finalized by countries (Source Qual-
comm)

Some of the most common frequency bands which are allocated and are in use

for the sub-6 GHz 5G spectrums are illustrated in Figure 1.10.

1.6 Planar frequency selective surface (PFSS)

Planar frequency selective surfaces (PFSS) are made up of a series of randomly

distributed metallic patches (capacitive) or apertures (inductive) with symmetrical
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Figure 1.10: Most utilized bands of sub-6 GHz 5G spectrum

or asymmetrical geometries on a dielectric substrate that act as a spatial filter for

electromagnetic (EM) waves at specific resonant frequencies within a given range

of incident angles and polarization [6]. The PFSS are classified as spatial filters

in terms of high-pass, low-pass, band-pass, and band-stop filters based on the kind

of element and array structure. Aforesaid filtering characteristics help in the usage

of PFSS in radomes, Cassegrain sub-reflectors, electromagnetic shielding, spatial

filtering, microwave absorbers, and in the applications which are directly related to

security and efficiency of wireless communications. [6]- [13]. The basic functioning

concept of the PFSS structure is comparable to the study of diffraction gratings in

optics, which aid in dividing a beam of non-monochromatic light into its spectrum

components. In the mid-1960s, researchers were interested in the comprehensive in-

vestigation of PFSS and their interaction with EM waves. In addition, from the year

1919 onwards, different kinds of literature describing the uses of the PFSS have been

discovered [6]. Let us consider the simplest symmetrical geometry of square loop

PFSS, which acts as a band stop filter for the frequencies corresponding to its unit

cell dimensions. Whereas, on the other hand, its analogous structure comprising of
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aperture based square slot structure, gives a band-pass response at frequencies deter-

mined by its aperture size while rejecting all the out-of-band frequency components.

The type of chosen element, its size, and inter-element spacing with the dielectric

substrate parameters are the factors that impact the overall resonance frequency,

bandwidth, and the angle of incidence (AOI) dependence along with polarization

behavior of the planar incoming wave [14]- [16]. As a result, while building an FSS

structure for the desired frequency response, the appropriate selection of geometrical

features is important. These variables have the potential to significantly affect the

PFSS’s output characteristics. The resonant frequency of operation of the PFSS

is also affected by the dielectric material utilized and the number of PFSS layers

through which the wave passes. The relationship between the operation’s resonant

frequency (fr) and the relative permittivity (εr) of the dielectric substrate is criti-

cal to consider throughout the design phase. Hence, it can be said that the choice

of the dielectric material impacts the resonant frequency of operation. A simplified

schematic of the PFSS explaining the concept of operation is depicted in Figure 1.11

and variation of the response on the basis of the type of element is depicted in Fig-

ure 1.12. The designed PFSS structure can be a single layer PFSS or a cascaded

kind with many PFSS layers. Depending upon the targeted applications, PFSSs can

be constructed with single, dual, or broadband frequency responses.

Figure 1.11: Illustration of the transmissive behavior of the PFSS

Miniaturization, polarization independence, and angular independence are three
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Figure 1.12: Illustration of operation of a PFSS

main characteristics that must be considered while designing PFSS for most ap-

plications. The performance of the PFSS’s is investigated by creating an infinite

number of unit cells, even though real deployment needs a finite number of unit

cells. Miniaturization of unit cells is a difficult process that must be accomplished

without changing the resonant frequency of operation.

1.7 PFSS design methodology

The shape of unit cells is essential in the formation of PFSS. According to Floquet’s

theory, an array of periodic elements exhibits the same behavior as the unit element

used to construct the array [17]. The periodic elements generated by the unit cell

design and the substrate utilized define the PFSS’s band stop or band-pass char-

acteristics. The unit cell components of periodic surfaces can be constructed by

using patch or aperture type elements depending upon their applications. Various

forms of PFSSs have been reported in the literature, with some fundamental geome-

tries including loop, dipole, cross, and patch-shaped PFSSs. As shown in [6], the
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geometries are classified based on their output properties and are as follows:

• Group A: is formed by assembling of dipoles, tripoles, square spirals, and

Jerusalem crosses.

• Group B: consists of loops such as circular, square, and hexagonal loops.

• Group C: consists of diverse forms of solid interior patch kinds.

• Group D: consists of hybrid forms of the solid interior patch kinds in a variety

of forms.

Figure 1.13 depicts diagrammatic examples of the aforementioned groupings.

PFSS functionality may be shown using a complementary self-resonating network,

as seen in Figure 1.14. Electric currents are induced when an electromagnetic wave

impacts the PFSS structure. The magnitude of the induced currents is determined

by the coupling energy level. These induced currents act as electromagnetic sources,

generating further dispersed fields. As a consequence, the total field in the PFSS

area is made up of incident electromagnetic fields combined with dispersed fields. As

shown in Figure 1.13 , group (A) is made up of dipole-type patch components that

are intended to act as bandstop filters for incident plane waves as well as complete

reflecting surfaces over a limited frequency range. The slot aperture components,

like those in group B, exhibit band-pass properties, which mean they behave as

semi-reflecting surfaces to incoming electromagnetic waves within the operational

frequency band. Despite meeting the practical criteria, the geometries exhibit insuf-

ficient filter response, low angular stability, and limited bandwidth, restricting their

applicability to a limited range of electromagnetic applications.

The equivalent circuit modeling technique is used to evaluate and forecast the

characteristics of PFSSs, as shown in Figure 1.15, which shows two unique types of
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Figure 1.13: Different element geometries of PFSS

elements in array shape with low and high pass responses [6]. Resistance (R) and in-

ductance (L) are created by PFSS metallic patches in an equivalent circuit modeling

technique, while capacitance (C) is formed by gaps between each FSS component.

Consider the components of an analogous circuit model in which L is derived from

metallic plates and C is represented by the distance between each individual array

member. The electrostatic theory is taken as a reference for controlling the output

characteristics of PFSSs. As a result, the necessary filtering response may be created

by combining these comparable capacitive and inductive components. Simultane-

ously, altering the FSS dimensional parameters changes the values of equivalent L

and C.
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Figure 1.14: Functional description of PFSS

(a) Capacitive properties (b) Inductive properties

Figure 1.15: Extracted equivalent circuit parameters of the PFSS

1.8 PFSS design challenges

1.8.1 Methods for enhancing the bandwidth

When designing the PFSS, the major focus is kept on the bandwidth. The spacing

between the individual elements of an array plays a vital role in getting adequate

bandwidth. By decreasing the element spacing, the operating bandwidth increases

[18]. An important advantage of using the PFSS is in the reduction of the over-

all impedance by the application of the PFSS as a ground plane. Furthermore,

the impedance can be decreased by constructing the PFSS structure in such a way
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that all capacitive components cancel out all inductive ones. An important factor

to consider is that an array element has a lower impedance than an identical unit

isolated in free space, which helps to increase bandwidth. A single element has an

ability to store charge from its edge to infinity. So, when it is organized in form

of an array then it exhibits the potential to store charge from its edge to roughly

half the distance to its next element. A fair rule of thumb states that by making a

20% decrease in the inter-element spacing in a single direction gives a 20% increase

in the bandwidth. Whereas making a 20% decrease in the inter-element spacing

in both directions gives a 40% increase in the bandwidth. When the inter-element

distance is shortened, the resonant frequency of components with the high end ca-

pacitance, such as closely spaced patch or loop elements, rises significantly. The

resonance frequency may be adjusted to lower values if needed by increasing the size

of the elements for a given element space and to higher values by reducing the size

of the elements for a certainly given element spacing [7]. Another method to in-

crease the bandwidth is by stacking two identical PFSS arrays in front of each other.

The stacking of two identical PFSS arrays permits the bandwidth to retain almost

perfect reflection behavior throughout a broad range of frequencies and causes the

reflectivity to fall down drastically at the stop-band frequency notches.

1.8.2 Miniaturization of PFSS

The PFSS is analyzed by using an infinite number of unit cells, but a real-time

applications require just a finite number of unit cells to design. Miniaturization is

crucial for lowering the size of unit cells for extracing the best performance features.

It also helps in overcoming the edge effects by relocating the resonant frequency of

operation away from the grating lobe regions. Some of the techniques adopted for

achieving miniaturization are by making the use of fractals, complicated structures,

and space-filling curves.
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1.8.3 Polarization independence of the PFSS

Polarization is defined in the free space as the orientation of the E-field in the

direction of wave propagation. In electromagnetic waves, there are three forms of

polarization: transverse electric (TE), transverse magnetic (TM), and transverse

electromagnetic (TEM). The PFSS holds the versatility in finding its applications

in different areas of technological innovations. The design of PFSS must be such that

it depicts identical responses in both the TE and TM polarization modes. In real-

time applications, PFSS can be oriented in any direction such that their response

must be identical for all the modes of incident radiations. The identical response is

achieved by using the symmetrical structures of the PFSS.

1.8.4 Angular stability of the PFSS

The design of PFSS for targeted applications requires angular stability which means

that the proposed design of the PFSS should offer a steady response irrespective of

the angle at which it strikes the surface. The stability feature is influenced by the

chosen geometry of the PFSS. The concept of miniaturization is used to construct

a PFSS array for ensuring angular stable response.

1.8.5 Concept of Grating lobes

The concept of grating lobes helps to predict the behavior of the PFSS. The origin

of grating lobes can be understood is analyzing its concept from the field of optics.

The rays emitted from the two different collinear point sources are delayed in phase

by a factor given by:

ψ = r sin θ cosφ (1.7)

account of phase delay which when equals to 2π radians, then the two sources

will be having same phase and thus will be added together creating a grating lobe.

The minimum distance will occur when the equation sin θ cosφ=1 exists. Also, in
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other terms we can say that

Radiation =
2πrm
λ

(1.8)

which is equal to 2 π when rm = λ. However, if an element does not emit energy

in the direction of a grating lobe, then the lobe will not be able to emit energy.

This is simply demonstrated by assuming that an array pattern may be created by

multiplying patterns, which asserts that

E(θ, φ) = Eu(θ, φ)Ex(θ, φ)Ey(θ, φ)Ez(θ, φ) (1.9)

where Eu denotes the pattern of a unit cell of the FSS, Ex, Ey and Ez shows

the patterns of a linear array composed of point sources in the x, y and z directions

respectively [6]. Thus, it can be said that if the source doesn’t radiate then it means

no energy is emitted from an array in desired direction. For many applications,

the presence of the grating lobes severely reduces an antenna’s performance. This

means that when an antenna is used in receivers then it will receive signals from

the intended directions as well as from the directions in which the grating lobes are

present.

1.9 Applications of the PFSS

PFSS has recently got a lot of attention from the academics which resulted in its

expansion in plenty of the applications. Some of the potential applications include

their usage as spatial filters, shielding devices, polarizer’s and as security papers.

The taxonomy of the PFSS is illustrated in the Figure 1.16 as shown below.
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Figure 1.16: Taxonomy of the PFSS.

1.9.1 Spatial filters

In the latest research, PFSS is readily accepted to be used as spatial filters. The

filtering phenomenon is exhibited by using PFSS structures which allow certain

radiations to pass through while blocking all other radiations. The design of the

PFSS as band stop filters finds their usage in the substrate of patch antenna design

which is meant for increasing the bandwidth and in the radomes for getting the

radar cross section (RCS) reduction. Also, the PFSS acts as band pass filters, thus

finding their usage in placing them as superstrate above the patch antennas for

augmentation of gain and directivity. Patch type structures such as dipoles find

their applications in form of band stop filters while aperture type structures such as

loops and rings help to create band pass responses.

1.9.2 Electromagnetic shielding

The use of electromagnetic radiations for transmitting information from one place

to another has reached its peak by the innovations in wireless communication, which

require electromagnetic shielding to be implemented. In the face of high EM pol-
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lution, the devices should provide the necessary performance with no deterioration.

This is made feasible through shielding, which offers adequate separation from the

unwanted electromagnetic radiations which may harm the system. PFSS forms the

best candidates for providing a solution to these ever present electromagnetic inter-

ferences by filtering out the undesired radiations.

1.9.3 Polarizer

The application of the PFSS structures to be used as a polarizer helps to transform

the linearly polarized electromagnetic radiations into circularly polarized waves and

vice versa. Satellite communication has become an essential component of all the

technological advancements. This concept is applied in the satellite communication

in which the radiations have to travel through different levels of the atmosphere.

The fluctuation in the polarization of the incident field has a significant impact on

the receiver’s performance. An important property of circularly polarized waves is

their performance which remains unaffected as they strike the receiver. So, to reduce

the impact on the receivers from the variation of the polarization, these converters

play a major role.

1.9.4 Security papers

PFSS finds its suitability for implementation as security papers. As in airports,

bus stands, and many places of public importance, security check machines are

present. Also, if any documentary proof is to be carried containing information

related to national importance then it may be leaked. Hence, PFSS is placed on both

sides of documents in such a way that when these documents are passed through a

security gate with transmitting and receiving antennas that are capable of detecting

radio frequency (RF) signals, then no detection takes place. An important point

to consider is that while building a security paper, stability for angles of incidence
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must be taken into consideration.

1.9.5 PFSS analytical modeling techniques

Several numerical approaches are used to compute the electromagnetic fields dis-

persed by the PFSS. Various researchers have used numerical approaches to study

the reflection and transmission properties of various PFSS structures, and the re-

sults have been confirmed by the experimental observations. All numerical ap-

proaches, however, are based on the well-known Maxwell equations, and in gen-

eral, these approaches are unable to provide accurate solutions to the electromag-

netic phenomenon, and thus preferring to provide approximate answers with ac-

ceptable precision. Plenty of analytical modeling techniques have been identified

by researchers consisting of Plane Wave Expansion method [19], Spectral-Domain

method [20]- [21], Method-of-Moment (MoM) [22], Finite-Difference-Time-Domain

(FDTD) method [23], Finite-Element Method (FEM) [24], and the most widely

accepted Equivalent Circuit Modeling technique (ECM) [25]. The choice of the best

approach for performing the numerical modeling of the PFSS structure is still up

in the air. Several numerical algorithms available in the reported literature for the

modeling of electromagnetic difficulties associated with PFSS structures are briefed.

Initially, the MoM approach was applied by Chen for analyzing the scattering prop-

erties of the PFSS in the frequency domain [26]. In his approach, the current was

accessed on the metallic pattern of the PFSS by matching the fields prevailing on

the surface of the unit cell element and thus integral equations were formulated

to extract the values of the unknown current which in turn was dependant on the

values of the unknown electric fields. In the last phase of the analysis, the MoM

was applied to break the set of integral equations further into a set of algebraic

equations.

The analysis of the electromagnetic scattering phenomenon by using MoM can be

explained using the following steps:
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1. The unknown function to be extracted is expanded in terms of a set of N basis

functions consisting of unknown coefficients.

2. The boundary conditions are enforced for generating a linear system of N

equations.

3. The linear system of N equations is then solved for extracting unknown coef-

ficients.

Many new modifications are extracted by various researchers in the MoM method

for reducing computational complexity [27]- [33]. The prime advantage offered by

this technique is in terms of exhibiting the potential for evaluating the scattering

characteristics with angular stability but it certainly has a restriction of supporting

only symmetrical structures on homogeneous substrates. The FDTD and FEM

techniques are an excellent computational tools for investigating the complicated

PFSS structures that are supported by an in-homogeneous dielectric substrate [34].

These two approaches are classified as finite techniques. In a single simulation run,

the FDTD methodology explores the scattering properties of the PFSS structure

in the time domain and spans over a wide frequency range. This method provides

a straightforward solution to Maxwell’s time-dependent equations [33]. Following

steps that are offered in the FDTD method for solving scattering problems as:

1. Initially, the solution region is separated into grids of nodes by dividing it into

two different sets of nodes constituting one for the calculation of the magnetic

field and the other for the calculation of the electric field.

2. The mathematical formulation is then approximated by a finite difference

equivalent, which relates the dependent coefficients in one part of the solu-

tion region to their values in another region. The magnetic field value at one

instant is evaluated by the electric field values at previous instants.
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3. Further, the set of equations are solved using defined boundary conditions

[34]- [35].

In addition, as stated in [36]- [38], several other scientists have studied the nu-

merical modeling of various PFSS structures using the FDTD. Another important

technique to analyze the scattering phenomenon of the radiations emitted by the an-

tennas is the FEM technique. It analyses scattering characteristics in the frequency

domain using partial differential equation solutions based on the set of Maxwell’s

equations. The following are the generalized phases in this FEM-based synthesis

procedure:

1. Firstly, the solution region is divided into a finite number of sub-regions, mark-

ing each corner as a node which helps to determine the field quantities.

2. The set of equations are formed for typical sub-regions.

3. After that the process of integration is performed combining all sub-regions

for the entire geometry.

4. Then the entire sets of equations are solved for the entire sub-region.

Various scholars have highlighted the technological developments in the FEM, as

stated in [39]- [41]. Out of all the methods described, the ECMmethod is a lot easier

than the intense approaches. The ECM technique is based on the transmission line

analogy. In this technique, the lumped parameters which were extracted from the

ECM synthesis technique are determined by reporting the inductive and capacitive

behavior of its geometrical features [42]- [44]. In this technique, the modeling is

confined to linear polarizations and basic symmetrical PFSS geometries. However,

the effect of the dielectric substrate and incidence angles have been included in

the ECM equations, but the correctness is dependent on the assumptions made

in the study. Using the ECM approach, many studies examined various PFSS
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configurations such as square loops [45]- [46], circular loops [47], dipoles elements

[48]- [50], and Jerusalem crosses [51]. The ECM technique gives the approximate

analysis as compared to other numerical approaches. However, it gives a physical

insight of the filtering behavior of the PFSS structures; hence it is chosen as the

analytical tool for this research.

1.10 Research motivation

Sub-6 GHz 5G spectrum is entirely new, and the allocated frequency range 1 (FR1)

aims to achieve both coverage and the capacity with even more advantages. There

is a need to create antennas radiating in the specified frequency range to meet the

demands of communication devices required in the wireless sector. The design em-

phasized in this study is intended for use in the 5G new radio’s n77 and n78 band of

the FR1 spectrum new radio (NR). Patch radiators have been an everlasting topic

of research due to their capability of exhibiting properties such as compact shape,

light in weight and have an ease of alignment with several other circuits and mod-

ules. The miniaturization is most revolutionary topic in microstrip patch antenna

architecture which is catching an eye of sight of antenna experts. The integration of

the patch antennas into the cell phone is an essential application in which miniatur-

ization plays an important role. Further, there is a need to increase number of users

utilizing same data speed at a particular instant due to which market is switching

over to 5G. However, a major limitation of using the existing low profile radiators

is their capacity to handle adequate amount of users with same data speed which is

termed as narrow bandwidth by many researchers. Due of the inborn narrow band

behavior, designing of a small wideband microstrip patch antenna is extremely diffi-

cult. Our major design applications will be in the field of broadband mobile, which

will include extremely dependable and low latency services requiring large machine-

based technologies. Although techniques such as partial ground plane integration

30



have previously been used to expand the bandwidth of rectangular PPA’s, but they

have failed to improve the active antenna characteristics such as gain and directivity.

Hence, in addition to visualize the effects of incorporation of various defected ground

geometries, the performance enhancement of the active parameters by the addition

of the PFSS layer is studied. The main issue in this area of research is that for a low-

profile antenna such as PPA, the design of PFSS screens should be compact, easy to

fabricate, and must be commercially viable. Another consideration is determining

the distance between the PFSS screens and the PPA, which must be kept in mind in

order to enhance antenna gain and directivity. The PPA and the PFSS designs are

to be formulated separately and then integrated together. The design constraints

are faced by the PFSS layers as in this the range of the frequency bands and the

dimension of the unit cell increases and is comparable to wavelength of operation.

Also, the choice of the PFSS shapes is of great concern which depends on the type

of filtering response needed at the output. The numerical modeling of the PFSS is

performed by using the ECM technique which gives a highly correct response. It is

to be noted that the numerical approaches such as MoM, FDTD, and FEM requires

large computation and mathematical manipulations whereas the ECM technique re-

quires lesser computations and computer resources with the accurate results. In the

earlier approaches, researchers have explored a limited spectrum of electromagnetic

radiations and a limited PFSS design operability due to availability of the limited re-

sources. However, technological advances in computer approaches have transformed

the way in which electromagnetic behavior is explored. As a result, nearly all an-

tenna and microwave engineers analyze and design the novel PFSS systems by using

the computer techniques. There are several commercial electromagnetic simulators

which are available, the most of which used are CAD FEKO, CST Microwave Studio,

ADS Designer, Ansys HFSS and Circuit Designer. In this thesis, the validation of

the analytical behavior is achieved from the simulation results obtained from Ansys

HFSS and Circuit Designer tools. The validation is also done by performing the
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experimental measurements which helps to report the most realistic and trustwor-

thy analyses of the scattering properties of the PFSS structure. Development of

the PFSS structure is necessary for presenting experimental results related to scat-

tering characteristics. Making a design prototype is a time consuming, expensive,

and irreversible process. Despite these limitations, experimental measurements of

the PFSS structures are critical as they provide the most realistic and trustworthy

results in terms of the scattering properties. In fact the design of the stacked geom-

etry comprising of PFSS based PPA is entirely new and not explored to an extent.

So, an initiative is taken to report the results of integration of PFSS with the PPA

for improving the characteristics of the PPA in the sub-6 GHz frequency range of

5G spectrum.

1.11 Research objectives

1. Design and simulation of the planar frequency selective surface and its in-

tegration with microstrip patch antenna (sub-6 GHz) to enhance the overall

performance metrics.

2. Fabrication and measurement of the designed planar printed patch antenna

and the PFSS elements.

3. Validation of the frequency selective surface behavior through the equivalent

circuit method of the analysis.

1.12 Research contributions

The following are the outcomes and perspectives of the study described in this thesis:

1. Using an idea of the defected ground substrate, the enhancement of the band-

width of the printed patch antennas (PPA) which are targeted for wideband
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applications is visualized.

2. PFSS has been designed with two different geometries comprising square loop

and circular ring shapes for providing band-pass frequency response in the

sub-6 GHz frequency spectrum.

3. Analytical modeling of the designed PFSS geometries is done using equivalent

circuit model technique and the results are validated from HFSS simulator and

from the measurements.

4. Stacked geometry of PFSS-PPA is designed and validated by comparing results

of HFSS simulator with the measurements.

1.13 Organization of the thesis

The dissertation is divided into the six chapters. The chapter-wise summary of the

thesis is listed below.

• Chapter 1: The first chapter presents an overview of the electromagnetic

radiation. The sources of these radiations, which are the antennas are being

focused and classified. The microstrip patch antennas are explained in detail

with their feeding techniques, applications and desired characteristics. 5G

spectrum is briefed with targeted frequency ranges in form of sub-6 GHz FR1

spectrum. The advantage of choosing sub-6 GHz (1 GHz - 6 GHz) is explained

in terms of coverage and capacity. After that, the frequency selective surfaces

with their design problems and applications are discussed. This chapter also

comprises of the motivation, research objectives, research contributions and a

brief description of the thesis content. The formulation of the thesis objectives

is primarily based on the current trends of the research in the field of microstrip

patch antennas as discussed.
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• Chapter 2: The second chapter provides an in-depth and comprehensive

analysis of the state-of-the-art literature for microstrip patch antennas, fre-

quency selective surfaces, and stacked geometries combining PPA and PFSS.

In this chapter, different slot shapes which are engraved for making defected

ground substrate to enhance the overall bandwidth of a PPA in the litera-

ture is discussed. Various PFSS designs and their applications are elaborated.

The review of PFSS based antenna designs is performed chronologically. The

merits and demerits of incorporating PFSS above and below the antennas are

discussed in detail. Finally, research gaps were identified, which served as the

foundation for our research.

• Chapter 3: In this chapter different designs of PFSS are proposed for sub-6

GHz 5G frequency ranges. The basic design namely double square loop PFSS

is formulated. The numerical modeling for this design by using the equiva-

lent circuit modeling approach is completed. The transmission and reflection

characteristics of the unit cell of double square loop PFSS designs is also in-

vestigated in the targeted sub-6 GHz frequency ranges. At last, the simulation

and the measurement results of the proposed design is depicted and validated.

• Chapter 4: This chapter gives a brief description of the microstrip patch

antenna designs formulated to operate in the sub-6 GHz 5G frequency ranges.

Various techniques are included for enhancement of the bandwidth of the mi-

crostrip patch antennas by utilizing different shapes of the patches and defected

ground geometries. The design, optimization, fabrication, and measurement

of the two different conventional rectangular shaped microstrip patch antennas

with different defected ground plane geometries are completed. The effect of

inserting the various types of slots in form of polygon shaped and a U-shaped

are discussed. This chapter is concluded with the comparison of the proposed

work with the existing literature.
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• Chapter 5: This chapter presents the design, parametric optimization, fab-

rication, and measurement of the stacked designs composed of PPA and the

PFSS geometries. The PPA’s designed in the chapter 4 are combined with

the PFSS designs proposed in the chapter 3. The distance between the two

geometries comprising of PFSS and PPA is optimized by choosing the best

suitable value at which both the gain and bandwidth attain the maximum

values. The fabrication is completed in the computerized mechanical etching

PCB fabricator. Vector network analyzer (VNA) is used for measuring the

reflective behavior of the stacked designs and for providing the validation of

the simulated results. Parametric analysis is also conducted and presented in

this chapter to validate the converged design. This chapter is concluded with

the comparison of the proposed work with the existing literature.

• Chapter 6: The achievements of this thesis are reviewed in this chapter, and

the future work which can be extended in the research approach is recom-

mended.

1.14 Summary

This chapter presents an overview of the electromagnetic radiation. The sources

of these radiations, which are the antennas are being focused and classified. The

microstrip patch antennas are explained in detail with their feeding techniques,

applications and desired characteristics. 5G spectrum is briefed with targeted fre-

quency ranges in form of sub-6 GHz FR1 spectrum. The advantage of choosing

sub-6 GHz (1 GHz - 6 GHz) is explained in terms of coverage and capacity. After

that, the frequency selective surfaces with their design problems and applications

are discussed. This chapter also comprises of the motivation, research objectives,

research contributions and a brief description of the thesis content. The formulation

of the thesis objectives is primarily based on the current trends of the research in
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field of the microstrip patch antennas as discussed.
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Chapter 2

Literature Review

This thesis highlights the latest developments and presents an analysis of various

designs of printed patch antennas (PPAs) and planar frequency selective surfaces

(PFSSs). The list of previous works on the design of PPAs and PFSSs are summa-

rized in this chapter. The literature review is an essential component of the study.

It aids in the identification of research gaps as well as the limits of current research

efforts. For both the design and implementation of the structures in stacked form,

a comprehensive examination was undertaken. This chapter provides a thorough

overview of various technologies and designs produced by various researchers for the

PFSSs, PPAs for sub-6 GHz, and stacked geometries produced by the combination

of PPA with PFSS. In the sub-6 GHz 5G frequency spectrum, recent advancements

in the field of PFSSs and PPAs have also been mentioned.

2.1 Planar frequency selective surfaces

Planar frequency selective surfaces (PFSSs) are the passive structures which offer

spatial filtering characteristics when exposed to electromagnetic radiations. Many

researchers have worked in this area and provided some innovative designs which

offer excellent characteristics. In this section, some of the state-of-art literature

works related to design of PFSSs have been referred and discussed.
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Bagby et al. [52] illustrated the conceptual and numerical analysis of integrated

dielectric wave guiding systems. An integral equation is presented which is applied

to the axially uniform waveguides. Method of the moments and quasi closed form

of solution technique is used for obtaining the numerical results for the propagation

characteristics of step- and the graded-index rectangular strip and rib waveguides.

Koshiba et al. [53] suggested a computational technique for dealing with scat-

tering caused by H-plane and the E-plane waveguide connections. This analysis

method combines the boundary element technique and the statistical procedure.

Using quadratic components, a generic computer programme was created.

Schimert et al. [54] proposed a double periodic PFSS operating in the mid in-

frared region ranging from 4-12 µm. The analysis of the proposed design is completed

involving the solution of an electric field integral equation. Fabrication process is

completed by using photolithographic techniques. These structures are targeted for

exhibition of a spectral band-stop characteristic in the transmittance.

Agahi et al. [55] investigated on the filtering characteristics of the PFSS towards

electromagnetic radiation for separating the S and K bands in a communication

satellite. The problems were identified and mitigated for synthesizing a dual fre-

quency band PFSS in form of a sub-reflector over the frequency range of 2 GHz -30

GHz. The spectral-Galerkin method along with the cascading technique is utilized

to identify the reflection and transmission properties of PFSS screens.

Kunz et al. [56] described the FDTD numerical modeling approach in detail.

This approach helps to facilitate the computation of electromagnetic interaction for

complicated issue geometries. This approach investigates the design geometries’

stability, outer radiation boundary conditions, and various coordinate systems.

Lambea et al. [57] proposed a hybrid method for calculating the generalized

scattering matrix of a regularly perforated metal sheet with arbitrarily shaped holes

by cascading the connections of the individual cells. This technique is utilized as a

building block for evaluating the multilayer PFSS with varied shapes.
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Rozanov et al. [58] presented the analytical properties of the reflection coefficient

of a multilayer metal backed slab. The recovered information is in the form of a

dispersion connection between the entire thickness and the slab’s averaged static

permeability. The 1/17th fraction of the greatest operational wavelength is recovered

from a 10 dB broad band dielectric radar absorber. Bardi et al. [59] proposed the

use of the finite element method (FEM) for analyzing the reflection/transmission

coefficients, effective permittivity, and permeability of the periodic structures. The

study of PFSSs produced from photonic band gap materials (PBGs) and composite

materials with negative effective permeability and permittivity is provided.

Farahat et al. [60] proposed a novel approach for evaluating the influence of

thickness on the frequency response of an PFSS using a periodic variant of the finite

difference time domain (FDTD) algorithm.

Gianvittorio et al. [61] designed the PFSS by using fractal iterative techniques.

The fractals were created by multiplying the several scaled copies of the initial

shaped structure. The suggested design employs Minkowski and Sierpinski carpet

fractals with two or three stop bands. Because of their symmetrical nature, these

surfaces provide the dual polarization.

Kern et al. [62] proposed that by using a PFSS, it is possible to create a multiband

artificial magnetic conducting (AMC) surfaces. The inclusion of fractal-based PFSS

screens helps to utilize the AMC design approach with multiband behavior. The

multiband AMC surfaces are synthesized by using a genetic algorithm.

Blackburn et al. [63] proposed a sub-domain version of the periodic method

of moments for the study of rectilinear wire-type PFSSs. The convergence of the

impedance matrix for an PFSS, which is aligned with the unidirectional elements,

is examined, indicating the influence of individual oscillatory and decaying compo-

nents.

Kiani et al. [64] proposed an active band pass PFSS over a single layer of the

substrate. At the operational resonant frequency of 2.45 GHz, the design has high
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angle of incidence stability. The design consists of a circular loop aperture with

four PIN diodes in each unit cell. At a resonant frequency of 2.45 GHz, the device

produced almost 12 dB of average variance between the two switch states.

Chiu et al. [65] proposed a miniaturized PFSS exhibiting band pass frequency

response. The designed PFSS demonstrates excellent frequency stability at differ-

ent polarizations and incidence angles. The size of the unit cell of the designed

miniaturized PFSS is of the order of one tenth of the wavelength.

Chen et al. [66] presented a unique solution for realizing a symmetric dual-layer

PFSS based radome which is integrated on a planar slotted waveguide antenna.

Integration of the PFSS radome has resulted in a significant performance improve-

ment of the slotted PPA. The presented PFSS radome exhibited good transmission

characteristics in form of wide bandwidth at the resonant frequency of 9.5 GHz.

Yang et al. [67] discussed about the comprehensive and applications specific

survey of electromagnetic band gap (EBG) structures. This survey provides an

insight to understand EBG applications in antenna engineering.

Liu et al. [68] describes the design technique for a downsized PFSS utilizing

lumped reactive components. In the metallic patches, capacitive and inductive com-

ponents are used to produce current loops similar to those seen in the band-pass

aperture type PFSS. Using full field predictions, the paper covers topics such as the

consequences of component loss and oblique incidence.

Mudar et al. [69] provided a complete synthesis process for creating a compact,

band-pass PFSS made out of non-resonant constituent components arrays of sub-

wavelength periodic structures which are used in the proposed PFSSs. The intended

design provides low-profile and ultra-thin structures with acute frequency selectivity

and consistent frequency responses.

Campos et al. [70] investigated on a Minkowski island fractal type of PFSS. The

design is oriented to provide band stop frequency response with resonant frequencies

of 9 GHz and 10 GHz, respectively.
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Roig et al. [71] proposed a tunable PFSS which works as a transmission array

possessing the beam steering capability. The PFSS is engraved on a screen printed

with thick film of barium-strontium titanate. The presented design acts as a band

pass filter. The design prototype exhibits a maximum phase shift of 116◦ at 10 GHz,

while keeping the transmission and reflection levels at constant values.

Sun et al. [72] reported a design of a broadband meta-material absorber composed

of a lossy PFSS with a metallic ground plane. The design consisted of a crisscross

and fractal square patches which couple with each other. The enhancement of the

bandwidth is reported in the frequency range of 2 GHz-18 GHz.

Jang et al. [73] discussed about the chip-less passive wireless sensor system by

using the PFSS. They reported that the electromagnetic characteristic change of

PFSS is used to assess mechanical strain or structural deterioration. Nondestructive

structural health monitoring (SHM) is a new area of research which is making use

of the wireless sensor network.

Song et al. [74] presented a technique for the construction of label-free sensing

platforms by the use of metamaterials possessing dimensions smaller than that of

operating wavelength. Equivalent circuit analysis was performed using a numerical

modeling approach to determine the essential sensing design criteria for creating

periodic arrays made up of capacitive and inductive components.

Lazaro et al. [75] proposed an ultra-wideband (UWB) radio identification system

which is based on modulating an actively controlled PFSS. An improved characteris-

tic of the tag is achieved in form of the modulation of the backscattered time-domain

response into an input ultra-wide band pulse response. Low power UWB radar is

utilized as the reader in this system.

Li et al. [76] proposed a new three dimensional band pass PFSSs possessing

multiple transmission zeros. A two-dimensional array of insulated microstrip lines

is suggested in the proposed design. In addition, metallic plates in rectangular “T-

type” constructions are placed in the air area of insulated microstrip lines. The
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suggested architecture contributes to the generation of numerous transmission zeros

located outside the pass band.

Cure et al. [77] presented a theoretical and practical investigation into a low-

profile, 2.4 GHz dipole antenna that uses a PFSS in conjunction with varactor-tuned

unit cells. The tunable unit cell is a square patch with varactor diodes implanted

on either side. The observed bandwidth extends from 2.15 GHz to 2.63 GHz, with

maximal broadside gains ranging from 3.7 dBi to 5 dBi.

Zhang et al. [78] suggested a unique technique for constructing an electrically

beam steerable antenna system utilizing active PFSS (APFSS). With a null point

of -59 dB, the suggested design has a front-to-back ratio of more than 30 dB. A

maximum gain of 7.0 dBi is obtained. Pan et al. [79] proposed a new filtering

antenna consisting of active PFSS aimed at displaying filtering and beam steering

features A metallic rectangular ring and a patch make up the PFSS unit cell. The

design is set up in such a manner that the transmission phase of the emitted wave

may be adjusted by varying the bias voltage provided to the varactor diodes. The

described horn antenna with active FSS can provide beam steering in both the

E- and H-planes with a range of 30◦ at a resonance frequency of 5.3 GHz and a

bandwidth of 180 MHz.

Jazi et al. [80] suggested an electronically sweeping radiating antenna for 2.45

GHz operation utilizing a novel active cylindrical PFSS (ACPFSS). The antenna

radiation properties are controlled using a novel reconfigurable hybrid unit cell,

which is used in the construction.

Agarwal et al. [81] investigated upon the reflection coefficient phase for four

distinct artificial magnetic conductors with conventional PFSS type two-dimensional

periodic configurations. These structures are used as back reflectors for aperture

antennas. They also aid in converting the bidirectional circularly polarized radiation

of the octagonal-shaped aperture antenna to a unidirectional one.

Moharamzadeh et al. [82] A modified microstrip triangular slotted antenna in-
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tegrated with a novel triple-band PFSS for X-band operation was suggested. The

PFSS is made up of three conductor-based split-ring resonators linked together.

The topic finishes with the periodicity’s influence on the finite PFSS. The impact

of changing the distances between the antenna and the PFSS surfaces has been

thoroughly investigated.

Seager et al. [83] presented fabric-based PFSS structures. The suggested PFSSs

are created by the use of a screen printing and weaving process. In addition, the

screening approach is examined by employing a collection of fabric hangings and

wall coverings from the fabric-based PFSS.

Natarajan et al. [84] suggested a PFSS based stable band stop filter with unit

cell dimensions on the order of 66mm2. The suggested design is intended to block 5

GHz WLAN band transmissions while also acting as a shield for the open area. It

responds symmetrically in both the azimuth and elevation axes of polarization.

Genovesi et al. [85] explored the decrease of the radar cross section (RCS) of

array antennas. In this research, a microstrip slot array is used to demonstrate the

radar cross section reduction technique. The study discovered that using an array

of periodic resistive components results in a significant decrease of the radar cross

section throughout a frequency band. The usage of metallic parasitic components

is expanded for the purpose of increasing antenna gain.

Smith et al. [86] suggested a shared aperture antenna for simultaneous L-band

and Ka-band operation. The presented antenna is a stacked construction made up

of a Ka-band reflect-array antenna and an FSS-based ground-plane. The proposed

reflect-array has maximum directivity of 36.4 dBi at 20.0 GHz and 38.5 dBi at 29.8

GHz, respectively.

Rashid et al. [87] investigated on the classification of the three dimensional PFSS

which exhibit superior filtering responses as compared to the conventional two di-

mensional PFSS. Basically, a three dimensional PFSS is composed of a periodic

array of multimode cavities arranged in a two dimensional structure coupled with
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the air. These structures exhibit a high performance filtering response. Lopez et

al. [88] presented a circular polarizer constructed with a multilayer PFSS. The de-

sign structure utilizes a group of split rings which are bisected by a metal strip. The

added advantage which is exhibited by this geometry is in the form of low cross-

polarizations value and low sensibility with respect to the incidence angle. Axial

ratio of lower than 3 dB is obtained for the variation of the incident angles over the

frequency range of 25.5 GHz-36.5 GHz.

Abdelrahman et al. [89] proposed a new design of transmit array antennas by

encircling them with multilayer PFSS type of elements. It is identified that the

transmission phase limits lies at 54◦, 170◦, 308◦, and 360◦ for a single, double,

triple, and four-layer PFSS. Also, it is identified that if 3-dB criteria is being used,

then a triple-layer PFSS exhibits a full 360◦ phase range.

Abadi et al. [90] introduced a new technique for designing miniaturized band-

pass PFSS. Several metallic and dielectric layers make up the suggested design.

Two-dimensional capacitive patches or inductive grids make up each metallic layer.

The design’s dimensions are on the wavelength scale. The design has a second-

order band pass response and is aimed at operating at 3.0 GHz with a fractional

bandwidth of 20%.

Abadi et al. [91] presented the design of a broadband and compact multi-beam

antenna. The suggested system makes use of numerous feed components located at

the focal plane of a microwave lens. A novel modeling approach is provided that

considerably simplifies the design’s full-wave electromagnetic analysis. The approach

was used to create a prototype multi-beam antenna that operates in the 8 GHz to 10

GHz frequency range. The retrieved data indicate similar radiation characteristics

over the full operational spectrum, with several beams visible near 45◦.

Shi et al. [92] designed a miniaturized 2.5D PFSS in form of a closed loop.

The proposed PFSS is a compact shape with dimensions as 0.048λ × 0.048λ. The

proposed design offers the angular and the polarization stability.
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Yu et al. [93] proposed a new ultra-miniaturized 2.5D element of PFSS. The

suggested element is made up of two major parts: a planar tapered meandering line

and a vertical via-based meandering line. At diverse polarisation’s and incidence

angles, the suggested element has a good resonant stability.

Li et al. [94] presented a miniaturized band pass PFSS based on a stepped-

impedance resonator (SIR) structure for suppressing unwanted radiations. A dual

layer periodic array of etched metallic rods and plates is used to construct the

suggested PFSS. The suggested design may provide a band-pass response with two

transmission poles and has a very large stop-band.

Abdelrehman et al. [95] gave a comprehensive design study of a multiple con-

ductor layers transmit array antenna with a slot type element and no dielectric

substrate. A transmit array antenna with quad-layer cross slot components is in-

cluded in the suggested design. The intended prototype has a gain of 23.76 dB at

the resonance frequency of 11.3 GHz.

Li et al. [96] proposed a polarization reconfigurable converter which is composed

of multilayer PFSS. The square patches and grid lines are placed in an array as

the first design phase. In the second stage, the corners of the square patches are

shortened, resulting in a 90 ◦ phase difference between the two orthogonal linear

components for circular polarization. The suggested design has a fractional band-

width of more than 15% when compared to the operating frequency of 10 GHz at a

normal angle of incidence.

Xu et al. [97] proposed a compact second order miniaturized PFSS which is com-

posed of a metallic mesh and its complementary structure. The arrays of modified

triples distort the composite structure. The proposed PFSS has an overall thickness

of /18 and is made up of three metallic layers sandwiched between two electrically

thin dielectric substrates. The suggested design achieves a -3 dB bandwidth of

around 8.2 GHz with a frequency range of 6.9 GHz to 15.1 GHz and a fractional

bandwidth of roughly 75%. The design provides steady performance at incidence
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angles ranging from 50° to 60°.

Mahgoub et al. [98] investigated on the PFSS structures targeted for the ap-

plications in the area of ultra-high frequency (UHF) radio frequency identification

(RFID). The initial structure is a square patch PFSS exhibiting a total reflection

characteristics for the entire UHF RFID region ranging from 840 MHz - 960 MHz,

whereas the second structure is square slot PFSS exhibiting a total transmission

band for the UHF RFID region. The proposed structure finds its applications in

different electromagnetic interference / compatibility (EMI / EMC) applications.

Wang et al. [99] suggested a two-dimensional leaky wave antenna based on

graphene (LWA). It employs a graphene sheet as a tuning component of the ground

plane’s high-impedance surface (HIS). It is investigated if the reflection phase of the

HIS may be changed by varying the graphene conductivity.

Jia et al. [100] demonstrated a high gain, wideband mushroom antenna with a low

radar cross section over a wide range of frequencies. At the operational frequency, the

mushroom structure shows resonant activity, which aids in the reduction of radar

cross section. It employs the band-stop PFSS to replace the antenna’s metallic

ground while maintaining high gain.

Kapoor et al. [101] introduced a new method of creating spatial filters based

on PFSS, which are widely utilized in a variety of microwave and optical systems.

The electromagnetic wave transmission and reflection behavior of the complicated

thick/thin metallic PFSS is examined.

Hashemi et al. [102] proposed the usage of the PFSSs for shielding rooms against

the incident electromagnetic radiations. This helped in achieving secure indoor

communications and reduced the human exposure to the external fields. Double

layer PFSSs are used for designing the secure room using s FR4 substrate targeted

to cover 10 GHz - 12 GHz frequency band. Bio-tissue is utilized inside the PFSS

walls which results in the specific absorption rate.

Yao et al. [103] presented a design of the three PFSSs for analyzing electrical
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behavior. A novel PFSS is proposed with the phase compensation structure which

consists of a short-ended circular waveguide array. The PFSS designs are targeted

to work on the 119 GHz and 183 GHz reflection bands simultaneously.

Milici et al. [104] presented a feasibility analysis of utilizing modulated PFSS as

a semi-passive tag for body sensing applications in the open license 2.45 GHz ISM

band. The authors demonstrated two prototypes consisting of a breathing sensor and

a skin thermometer. The breathing sensor detects changes in airflow temperature

caused by respiration. The NTC resistor is also utilized for the breathing sensor,

which is placed directly into the skin. It detects temperature made up of dual layered

metallic patterns. The bottom PFSS layer filters out-of-band signals from in-band

signals, while the top layer of EBG cells reduces backward scattering radiations. The

suggested construction allows the antenna signal to be broadcast in the S-band with

minimal insertion losses while also providing a wideband low-scattering response in

the X and Ku bands. It is used in the radome applications.

Hussain et al. [105] investigates the feasibility of utilizing vias for the downsizing

of PFSSs The study provided a novel method for knitting loop-type PFSS compo-

nents. The proposed miniaturized PFSS has a consistent frequency response for a

wide range of incidence angles and polarizations.

Sarika et al. [106] investigated a new design of a PFSS reflector possessing a

wideband response for 4G, X-band and Ku-band of microwave spectrum. The PFSS

reflector comprises of a cascaded double layer patch type PFSS formulated on the

separate layers of FR4 substrate. The proposed design is targeted for a frequency

range of 5-16 GHz. A numerical analysis is also performed for the designed unit cell

using an equivalent circuit (EC) modeling.

Huang et al. [107] proposed a method for achieving a high-efficiency transmis-

sion and wideband scattering reduction. It makes use of integration of a PFSS

and an electromagnetic band-gap (EBG) surface which is composed of dual layered

metallic patterns. The bottom PFSS layer helps in filtering out out-of-band signal
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from the in band signal, while the top layer is of EBG cells helps in reducing the

backward scattering radiations. The proposed structure makes the antenna signal

to be transmitted in the S-band with small insertion losses and it simultaneously

provides a wideband low-scattering response at X and Ku band. It finds its usage

in the radome applications.

Hui et al. [108] suggested a tiny, low-cost; double-layer PFSS-based band-pass

filter for terahertz operation The PFSS structure seen here is made of double-layer

tin foil with a hexagonal lattice array of round holes. The proposed structure has a

flat pass-band with a 3-dB bandwidth extending from 0.81 to 1.01 THz.

Anwar et al. [109] gave an introduction of the fundamental ideas, kinds, methods,

and experimental investigations of today’s cutting-edge PFSSs. PFSSs have been

thoroughly researched, and there has been a tremendous increase in the field of their

design and application. The authors showed new research on the various types of

PFSSs based on structural design, array element utilized, and applications. The

emphasis is on key performance metrics with a focus on developments in the field

of PFSS.

Elzwawi et al. [110] suggested a switched-beamforming antenna built with active

PFSS. The suggested antenna design comprised of two parts namely a source with

an omnidirectional radiation pattern and an active triangular PFSS (ATPFSS) that

surrounded the source. Each unit cell of the ATPFSS structure is made up of two

diamond-shaped patches that are linked together by a high frequency pin-diode.

The findings are obtained in terms of beam directions, reflection coefficient, and

gain at a resonant frequency of 5.8 GHz.

Zhao et al. [111] presented a 2.5-dimensional Jerusalem cross structure-based

compact PFSS for 5G applications. The suggested element is made up of two major

parts: consecutive segments of metal traces alternatively arranged on the two sides

of the substrate and vertical vias linking traces. The suggested design’s transmission

curves show a considerable size reduction as well as good angular and polarization
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stability.

Anwar et al. [112] revealed a novel method for broadening the bandwidth of

a multilayer antenna-filter antenna-based PFSS. The suggested fractal PFSS with

centre square slots is composed of three metallic layers separated by two dielectric

substrates. The design includes centre square holes in the exterior Minkowski fractal

patches to boost the capacitive effect. At a normal angle of incidence, the design

displays a steady response with 3 dB fractional bandwidth reaching 87.4% and 92%,

respectively.

Kanth et al. [113] proposed a band-pass PFSS which are based on substrate inte-

grated waveguide technology has been suggested. The concept was submitted with

the intention of being used in airborne radome applications. The PFSS element’s

unit cell is made up of two tapering cross-slots on either side of the substrate. The

element is encased in metal vias. Within the working band, the structure has the

capacity to enable the desired electromagnetic radiations to flow through it. The

design is stable in terms of angle of incidence and has strong roll-off performance

characteristics at the working band’s boundaries. With a frequency range of 9.5

GHz to 10.8 GHz, the -10 dB relative bandwidth (BW) is 12.8%.

Peralvo et al. [114] presented an inductive PFSS based dichroic sub-reflector. In

the Ku, K, and Ka bands of the microwave spectrum, it operates in such a way that

it permits transmission of two frequency bands while reflecting in the third. The

design was created with earth-to-space and earth-to-earth satellite communications

in mind. A Jerusalem cross and a Brigid’s cross are incorporated into the proposed

design.

Sahai et al. [115] suggested an I-shaped PFSS structure with negative permittiv-

ity and permeability in the microwave C and S bands Because the I-shaped PFSS

structure is contained within a set of two rectangular split ring resonators, it shows

negative properties. The rectangular split ring exhibits inductive characteristics,

whereas the capacitor exhibits capacitive properties. The response of the unit cell’s
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I-shaped PFSS structure exhibits pass band and stop band behavior in the X and

Ku bands.

Kapoor et al. [116] presented a study on numerous slots based PFSSs comprising

of a rectangular, circular, hexagonal and elliptical geometries possessing angular

stability. The proposed PFSS designs are targeted to provide spatial filtering in

the n77, n78 and n79 sub-6GHz 5G spectrum bands. A wide rejection bandwidth

ranging from 3.30 GHz to 5.00 GHz is achieved by using simple geometries.

Li et al. [117] proposed dual-layer PFSS geometry with an extended cross-dipole

structure. The PFSS is a tiny device that has a band-stop frequency response of

1.6 GHz. The suggested PFSS has a footprint of 5 mm x 5 mm. The design is

symmetrical in rotation and has high polarization stability. The suggested PFSS

architecture provides up to 60 degrees of angular stability. The suggested design’s

prototype has a shielding efficacy of more than 26 dB.

Alvarez et al. [118] designed a spherical dome PFSS with the goal of improving

angular stable band-pass filtering performance in the near-field area of an antenna

source. This article offered a comparison of the conformal PFSS and a finite planar

PFSS at frequencies ranging from 26 GHz to 40 GHz in order to demonstrate the

benefits of using the conformal PFSS in the near-field.

2.2 Outcomes from the discussions

It is seen that the equivalent circuit model analysis for band pass filters is not

studied to an extent and is only applied to basic single square loop and single

circular loop in the available literature. Also, in the sub-6 GHz frequency range,

the dimensions of the unit element of PFSS are comparatively larger which makes

it difficult for formation of large dimensional array. Further, the angular sensitivity

and polarization stability of the proposed structures are not fully explored.
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2.3 Printed microstrip patch antennas for compact

wideband applications

The advantages of the printed microstrip patch antennas (PPAs) are in the form

of their simplicity of the design and superior reflection and radiation performance.

In this section, the state-of-art literature on PPA is discussed which highlight the

designing techniques for wideband applications.

Tang et al. [119] proposed new antenna designs for the three Chinese operators’

operational frequency bands encompassing the three 5G bands, comprising 2.515

GHz - 2.675 GHz, 3.4 GHz - 3.6 GHz, and 4.8 GHz - 4.9 GHz. The design was created

by altering the ground plane’s structure. The recovered reflection coefficient has a

frequency range of 2.32 GHz to 5.24 GHz, which is suitable for Wi-Fi, Bluetooth,

and WLAN applications. The suggested design’s highest gains in the three bands

are 2.52 dBi, 3.04 dBi, and 4.31 dBi at resonance frequencies of 2.55 GHz, 3.5 GHz,

and 4.75 GHz, respectively. Meneses et al. [120] proposed a wide bandwidth slotted

PPA operating in the range from 3.1 GHz - 4.2 GHz targeted for 5G applications.

The proposed design will cater Internet of Things (IoT) applications.

Huang et al. [121] suggested a small hybrid-mode antenna for use in communi-

cations below 6 GHz. The slotted rectangular patch, a feeding dipole, and a balun

are all part of the proposed design. The suggested device has a 56.87◦ impedance

bandwidth, spanning from 2.97 GHz to 5.33 GHz, with an average gain of around

8.00 dBi. The suggested architecture has applications in sub-6 GHz communication

for micro-base stations.

Yerlikaya et al. [122] suggested a design of a broadband patch antenna targeted

for sub-6 GHz 5G mobile systems. With an overall dimension of 10.7 x 22.5mm2,

the proposed 5G antenna is small in size. The pattern is made up of a log-periodic

patch in the shape of an equilateral triangle and a rectangular shape in the shape of

a ground plane. The planned 5G antenna operates at frequencies ranging from 3.4
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GHz to 4.2 GHz. With all of the radiation and physical qualities as demonstrated,

the proposed log-periodic patch antenna finds its applications in the sub-6 GHz 5G

frequency ranges.

Gopal et al. [123] explored a cross dipole antenna for base station applications.

The suggested antenna is made up of a basic dipole and a modified balun construc-

tion. The suggested architecture is useful for 4G and sub-6 GHz 5G base station

applications. In the frequency range of 1.341 GHz to 3.834 GHz, the suggested

antenna design achieves a maximum gain of 13.8 dBi. It has a consistent radiation

pattern and gain over the frequency range.

Khalifa et al. [124] researched innovative ideas for supplying high bandwidth and

data speeds to a big number of customers A novel antenna design is being researched

that is based on the different forms and dimensions of the monopole antenna. The

working bandwidth is divided into two bands, 1.24 GHz - 2.64 GHz and 3.34 GHz

- 5 GHz, with gain and efficiency of 5 dBi and 80%, respectively.

Melchiorre et al. [125] suggested the study and optimization of a bio-inspired

spiral shell dielectric resonator antenna constructed using Gielis’ super formula,

with the objective of increasing antenna bandwidth. The suggested device has an

operating range of about 2 GHz, with an acceptable gain of approximately 5 dBi at

5 GHz.

Saurabh et al. [126] explored a small two-element multiple input multiple output

(MIMO) antenna for potential sub-6 GHz 5G applications were explored. The two

identical rhombus-shaped radiating components are arranged in the same orientation

on a common rectangular ground in the suggested design. For better impedance

bandwidth and isolation, the design employs a T-shaped ground stub between a pair

of radiating components. The design runs in the 3.34 GHz to 3.87 GHz frequency

range, with a bandwidth of 530 MHz.

Zaidi et al. [127] studied a wide-band and tri-band flexible antenna for the fifth-

generation (5G) sub-6-GHz communication systems. The tri-band antenna resonates
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in three different allotted frequency bands in the sub-6 GHz 5G spectrum at 2.45

GHz, 3.5 GHz, and 4.7 GHz, whereas the wideband antenna radiates between 2.8

GHz and 5.35 GHz. For the intended output response, hexagonal split-ring res-

onators have been included.

Jha et al. [128] proposed a partial ground architecture antenna design for sub-

6 GHz applications. The antenna has a small footprint, measuring 40 x 30 x

1.6mm3.Radiation in the frequency range of 3 GHz to 5.64 GHz is produced by

the suggested design. The suggested design’s average gain increases from 1.73 dB

to 3.22 dB, and the radiation efficiency reaches a maximum of 90 ◦.

Azim et al. [129] proposed a low-profile multi-slotted PPA for long-term evolution

(LTE) and fifth-generation (5G) communications. A stepped patch with a ground

plane is the proposed design. The slots are etched within the patch to obtain the

necessary characteristics, and it contributes to a working band extending from 3.15

GHz to 5.55 GHz, which covers the full n77/n78/n79 bands of the sub-6 GHz 5G

wireless range.

Mishra et al. [130] presented a multi-band resonant small antenna for operating

in the sub-6-GHz frequency range. The authors demonstrated a small microstrip

inverted slotted antenna. Split ring resonators are used to boost the performance

of a single-layer slotted antenna. The suggested design has good reflections and

radiation characteristics at 3 GHz and 4 GHz. The given design has a 200 MHz

impedance bandwidth and a peak gain of 4 dBi. The antenna is suitable for future

5G applications in the LTE and sub-6-GHz bands.

Aathmanesan et al. [131] suggested the design of a slotted hexagonal patch an-

tenna for 5G wireless applications operating from 3.5 GHz to sub-6 GHz. The

suggested antenna is made up of a slotted radiator placed in a modified ground

plane measuring 25 x 20mm2.The antenna’s bandwidth is 130 MHz, with a gain of

3.93 dBi and an efficiency of around 96.65 percent. This design is used in sub-6 GHz

5G wireless applications with a resonance frequency of 3.5 GHz.
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Hakanoglu et al. [132] provided a thorough examination of a stub loaded rect-

angular patch antenna. The suggested concept runs in 5G sub-6 GHz frequencies

and Wi-Fi 5.8 GHz bands. The concept achieves a significant size reduction from

roughly 0.322mm2 to 0.162mm2, implying a reduction of over 50% for each antenna

with improved radiation characteristics.

Ishteyaq et al. [133] proposed a MIMO antenna design for mutual coupling min-

imization approaches The suggested design addresses virtually all elements of 5G,

including antenna design types and performance metrics linked to MIMO design.

The authors underlined the frequencies designated for 5G, which include sub-6 GHz

and mm-wave bands.

Zada et al. [134] offers a small dual-function antenna for 5G mobile applications

that operates at 3.5 GHz and in the mm-wave spectrum. A microstrip patch is

connected to a meandering radiating structure with the use of a radio frequency PIN

diode in the proposed antenna. The PIN diode is used to assist facilitate frequency

reconfigurability between the two operational bands. With a broad decoupling of

7.4% and 4.8% at the low and high frequency bands, respectively, the suggested

antenna system demonstrated adequate MIMO capabilities. The suggested antenna

technology will be used in 5G mobile portable devices in the future.

2.4 Outcomes from the discussions

It is seen that many designs are proposed with modified structures of the radiating

apertures and the ground plane which increases the design complexity. The mecha-

nism to remove the electromagnetic interference in the sub-6 GHz frequency range

requires further exploration as much of the band is congested with 4G LTE and free

ISM bands. Also the variation of gain and directivity requires further development.
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2.5 Developments of the PFSSs based PPA stacked

geometries

Planar frequency selective surfaces (PFSSs) are finding their usage in the manufac-

turing of spatial filters. These surfaces are being utilized along with the PPA designs

for improving the output characteristics of the PPAs. The stacked geometry (PFSS-

PPA) so designed must be compact and of low cost. The placement of PFSS can be

in form of substrate or superstrate depending upon the characteristics required to

be exhibited. Some of the works related to the development of the stacked designs

are presented in this section.

Chaimool et al. [135] presented a design by using a reflective metasurface (RMS)

as a superstrate to boost the gain and bandwidth. For the RMS, two alterna-

tive structures are proposed: the double split-ring resonator (DSR) and the double

closed-ring resonator (DCR). The proposed antenna achieves a high gain of over 9.0

dBi with a wide impedance bandwidth of over 13% utilizing the RMS as a super-

strate.

Sharma et al. [136] developed a circularly polarized slotted PPA with a large gain

and low radar cross-section (RCS). We utilized a meta-surface that is made up of a

6x6 array of corner-truncated square patches that are layered on top of the higher

substrate. In the frequency range of 4.29 GHz to 5.75 GHz, the suggested antenna

has an impedance bandwidth of around 29.08 % . In the broadside direction, a gain

of 9.9 dBi is attained. In the frequency range of 4 GHz to 13 GHz, this design aids

in RCS reduction.

Cure et al. [137] presented a flexible low profile dipole antenna with the use of a

FSS added with the inter-digital barium strontium titanate (BST) varactor-tuned

unit cells. The proposed design demonstrates the capacity of tunability ranging

from 2.42 GHz to 2.66 GHz.

Rana et al. [138] presented a PFSS to be used as a superstrate for a dual-polarized
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dielectric resonator antenna (DRA). With a gain of 3.4 dBi, the planned PFSS is

positioned half a wavelength above the ground plane. With a maximum gain of

8.9 dBi, the suggested design has a 5.1% impedance bandwidth that covers the full

frequency range from 6.4 GHz to 6.74 GHz.

Rabbani et al. [139] showed two PFSSs, each with 12 patch components can

boost the gain of an extended size PPA up to 18.5 dBi in the X-band (8-12 GHz).

Imran et al. [140]created a compact cylindrical antenna for the microwave radi-

ology imaging applications. The folded PFSS meta-material structures are layered

on a cylindrical profile in this concept. The suggested design’s measurements are 32

mm in height and 20 mm in diameter. The frequency range covered by the given

design is 7.8 GHz to 15 GHz.

Gunes et al. [141] presented a PPA which utilizes a modified cross shaped PFSS.

The performance enhancement is visualized in the ISM band at around 2.45 GHz.

Singh et al. [142] proposed a rectangular PPA operating at 2.45 GHz in the ISM

band for wireless communication. The proposed design consists of defected ground

plane which helps to achieve a miniaturization of 37.9% along with enhancing the

radiation performance.

Shukla et al. [143] proposed a high gain rectangular PPA. The design exhibits a

gain of 9.5 dB at a resonant frequency of 9.5 GHz. The gain enhancement is achieved

by backing the antenna with the PFSS of 5x5 array constituted with square loops.

Hussein et al. [144] suggested a design for operating at 60 GHz that consists of

a rectangular PPA and a PFSS. In order to create the PFSS layer, the basic square

loop unit cell is used. Gain, return loss, and bandwidth are among the output

parameters that have been improved by the design.

Nassr et al. [145] demonstrated an PFSS-integrated wideband planar antenna.

The PFSS array screen is studied by constructing a unit cell of the PFSS using a

simple square ring. For a steady frequency response, the antenna is positioned in

parallel above the PFSS at a distance of 28 mm. The suggested design improves
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directivity and gain by roughly 6.5 dB and 5.1 dB, respectively along the broadside

direction.

Raj et al. [146] discussed about the radiation characteristics of the PPA stacked

with the PFSS based absorbing layer. It is reported that the radiation characteristics

of the PPA are controlled by placing an absorbing layer in between the PPA and

the ground plane. The formulation of the stacked geometry helps to reduce the back

lobe radiations.

Kumar et al. [147] presented a new approach for increasing the gain of a PPA.

The design uses a slot antenna with a modified circular loop PFSS, and it works in

the sub-6 GHz 5G band. The suggested design’s operational bandwidth, which is

loaded with polarization insensitive single-layer PFSS, ranges from 3.6 to 6.1 GHz,

with a realized gain of 7.87 dB.

2.6 Outcomes from the discussions

In the available state-of-art literature, no work on the polarization and angular

stability has been reported. Recently, this topic of the PFSS based PPA structures

has been actively taken by researchers but still implementation in the sub-6 GHz

5G range is not yet reported.

2.7 Summary

This provides an in-depth and comprehensive analysis of the state-of-the-art liter-

ature for microstrip patch antennas, frequency selective surfaces, and stacked ge-

ometries combining PPA and PFSS. In this chapter, different slot shapes which are

engraved for making defected ground substrate to enhance the overall bandwidth of

a PPA in the literature is discussed. Various PFSS designs and their applications

are elaborated. The review of PFSS based antenna designs is performed chronologi-

57



cally. The merits and demerits of incorporating PFSS above and below the antennas

are discussed in detail. Finally, research gaps were identified, which served as the

foundation for our research.
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Chapter 3

Planar Frequency Selective Surface

Design for Sub-6 GHz 5G

Applications

Planar frequency selective surfaces (PFSS) can function as band pass or band stop

filters for incoming electromagnetic waves, and these characteristics of the PFSS aid

in enhancing the performance of the printed antennas. Today, these advancements

in PFSS have created new entry points for a wide range of applications. A hand-

ful of difficulties must be overcome to fully comprehend the capabilities of PFSS.

In the past, much of the research work has been focused on the designing portion,

with relatively little effort have been put into analyzing the performance character-

istics. This chapter develops a mathematical framework for modeling the resonance

characteristics of a PFSS while focusing on electromagnetic factors.

3.1 Introduction

Spatial filters helps to protect a transreceivers from the interferences which are

caused by undesired signals emitted by adjacent electronic equipment. When used
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with an antenna, these filters provide acceptable performance by implementing a

frequency selective function. Furthermore, these aid in the suppression of undesired

radiations on the antenna aperture. The inclusion of the PFSS with the antennas

allows for the implementation of spatial filtering features. PFSSs have been the

focus of extensive investigation in recent years due to their ability to impart fil-

tering characteristics in the spatial domain. The PFSS is made up of the metallic

components organized in the form of geometry and put in the shape of apertures

on a dielectric substrate. These surfaces comprise with regular periodic patterns

and they exhibit the filtering behavior. Their application may be observed in the

electromagnetic spectrum while processing or blocking radio waves. Electromag-

netic interference (EMI) created by the wireless devices poses a significant threat to

the performance of a wireless system. The PFSS geometries are created by assem-

bling the metallic structures periodically. Many geometrical forms that might be

utilized in the electromagnetic spectrum have been collected and proposed by the

researchers, including a square loop, a circular ring aperture, an elliptical shape, a

hexagonal structure, and a cross dipole element [148]. These surfaces have a benefit

over other techniques in that they may be integrated into a wireless system, provid-

ing strong isolation from interfering signals due to their low profile and lightweight.

Another advantage of PFSS is its ease of manufacture. There are several PFSS

structures available. When compared to all other PFSS geometries, the square-

shaped loop and circular-shaped ring have the added benefit of being less sensitive

to changes in angle of incidence, making them popular. When constructing PFSS

structures, the consequences of polarization change and angular stability must be

addressed. The parametric dimensions of the periodic unit cells, as well as the range

at which unit cells are replicated to produce an array, are both common features of

the PFSS architecture. In this chapter, the PFSS is used to create the spatial filters

for the sub-6 GHz 5G frequency range, and a mathematical study is also presented

to provide an insight into the electromagnetic behavior.
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3.2 Double square loop PFSS structure

The double square loop planar frequency selective surface (DSLPFSS) is appealing

for the creation of spatial filters due to its simple design, large operating band-

width, and virtually omnidirectional radiation coverage. This section describes the

DSLPFSS setup. The DSLPFSS structure is analyzed and synthesized by using the

equivalent circuit model (ECM) method. The geometrical parameters for the pro-

posed DSLPFSS-based spatial filter are shown. The design exhibits a strong band

pass behavior, allowing it to be used as spatial filters in the sub-6 GHz range. It

should be noted that the unit-cell part of the planar spatial filters must be checked

for functioning in accordance with Floquet’s theorem. On the basis of the Floquet

theorem, the field characteristics show an identical behavior for the PFSS array and

that of the single element comprising a unit cell [149]. The dimensions of the PFSS

structure are used to calculate the lumped circuit components such as inductance

and capacitance during the equivalent circuit construction. These components are

the side length of the loop (l), the periodicity (pe), the effective width of the con-

ducting loop (w), an angle of incidence (for TE and TM), the wavelength exhibited

by the incident ray (λ), and an overall distance between the two loop structures (g).

Figure 3.1 depicts a diagrammatic representation of the DSLPFSS. It comprises of

a patch constructed of a copper sheet with a thickness of 0.02 mm. The patch is

then put on a dielectric with a height (h) of 1.6 mm and a relative permittivity of

4.4. Figure 3.2 illustrates the DSLPFSS operating as spatial filters in open space .

However, it is desirable to define the size as well as the effective periodicity of the

square loop structure in the design of a DSLPFSS in order to establish resonance

at the necessary frequencies operable at a particular planned bandwidth. A suc-

cessful synthesis strategy has been published in the literature, which served as the

foundation for our precise numerical synthesis utilizing an analogous circuit model

approach [150]- [151].Furthermore, the values of the equivalent circuit elements gen-
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erated from the numerical modeling are affected by the periodicity (pe), the effective

width of the square loop (w), a net incidence angle (θ,φ), and the effective mode

of incidence, which might be either transverse electric (TE) or transverse magnetic

(TM).

Figure 3.1: Geometry of DSLPFSS unit cell

Figure 3.2: DSLPFSS as a spatial filter

3.3 DSLPFSS analysis

When the plane polarized wave in a transverse electric (TE) mode is impacted on

the PFSS structure, the equivalent circuit components for each individual square

loop structure may be recovered by using following equations:
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ωrL

Zo
=

l

pe
cos(θ)× F (pe, w, λ, θ) (3.1)

F (pe, w, λ, θ) =
pe
λ

[
ln csc

(
πw

2pe

)]
+G (pe, w, λ, θ) (3.2)

ωrC

Yo
= 4

l

pe
sec(θ)× F (pe, g, λ, θ) ∗ εeff (3.3)

F (pe, g, λ, θ) =
pe
λ

[
ln csc

(
πg

2pe

)]
+G (pe, g, λ, θ) (3.4)

In the above mentioned equations, the terms εeff ,Zo,Yo, G(pe, w, λ, θ) and

G(pe, g, λ, θ) signifies for the effective value of the dielectric permittivity, character-

istic impedance, characteristic admittance and for the correction terms of the values

of the inductance and capacitance associated with the designed PFSS surface. The

flaws in the PFSS analysis were found using the aforementioned equations, and it

was recommended to take normalized wave reactance into consideration [152].Some

generalized formulations were provided for the adjustment terms indicated in the

equations (3.1) to (3.4). The first order correction term G (.) is calculated as follows:

G(pe, w, λ, θ) or G(pe, g, λ, θ) =
A

B
(3.5)

where

A = 0.5
(
1− β2

)2
[(

1− β2

4

)
(C+ + C−) + 4β2C+C−

]
(3.6)

B =

(
1− β2

4

)
+ β2

(
1 +

β2

2
− β4

8

)
(C+ + C−) + 2β6 C+C− (3.7)
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β = sin
πw

2pe
(3.8)

Cn =
1

tSn
− 1

modn
(3.9)

where n = ±1, ±2, . . . . . .

For TE incident ray

tSn =

√(
pe sinθ

λ
+ n

)2

− p2
e

λ2
(3.10)

For TM incident ray

tSn =

√(
pe sinφ

λ

)2

+ n2 − p2
e

λ2
(3.11)

So, by ignoring the correction factor terms, the computations become simpler as

depicted in the equations (3.12) and (3.13) respectively.

ωrL

Zo
=

l

pe
cos(θ)× pe

λ
ln csc

πw

2pe
(3.12)

ωrC

Yo
= 4

l

pe
sec(θ)× pe

λ
ln

[
csc

(
πg

2pe

)]
× εeff (3.13)

Equations (3.12) and (3.13) holds true only if w << pe, l << pe, and pe << λ.

If air acts as as a substrate, then by multiplying the equations (3.12) and (3.13)

yields:

ω2
rLC = 4

(
l

pe

)2 (pe
λ

)2

× ln
[
csc

(
πw

2pe

)
+ csc

(
πg

2pe

) ]
(3.14)

The resonance phenomenon is depicted on the left side of the following equation,

which is a measure of the overall quality factor. In the case of a PFSS that is

entirely reflecting, the net result of the left hand side attains unity value, as seen in
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this scenario ω2
r = 1

LC
. Hence, the above equation may be rewritten as:

1 = 4

(
l

pe

)2 (pe
λ

)2

× ln
[
csc

(
πw

2pe

)
+ csc

(
πg

2pe

) ]
(3.15)

Rewriting on simplification we get:

1 = 4

(
l

pe

)2 (pe
λ

)2

× ln

 1

sin
(
πw
2pe

)
+

 1

sin
(
πg
2pe

)
 (3.16)

Considering a special case in which w << 2pe and g << 2pe, the expression

reduces to:

1 = 4

(
l

pe

)2 (pe
λ

)2

× ln
[ (

2pe
πw

)
+

(
2pe
πg

) ]
(3.17)

It is anticipated that the value of g will be larger than the value of w. Hence, the

ratio (2pe
πw

) has larger impact as compared to (2pe
πg

) and with ignoring the precision

the equation may be rewritten as:

1 = 4

(
l

λ

)2

× ln
[ (

2pe
πw

) ]
(3.18)

It is demonstrated and documented in the literature that an angle of incidence

(θ) and net amount of periodicity (pe) have a significant influence on the performance

of PFSS based spatial filters. The equation presented in [151] provides a strong

relationship between θ and pe along with wavelength and is given as:

pe(1 + sin (θ) < λ (3.19)

The generalized expression for linking the aforementioned parameters may be

provided after additional simplification.

pe = Cλ (3.20)
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where the term C denotes the constant of proportionality and attains the maxi-

mum value of unity. By substituting the equation (3.20) in (3.18), following expres-

sion is retrieved:

1 = 4

(
l

λ

)2

× ln
[ (

2Cλ

πw

) ]
(3.21)

The overall dimensions of the loop are therefore retrieved and optimized using

equations (3.19) and (3.21). The square loop PFSS has an inherent feature of being

polarization independent. The equations as elaborated are equally true for TM

mode. For visualization of the resonance condition, the left hand side (L.H.S.) of

equation (3.14) has been set to numeric value 1. But in reality, the result on L.H.S.

attains the value lesser than unity which represents the out of band resonance. The

net value retrieved is used to determine the concentration of reflections at a certain

set of frequencies. The designed DSLPFSS structure behaves as a LC filter where L

denotes the inductance and C signifies the values of capacitance. The diagrammatic

illustration is provided in the Figure 3.3 and Figure 3.4.

Figure 3.3: 2x2 array of DSLPFSS.
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Figure 3.4: Lumped circuit of the unit cell of DSLPFSS.

3.4 Results formulation for DSLPFSS

A comprehensive synthesis process for providing the validation to the proposed hy-

pothesis is presented. The system parameters of the suggested DSLPFSS-based

spatial filter are determined by using the design parameters for operation in the

sub-6 GHz FR1 frequency spectrum, i.e. from 3 GHz to 6 GHz. The coefficients of

the transmission and the reflection are computed and displayed using the DSLPFSS

dimensions. The HFSS v20 software, which is based on the FEM technique and is

used to assess the physical parameters. The retrieved results are then compared with

the output characteristics of the equivalent circuit retrieved from the ANSYS elec-

tronic desktop circuit editor. Furthermore, a prototype of the suggested DSLPFSS

architecture is built and tested experimentally. The DSLPFSS is a polarisation in-

dependent structure and its characteristics alter dramatically depending upon the

angle at which the ray strikes. The first stage is to examine the dimensions of the

DSLPFSS unit cell at θ = 0◦ which are mentioned in the Table 3.1.

Table 3.1: Parametric specifications of the unit cell of DSLPFSS.

f1 f2 pe l1 l2 w1 w2

2.90 GHz 5.38 GHz 0.55 λ 0.40 λ 0.14 λ 0.01 λ 0.02 λ
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where the terms of the Table 3.1 can be defined as: f1 is the lower frequency

of resonance, f2 is the higher frequency of resonance, λ denotes the wavelength at

middle frequency, pe signifies the periodicity, l1 denotes the length of outer loop, l2

denotes the length of the inner loop, w1 signifies the width of outer loop of DSLPFSS

and w2 denotes the width of inner loop of DSLPFSS.

Figure 3.5: Illustration of the transmissive behavior of the single unit cell DSLPFSS.

Periodicity is an important characteristic to consider when developing spatial

filters using the PFSS array, and it must be evaluated. To compute its value at the

appropriate frequency ranges of operation while disregarding grating lobes, equation

(3.19) must be satisfied. So, when the outer loop in the 5G sub-6 GHz band is

examined for AOI = 0◦, equation (3.19) simplifies to:

pe < λ (3.22)

pe =
λ

2.27
(3.23)

Furthermore, the dedicated formula from equation (3.20) for the outermost loop
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in the sub-6 GHz band is obtained as:

pe = 0.44λ (3.24)

After determining the value of C, the dimensions of the individual loops i.e. l1

and l1 are evaluated by gradually varying the w
λ
values using the equation (3.21). The

values are mentioned in the Table 3.2 for the 3 GHz resonant frequency and in the

Table 3.3 for 5 GHz resonant frequency of operation. Figures 3.6 and 3.7 visually

depict the net amount of the percentage deviation of the simulated frequencies from

the specified intended value of the frequencies.

Table 3.2: Estimation of the best values of the output loop parameters at a normal-
ized angle of incidence for 3 GHz operating frequency

w1/λ1 pe l1 w1 f1(simulated)
%

deviation of
f1 from 3
GHz

0.01 0.4 λ 0.2783 λ 0.01 λ 2.90 GHz 3.3

0.02 0.4 λ 0.3077 λ 0.02 λ 2.87 GHz 4.3

0.03 0.4 λ 0.3345 λ 0.03 λ 2.81 GHz 6.3

0.04 0.4 λ 0.3583 λ 0.04 λ 2.74 GHz 8.6

The higher extreme end frequency of 5 GHz is considered for the innermost loop

parameters and for normalized angle of incidence, the equation (3.19) reduces to:

pe < λ (3.25)

pe =
λ

1.36
(3.26)

Furthermore, the appropriate expression from equation (3.20) for the innermost
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Figure 3.6: Effect on the transmissive characteristics by the variation of w1

λ1
for the

DSLPFSS geometry.

loop in the sub-6 GHz region is recovered as:

pe = 0.73λ (3.27)

Table 3.3: Estimation of the best values of the innermost loop parameters at a
normalized angle of incidence for 5 GHz operating frequency

w2/λ2 pe l2 w2 f2(simulated) % deviation
of f2 from 5
GHz

0.01 0.66 λ 0.17 λ 0.01 λ 5.20 GHz 4.1

0.03 0.66 λ 0.17 λ 0.03 λ 5.38 GHz 7.6

0.05 0.66 λ 0.18 λ 0.05 λ 5.57 GHz 11.4

0.06 0.66 λ 0.18 λ 0.06 λ 5.61 GHz 12.2

The resonant operating frequency is calculated as the value at which the trans-

mission coefficient drops to -3dB. Tables 3.2 and 3.3 provide different estimations

of the loop dimensions, such as l1, l2, w1 and w2, for a fixed value of periodicity pe.

This study discovered that changing the estimations of the w
λ
ratio for a particu-
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Figure 3.7: Effect on the transmissive characteristics by the variation of w2

λ2
for the

DSLPFSS geometry.

lar estimated value of the periodicity pe increases the relative deviation percentage

from the expected recurrence. Figures 3.6 and 3.7 illustrate that at a normalized

incidence angle and with a change in the w
λ

ratio, the lower and higher resonant

frequencies repel at a given rate, expanding the transmission bandwidth. According

to the study given in Tables 3.2 and 3.3, it is seen that by increasing the size of the

loop helps in reduction of the overall inductive influence of the suggested topology.

The scattering parameters are related to each other for which the relation holds

true as [S11]2 + [S21]2 = 1 , valid for the lossless environment. The S11 parameter

denotes the overall magnitude of the reflection coefficient, whereas the S21 param-

eter denotes the magnitude of the transmission coefficient. At any given resonant

frequency of operation, the above relationship clearly indicates that the responses

of S11 and S21 are reciprocal to each other.

[
b1

b2

]
=

[
S11 S12

S21 S22

] [
a1

a2

]
(3.28)

Where b1, b2 are the output coefficients and a1, a2 are the input coefficients. S11
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Figure 3.8: Illustration of the two-port network.

denotes the reflection coefficient at the input terminal, S12 parameter reflects the

transmission gain at the opposite terminal, S21 signifies the transmission gain at the

input terminal and S22 constitutes to the value of the reflection coefficient at the

output terminal.

S11 =

[
b1

a1

]
a2 = 0

(3.29)

S22 =

[
b2

a2

]
a1 = 0

(3.30)

S21 =

[
b2

a1

]
a2 = 0

(3.31)

S12 =

[
b1

a2

]
a1 = 0

(3.32)

Furthermore, the mathematical analogous relationship that exists between the

loop structure’s impedance parameter (Z) and scattering parameters (S) is investi-

gated in order to study the idea of linear rise or fall in the maximum transmission

frequency [153].

[
Z11 Z12

Z21 Z22

]
= Zo

[ (1+S11)(1−S22)+S12S21

(1−S11)(1−S22)−S12S21

2S21

(1−S11)(1−S22)−S12S21

2S21

(1−S11)(1−S22)−S12S21

(1−S11)(1−S22)+S12S21

(1−S11)(1−S22)−S12S21

]
(3.33)
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where the term Zo indicates the characteristic impedance of the proposed de-

signed structure. The above study demonstrates the process for evaluating equiv-

alent circuit characteristics such as inductance and capacitance, as shown in Fig-

ure 3.4. The retrieved parameters are shown in Table 3.4.

Table 3.4: Numerical results retrieved from the mathematical analysis equations

Parameters Values
f1 Simulated 2.90 GHz
f2 Simulated 5.38 GHz

pe 0.55 λ
w1 0.01 λ
l1 0.40 λ
w2 0.02 λ
l2 0.14 λ
Input to output

Lf1 (mathematically evaluated) 3.555 nH
Lf2 (mathematically evaluated) 10.511 nH
Cf1 (mathematically evaluated) 0.866 pF
Cf2 (mathematically evaluated) 0.073 pF
f1 (mathematically evaluated) 2.86 GHz
f2 (mathematically evaluated) 5.71 GHz

The frequency response model of DSLPFSS shows that the transmission coef-

ficient (S21) reaches a relatively low value at the two resonant frequencies (f1 and

f2). The outer and inner loops regulate the values of f1 and f2, respectively such

that the outer loop manages the inner resonant frequency and vice-versa. By us-

ing the electromagnetic principles, the structure’s equivalent circuit inductance and

capacitance can be utilized to extract the resonant frequencies.

f1 =
1

2π
√
Lf1Cf1

(3.34)

f2 =
1

2π
√
Lf2Cf2

(3.35)

As per the information retrieved from the Table 3.5, it is reported that the

variance of the resonant frequencies as recovered from the mathematical analysis
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Table 3.5: Resonant frequencies extracted from the lumped circuit parameters.

Parameters Values
Lf1 (mathematically evaluated) 3.555 nH
Lf2 (mathematically evaluated) 10.511 nH
Cf1 (mathematically evaluated) 0.866 pF
Cf2 (mathematically evaluated) 0.073 pF

Input to output
f1 (GHz) 2.86
f2 (GHz) 5.71

% deviation from lower resonant frequency of 2.90 GHz 1.37
% deviation from higher resonant frequency of 5.38 GHz 6.13

is within the limits. These discrepancies are attributable to approximations used

while assessing the parameters and can be tolerated. The parameters collected

from the ECM method are simulated using ANSYS circuit editor to evaluate the

transmission properties and confirm our results. The corresponding circuit diagram

for the proposed architecture is shown in Figure 3.9.

Figure 3.9: Equivalent circuit schematic of the DSLPFSS.

The transmission coefficient values recovered from this hypothesis are consistent

with those obtained from the HFSS simulator which provides an authorization to

proceed with the building of an array. An essential characteristic to illustrate is the
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Figure 3.10: Comparative analysis of the transmission coefficient curve extracted
from HFSS and Circuit editor.

effect of the angle at which a wave is impacted on the surface of the spatial filter. The

DSLPFSS has the inherent property of having the same characteristics only for a

narrow range of incidence angles. It also exhibits polarization independent behavior,

as seen by the results provided in Table 3.6. Figure 3.11 depicts the fluctuation in

transmission coefficient response at various polarization angles. When a wave travels

down the Z-axis, the polarization angle is defined as the angle created between the

electric/magnetic field vector and the coordinate axis. Table 3.6 shows that there is

very little variance in the lower resonant frequency range and almost no change in

the upper resonant frequency values.

The proposed DSLPFSS offers polarization insensitive behavior, as the resonant

frequencies remain almost constant when the angle ′φ′ changes, ranging from 0◦ to

90◦. Furthermore, as shown in Figure 3.12, the planned structure investigation is

carried out for various oblique angles of incidence. The maximum angle of incidence

for which this design can work is 30◦ and must satisfy the following equation:
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Table 3.6: Resonant frequencies of operation at different polarization angles.

Polarization
angle(φ)

f1

(GHz)
f2

(GHz)
Bandwidth
(GHz)

% deviation
of lower
resonant fre-
quency from
2.9 GHz

% deviation
of upper
resonant fre-
quency from
5.38 GHz

0 ° 2.9 5.38 2.48 0 0

30 ° 2.82 5.37 2.55 2.75 0.18

60 ° 2.82 5.38 2.56 2.75 0

90 ° 2.8 5.38 2.58 3.44 0

pe(1 + sin 30◦) < λ (3.36)

Minor variations are visible in the resonant frequencies ranging from 0◦ to 30◦.

The average bandwidth is therefore essentially unaffected by the angular shift, and

it is reported that at larger incidence angles, such as 30◦, the structure performs

well, as seen in the Table 3.7.

As illustrated in Figures 3.11 and 3.12, the graphical plots virtually overlap over

the other, indicating that this design is polarization stabilized and shows comparable

properties up to 30 degrees of oblique incidence. PFSS often use metallic patterns

that are aligned in multilayer architectures that increase the intensity of the local

electric field within the PFSS structure so that even with low incident energy, the

local electric field strengths can exceed the breaking point created within the PFSS

structure. The maximum field amplification factor (MFEF) is a factor that enables

us to evaluate the extent of the increase in the intensity of the electric field within

the PFSS compared to that of the incident electromagnetic wave [154] - [155].

The MFEF factor is calculated by dividing the highest amount of the electric field

intensity lying within the PFSS by the net amount of the electric field strength

possessed by the incident wave. It also used for the comparison of the relative power
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Table 3.7: Resonant frequencies of operation at various angles of the incidence.

Inci-dent
angle(θ)

f1

(GHz)
f2

(GHz)
Bandwidth
(GHz)

% devia-
tion of lower
resonant fre-
quency from
2.9 GHz

% deviation
of upper
resonant fre-
quency from
5.38 GHz

0 ° 2.9 5.38 2.48 0 0

5 ° 2.89 5.37 2.48 0.34 0.18

10 ° 2.89 5.36 2.47 0.34 0.37

15 ° 2.88 5.34 2.46 0.68 0.74

20 ° 2.87 5.30 2.43 1.03 1.48

25 ° 2.87 5.26 2.39 1.03 2.20

30 ° 2.86 5.24 2.38 1.37 2.60

Figure 3.11: Response of DSLPFSS spatial filter at various polarization angles.

handling capacity of different PFSS types. The MFEF indicates power saturation for

the PFSS, this factor has a higher ability to regulate peak power. Figure 10 depicts
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Figure 3.12: Response of DSLPFSS spatial filter at multiple incidence angles.

the calculation of the MFEF value for various frequency settings for the DSLPFSS.

The normalized value of MFEF is around 37, which means that the intensity of the

electric field within the DSLPFSS can be 37 times greater than the intensity of the

electric field of the incoming wave in the FR1 sub-6 GHz 5G band as shown in the

Figure 3.13. Hence, the proposed DSLPFSS can process a large amount of net

microwave power.

3.5 DSLPFSS prototype and its measurements

PFSS have the crucial property of showing properties that correspond to those of

a unit cell. The previous section illustrates the mathematical calculations of the

parameters and their properties for a unit cell. The similar approach is used to

create the 2x2 DSLPFSS matrix, which can be generalized to an NxN matrix, as

shown in Figure 3.14. The output characteristics of the 2x2 DSLPFSS matrix,

which is almost identical to that of the unit cell, are shown in Figure 3.15.
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Figure 3.13: MFEF of the DSLPFSS.

Figure 3.14: 2x2 array of DSLPFSS geometry.

The 2x2 matrix of a DSLPFSS structure is produced on a 60 mm x 60 mm FR4

substrate with a permittivity of 4.4 and a thickness of 1.6 mm. An array can be

expanded to a size of NXN, taking into account the dimensions of the unit cell. a

2x2 DSLPFSS is shown in Figure 3.16 and the electric field distribution is shown

in Figure 3.17.

79



Figure 3.15: Spatial filtering response of DSLPFSS.

Figure 3.16: 2×2 array of DSLPFSS prototype.

3.6 DSLPFSS measurement results

The proposed design is validated by creating an experimental setup, as shown in

Figure 13, to evaluate the transmission coefficient of the spatial filter based on

DSLPFSS. Two horn antennas are required in the measurement setup in which the

DSLPFSS is installed and the transmission coefficient is to be determined. A vector

network analyzer (VNA) must be installed to provide the input excitation through
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Figure 3.17: E-Field dispersion of 2×2 array of DSLPFSS.

the first input port. It is linked to the horn shaped radiator at the transmitter end

with the help of coaxial cables, and the acquired radiations are collected by the

receiver horn antenna, which is coaxially attached to the second output port of the

VNA.

The processes followed for performing the measurements are divided into two sec-

tions, as listed below:

1. The net amount of power which is transferred between the radiating and

the capturing horn antennas without inserting a DSLPFSS geometry between

them is recorded in the first stage and it is utilized for calibration of the test

environment.

2. The DSLPFSS geometry is then inserted between the transmitting and re-

ceiving antennas. The transmitted power is measured again, and the actual

propagation is calculated by subtracting the two observed values.

The dimensions of the DSLPFSS are fixed in such a way that the -3dB bandwidth

attains value of 2.96 GHz, spanning from 2630 MHz to 5590 MHz, which is inside

the sub-6 GHz range.
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Figure 3.18: Testing and measurement set-up of the DSLPFSS.

Figure 3.19: Comparison of the modeled and the experimental results of the 10x10
DSLPFSS array.

The results retrieved from the designed prototype in the free space environment

circumstances are consistent with those obtained in the simulation, as shown in

Figure 3.19.
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3.7 Summary

This chapter presents the different designs of PFSS proposed for sub-6 GHz 5G

frequency ranges. The basic design namely double square loop PFSS is formulated.

The numerical modeling for this design by using the equivalent circuit modeling

approach is completed. The transmission and reflection characteristics of the unit

cell of double square loop PFSS designs is also investigated in the targeted sub-6

GHz frequency ranges. At last, the simulation and the measurement results of the

proposed design is depicted and validated.
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Chapter 4

Wideband Printed Patch Antennas

for Sub-6 GHz 5G Applications

Printed patch antennas (PPAs) are the type of planar antennas that have been ac-

tively investigated and evolved over the last five decades. They have been popular

among planar antennas and have been utilized in a variety of purposes in the cel-

lular systems, both military and commercial. The future of PPAs is envisioned in

the form of miniaturized structures and it is expected that these antennas should

be able to operate in dynamic environment with variable characteristics. The de-

sign of the printed patch antennas (PPAs) is basically an application oriented. The

advancements in wireless technology have demanded for tiny miniaturized antennas

that may occupy lesser area while providing acceptable performance. The design

of the antennas must be innovative and must be lighter as well as simple to fabri-

cate. The PPA consists of a metallic transmitting patch produced on a dielectric

substrate and supported by a metallic ground plane in its most basic form, and

it may be found in reception devices for virtually all generations of mobile com-

munications. Despite the numerous benefits, there is a significant drawback in the

form of restricted bandwidth and low gain. Designing tiny wideband PPAs is ex-

ceedingly challenging because to the inherent narrow band characteristics. Various
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techniques have been devised for improving the limited bandwidth of PPAs [155]-

[160]. In the accessible literature, the researchers have recognized and examined the

low bandwidth problem of the traditional PPA. This problem is targeted for the

improvement in this design of the rectangular shape of the PPA. Rectangular PPA

has several advantages, including being compact, cheap, and lightweight [161]. The

FR1 band will be extremely helpful, according to current advances in the commu-

nication sector, especially with the introduction of 5G devices, since it will bridge

the technological gap between existing 4G and 5G. The concepts discussed in this

chapter are designed to function in the 5G new radio spectrum’s FR1 band. These

designs will mostly be employed in the sector of broadband communication, which

will feature very reliable and low latency services that will need the usage of mas-

sive machine based technologies. To achieve the desired wideband response, the

suggested solutions makes use of the partial ground plane and slotted patches.

4.1 Polygon slotted ground PPA

On the FR4 substrate, a partly polygon slotted ground PPA (PSGPPA) with a

microstrip feed line is built, and measurements are conducted to verify the findings.

The bandwidth of the PPA is enhanced by halving the size of the original ground

plane along its major axis. In the partial half ground plane, an eighteen segment

polygon shaped structure is carved [1]- [2].

The main design equations necessary for the formulation of the PPA are as

follows:

The width (W) of the PPA is evaluated as:

W =
c

2fr

√
2

(εr + 1)
(4.1)

Where, c denotes the speed of light in free space, εr indicates the value of dielec-

tric constant of the substrate and fr signifies the resonant frequency of operation.
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An increase is visualized in the overall electrical dimensions along the length of the

PPA by an amount of ∆L which is caused by the fringing effect. As a result, the

extended length of the PPA is computed by using the following equation:

∆L

h
= 0.412

(εreff + 0.3) (w
h

+ 0.264)

(εreff − 0.258) w
h

+ 0.8)
(4.2)

Where ‘h’ denotes the height of the substrate and εreff indicates the effective

dielectric constant of the structure. The overall length ‘L’ of the PPA is calculated

as:

L =
c

2fr
√
εreff

− 2∆L (4.3)

The dimensions of the basic PPA geometry are determined using the calculations

given above. The design is simulated with HFSS software, and some of the param-

eters are adjusted with parametric sweep to guarantee that the transmission falls

inside the required frequency band, which is between 3.3 GHz and 4.2 GHz. Fig-

ure 4.1 and Table 4.1 show the design procedures for generating the final suggested

antenna geometries, respectively.

In this study, the brief analysis of the design geometry steps which are required to

reach the finalized wideband antenna design is presented. The parametric analysis

is performed and optimized dimensions are reported which gives the adequate values

of the return loss and the bandwidth. The final iteration of the PPA is an ideal for

operation in the sub-6 GHz 5G New Radio spectrum (NR) with exhibiting a wide

bandwidth of 720 MHz. This PPA design also has the benefit of being less compli-

cated, having a single layer design, and smaller in size. Initially, the traditional PPA

design is built using the fundamental design equations, and then the partial ground

plane idea is implemented. The conventional design of the PPA doesn’t radiate. So,

the ground plane is gradually reduced and by reaching to exactly half of the dimen-

sion along one axis, the design starts radiating at 3.80 GHz. As reported in the

Table 4.2, the bandwidth of the half ground plane PPA design is still not sufficient
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(a) Front view of the PPA (b) Half ground PPA

(c) Hexagon slotted PPA (d) PSGPPA with 18 segments

(e) Perspective view of PPA

Figure 4.1: PPA design iterations

for utilizing this design in wideband applications. The structure is further changed

by carving a hexagonal groove within the half grounded PPA design to increase the

bandwidth of the half grounded PPA. The resulting design has a bandwidth of 500

MHz, making it ideal for use in wideband applications. The bandwidth is increased

by increasing the number of segments in a polygon slot to eighteen. PSGPPA is the

name given to the design that has a bandwidth of 720 MHz. The optimal values for

the parameters are listed in Table 4.1, as follows:

Table 4.1: Dimensions of proposed PSGPPA (FR4 substrate with h = 0.02λ)

Para-
meters

Lp Wp Wf Lf Lg Wg No. of
polygon
segments

Dimen-
sion

0.46λ 0.20λ 0.006λ 0.02λ 0.25λ 0.35λ 18
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4.2 Interpretation of the results for PSGPPA

The parametric optimizations of the dimensions are carried out for the PSGPPA

design with an improved bandwidth. It is reported that for the hexagonal slotted

PPA and PSGPPA, an adequate radiation performances are retrieved. The results

are retrieved from the parametric analysis and are presented in the Table 4.2. The

optimization of the antenna parameters is completed by using the parametric sweep

option in HFSS for getting the radiation in the desired frequency bands of operation

in sub-6 GHz 5G frequency range.

4.2.1 Reflection coefficient variation with design iterations

As shown in Figure 4.2, the parametric analysis is performed for all iterations of

the PPA. Based on the formulated design equations as reported, a design of a basic

PPA is proposed which resonates at 4.03 GHz. The only limitation of this design

is its radiation which is limited to near field region with maximum value of - 9.50

dB. The radiation characteristics are improved by reducing the dimensions of the

ground plane is reduced along the length. It is also reported that as the dimen-

sions are exactly reduced to half, the PPA design starts radiating. The reflection

coefficient touches to maximum value of -33 dB which is quite good in terms of the

radiation. The structure starts resonating at 3890 MHz with a bandwidth of nearly

0.25 GHz, which is not adequate to be used in wideband applications. Further, for

increasing the bandwidth in the far field region of the proposed design structure,

a polygon slot is engraved within the ground plane on which further iterations are

being performed. The best results in terms of wide bandwidth are retrieved when

the number of the segments is made 6 i.e. hexagon structure, thus making it as

hexagonal slotted PPA. It is seen that by performing the above procedure, the re-

flection coefficient reaches to the maximum value of -13.35 dB which resonates at

3600 MHz with a wide bandwidth of about 0.5 GHz. Further, as the number of
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the slot segments is gradually increases up to the value of 18, the antenna starts

resonating at 3360 MHz with a bandwidth of 0.72 GHz and a maximum reflection

coefficient of -31.15 dB. Figure 4.2 depicts a comparative study of the reflection

coefficient data for all iterations. As we progress from one design to the next, a

considerable improvement in operational bandwidth with good reflection coefficient

indicative of far field radiation is reported. The final hexagonal slotted PPA designs

have a broad bandwidth of 500 MHz and a highest amount of reflection coefficient

of -13.35 dB at 3630 MHz. PSGPPA’s other design has a 0.72 GHz bandwidth that

ranges from 3280 MHz to 4000 MHz. At frequencies of 3410 MHz and 3830 MHz,

the highest values of reflection coefficient are -26.17 dB and -31.15 dB, respectively.

An exponential growth in the antenna’s bandwidth is observed across multiple rep-

etitions, according to the data in Table 4.2. The slot’s position is critical while

building the antenna, and once decided, increasing the number of segments of the

engraved slot permits getting the antenna’s broad band characteristics. The results

of the parametric analysis are shown in Table 4.2.

Figure 4.2: Comparative analysis of the output characteristics retrieved from all
iterations.

The effect on the output characteristics by the variation of the feed width of the
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Table 4.2: Parametric analysis of the results retrieved from the design iterations

Design itera-
tion

Resonant
frequency

Bandwidth Reflection
coefficient

PPA 4.02 GHz 30 MHz -10.64 dB

Half ground
PPA

3.88 GHz 250 MHz -53 dB

Hexagonal slot-
ted PPA

3.64 GHz 503 MHz -14.56 dB

PSGPPA 3.42 GHz &
3.83 GHz

720 MHz -26.17 dB & -
31.15 dB

proposed PSGPPA design is elaborated in the Table 4.3.

Table 4.3: Effect on the output characteristics by the variation of the feed width of
the PSGPPA.

Feed Width
(Wf)

Resonant
frequency

Bandwidth Reflection
coefficient

0.006 λ 3.42 GHz &
3.83 GHz

720 MHz -26.17 dB & -
31.15 dB

0.012 λ 3.69 GHz 650 MHz -38.27 dB

0.019 λ 3.69 GHz 600 MHz -38.15 dB

0.025 λ 3.66 GHz 550 MHz -27.61 dB

0.032 λ 3.66 GHz 500 MHz -22.51 dB

0.038 λ 3.66 GHz 480 MHz -21.30 dB

Hence, with a single layer structure and without much complexity of the design,

the desired reflection coefficient along with the bandwidth is achieved. The out-

put characteristics which are exhibited by the two proposed designs comprising of

hexagon slotted PPA and PSGPPA are compared and reported in the Table 4.4.

4.2.2 Radiation intensity

Radiation intensity is an essential statistic that defines the amount of energy emitted

from the PPA. Figure 4.3 depicts the radiation patterns in the E and H planes for

3.42 GHz and 3.83 GHz resonating frequencies.
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Table 4.4: Output characteristics of the hexagonal slotted PPA and PSGPPA.

Parameters Hexagon slotted PPA PSGPPA

Lower Cut off frequency (f1) 3.250 GHz 3.280 GHz

Higher Cut off frequency (f2) 3.750 GHz 4.000 GHz

Bandwidth 0.5 GHz 0.72 GHz

Reflection Coeficient -13.35 dB - 31.15 dB

Gain 2.2 dB 2.5 dB

Directivity 3.15 dB 3.21 dB

Radiation efficiency 81.03% 83.62%

(a) 3.42 GHz resonant frequency of hexago-
nal slotted PPA.

(b) 3.83 GHz resonant frequency of hexago-
nal slotted PPA.

(c) 3.42 GHz resonant frequency of PS-
GPPA.

(d) 3.83 GHz resonant frequency of PS-
GPPA.

Figure 4.3: Normalized radiation patterns for the wideband antenna designs com-
prising hexagon slotted PPA and PSGPPA

E-plane radiation efficiency pattern is depicted in red colour and H-plane radi-

ation efficiency pattern is shown with green colour curve. The radiation pattern is
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recovered after HFSS software simulations, with the highest gain reported to be 2.2

dBi at 3.42 GHz for hexagonal slotted PPA and 2.5 dBi at 3.83 GHz for PSGPPA.

The E-plane radiation pattern depicts the "figure of eight," while the H-plane, omni-

directional radiation properties are depicted.

(a) Hexagonal slotted PPA. (b) PSGPPA.

Figure 4.4: 3D polar plot depicting the gains exhibited by the two proposed designs

4.2.3 Gain and Efficiency

Figure 4.4 clearly illustrates that the gain and bandwidth of the PPA grow with

iteration improvement, as demonstrated by hexagonal slotted PPA and PSGPPA.

The design of PSGPPA offers an adequate gain and directivity which makes its

feasibility to be utilized in the 5G applications. Also, the amount of radiation

efficiency is nearly 80% which indicates that very less amount of radiation losses

occurs during the process of the radiation as indicated in the Figure 4.5.

4.3 Experimental investigation of PSGPPA.

A PSGPPA design is presented in the preceding section and is modelled for the ex-

traction of output radiation characteristics in the appropriate sub-6 GHz frequency

range. To confirm these results, a fourth iteration of PSGPPA with a maximum

bandwidth of roughly 720 MHz is built and evaluated using a vector network ana-
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Figure 4.5: Graphical illustration of the gain (dB), directivity (dB) and the radiation
efficiency (%) exhibited by the PSGPPA design.

lyzer (VNA). The MS2037C and its associated setup are used to evaluate antenna

characteristics such as the reflection coefficient, radiation pattern, and gain. A

MS2037C Network analyzer is used to measure the radiation properties. For an-

tenna characterization, vector network analyzers, anechoic chambers, automated

turn tables, and other critical technologies are used. MS2037C is a sophisticated

Vector Network Analyzer (VNA) from Anritsu that can operate in both the time

and frequency domains. The VNA is a microprocessor-based device that can pre-

cisely measure the scattering properties of two port networks. The network ana-

lyzer’s built-in signal processing algorithms assist in sending and receiving data to

the radiator before eventually showing the measured values in the form of graphi-

cal graphs. Furthermore, the anechoic chamber creates a "silent zone" free of any

electromagnetic reflections. All antenna characterizations are carried out in an ane-

choic chamber to remove reflections from neighboring objects. It is a huge chamber

in relation to the operating wave length, with microwave absorbers connected to

the walls, ceiling, and floor to reduce EM reflections. Figure 4.6 is a picture of an

anechoic chamber used to quantify and report radiation.

The absorbers connected to the walls are highly lossy at microwave frequencies.

They have tapered shapes to provide proper impedance matching for the microwave
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Figure 4.6: Photograph of an anechoic chamber used for measurements of the PPA
designs.

power that impacts them. The room is protected from the ambient electromagnetic

interferences by covering all of the walls and ceiling with aluminium sheet. The

output characteristics which are used to determine the PPA properties are explained

fin this section. In practice, the VNA is linked to large length of the cables and

connections. Each connection and cable will have their own set of losses. The

device should be calibrated using accepted standards of open, short, and matched

loads to get accurate scattering parameters. There are several calibration methods

available on the VNA. Calibration methods such as single port and full two port

are often used. The reflection coefficient, VSWR, and input impedance may all be

described using the single port analysis approach. Figures 4.7(a) and 4.7(b) depicts

the front and back view of the PSGPPA prototype that was built.

The experimental setup for extraction of the output characteristics of the PS-

GPPA is illustrated in the Figure 4.8 as shown below.

The PPA design is linked to either of the VNA’s ports, and the VNA is set to the

S11/S22 mode, which produces the radiation characteristic. The calibration of the
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(a) Front view (b) Back view

Figure 4.7: PSGPPA designed prototype

Figure 4.8: Measurement set-up for illustrating the output characteristics of the
PSGPPA.

port cable is accomplished for the desired frequency range by employing typical open,

short, and matched load circumstances. The simulated design’s reflection coefficients

are compared to the information received from the developed prototype, as shown

in Figure 4.9. The simulated and measured results are clearly in accord with one

another. Both curves’ patterns coincide, confirming this concept and making it a

viable contender for usage in sub-6 GHz frequencies.

The simulation and the measurement characteristics are compared in the Table

4 for the PSGPPA design. It clearly indicates that this design is best suitable for

the targeted sub-6 GHz applications.

According to the results of the study presented in Table 4.5, the measured results

are nearly comparable to the simulated findings, and the antenna thus constructed
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Figure 4.9: Comparative analysis of the output characteristics of the PSGPPA ex-
hibiting a bandwidth of 720 MHz

Table 4.5: Comparison of the output characteristics retrieved from the simulation
and the measurements for the proposed PSGPPA

Parameters Simulated results Measured results

Lower cut off frequency (fL) 3.28 GHz 3.30 GHz

Higher cut off frequency (fH) 4.00 GHz 3.98 GHz

Bandwidth 0.72 GHz 0.68 GHz

Min. reflection coefficient -31.15 dB - 26.98 dB

may be used for wideband applications in the sub-6 GHz 5G spectrum. This an-

tenna design stands out in the sub-6 GHz 5G NR spectrum due to its single layer

construction, minimal complexity, and small size.

4.4 U- slotted ground PPA (USGPPA)

In this section, the design of a U-slotted defected ground plane PPA (USGPPA) is

presented and analyzed. The footprint of the USGPPA is displayed in the Figure

4.10. USGPPA’s radiation element is engraved on the top side of a 1.6 mm thick

FR4 dielectric substrate with a dielectric constant of 4.4 and a loss tangent of 0.02.
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The readings are made and the dimensions are optimized using the transmission line

model to get the desired performance. The simple structural formulaes that are used

to construct the novel proposed USGPPA are already illustrated in the equations

(4.1) to (4.3).

Figure 4.10: Design of a simple USGPPA.

By utilizing the parametric sweep optimization and from the generic formulae’s as

illustrated in the equations (4.1) to (4.3), the dimensions of the basic conventional

PPA are determined. Initially, as shown in Figure 4.11(a), a conventional PPA with

a complete ground is proposed and simulated. The bandwidth optimization is done

by varying the length of the ground plane and varying it to a point in order to get

the optimum solution, as depicted in Figure 4.11(b). In the next step, a U-slot is

engraved within the ground plane and adjusted further for increasing the effective

operating bandwidth as needed for the 5G applications. This geometry is illustrated

in the Figure 4.11(c). Then the effect of inserting a U-slot is testified and compared

with initial design of the conventional PPA.

The parametric specifications in terms of dimensions for USGPPA are defined

in the Table 4.6.

In Table 4.6, all dimensions are given in terms of λ, which denotes the wavelength

attained at the centre frequency within the spectrum’s working range. A compar-

ative analysis is presented in the Table 4.7 which presents the detail of the values

obtained from the three design iterations for the output performance characteristics.
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(a) Full length ground plane (b) Half length ground plane

(c) Defected ground with U-slot (USGPPA)

Figure 4.11: Modifications of the ground plane

Table 4.6: Parametric specifications of the USGPPA

Parameters Dimensions

Length of patch (L) 0.46 λ

Width of patch (W ) 0.156 λ

Length of substrate (Ls) 0.51 λ

Height of substrate (h) 0.02 λ

Length of feedline (fl) 0.02 λ

Width of feedline (fw) 0.01 λ

Length of ground plane (lg) 0.51 λ

Half ground length (lg/2) 0.25 λ

Half ground width (wg) 0.51 λ

U-slot x length (Ux) 0.20 λ

U-slot y length (Uy) 0.20 λ

U-slot thickness (Ut) 0.20 λ

The outcome of this research clearly indicates that by inserting a U-slot, bandwidth

augmentation is visualized for the proposed antenna design.
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Table 4.7: Comparative analysis for the three iterations involved for making final
proposed design of USGPPA.

Parameters Full Ground Half Ground Defected
Ground
(U-slot)

Lower Cut off
frequency (f1)

Not Radiating 3.73 GHz 3.38 GHz

Higher Cut off
frequency (f2)

Not Radiating 4.12 GHz 4.28 GHz

Bandwidth Not Radiating 390 MHz 900 MHz ↑

Peak gain Not Radiating 4 dB 3.8 dB ↓

Peak directivity Not Radiating 4.8 dB 4.55 dB

4.4.1 Interpretation of the results for USGPPA

The procedure adopted for analysis of the PSGPPA is again replicated for this design

of USGPPA. The parametric optimizations of the dimensions are carried out and the

best values are finalized for getting a design prototype. The U-slot helps to get an

enhancement in the bandwidth of the antenna by adding an additional capacitance

within the design. The bandwidth retrieved from the proposed design is sufficient

for making it in use for the wide band applications in sub-6 GHz 5G applications.

The output performance characteristics exhibited by this USGPPA are reported in

the Table 4.8. Parametric sweep tool is utilized for getting the radiation in the

desired frequency bands of operation in sub-6 GHz 5G frequency range.

4.4.2 Reflection coefficient response along the design itera-

tions

The parametric analysis is used for all iterations of the PPA, as shown in Figure

4.11. The length of the ground plane is reduced along the major axis and the results

are analyzed. It is reported that as the dimension of the ground plane along the
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major axis is reduced to half of the value, the design starts radiating within the

targeted band of operation but still the bandwidth is not sufficient. An U-slot is

etched by maintaining the length of the ground plane to half of the value, and the

results indicate that the bandwidth is raised to a sufficiently large value of 760

MHz. Figure 4.12 depicts a comparison of the reflection coefficient curves for the

three design iterations. A considerable improvement in the value of the operational

bandwidth is reported with good reflection coefficient indicative of far field radiation

while moving across the design iterations. The final design of USGPPA exhibits a

broad bandwidth of 760 MHz with a maximum value of reflection coefficient at -

23.35 dB at a frequency of 4 GHz. According to the data reported in the Table

4.7, an exponential rise in the antenna’s bandwidth is recorded throughout several

repetitions. In the design of the proposed antenna, the position of the U-slot is a

crucial consideration and once it is determined, and then broad band characteristics

are retrieved. The graphical comparison as reported in the Figure 4.12 indicates

that the USGPPA starts radiating at half ground structure, and subsequently the

bandwidth is augmented by engraving a U-slot inside the half ground as visualized.

4.4.3 Radiation intensity

The amount of the radiations received at the distant point in the E-plane and the H-

plane are measured in terms of the radiation intensity. It is an essential statistic that

defines the amount of energy emitted from the USGPPA. E and H plane radiation

patterns are recorded and illustrated in the Figure 4.13 for 4 GHz of resonating

frequency.

Normalized radiation patterns in the E-plane and H-plane are compared for the

USGPPA based on simulated and measured data. The E-plane radiation pattern

displays the "figure of eight," but the H-plane radiation pattern retrieves omni-

directional radiation characteristics. Table 4.8 depicts the output characteristics

obtained from the suggested design.
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Figure 4.12: Comparative illustration of the reflection coefficients obtained from the
three design steps consisting of complete ground plane, half ground plane and U-slot
defected ground plane (USGPPA).

Figure 4.13: Normalized radiation patterns of the USGPPA in E-plane and H-plane
at 4 GHz resonant frequency.

A 3-D polar plot of the gain exhibited by a USGPPA is illustrated in the Figure

4.14. A sufficiently large value of the gain of about 3.8 dB is retrieved from the

proposed design which makes our design suitable.
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Table 4.8: Output characteristics exhibited by USGPPA.

Parameters Value

Lower Cut off frequency (f1) 3.38 GHz

Higher Cut off frequency (f2) 4.28 GHz

Bandwidth 900 MHz

Min. Reflection coefficient (dB) -28.15 dB

Peak Gain 3.8 dB

Peak directivity 4.55 dB

Max. Radiation efficiency 87.6 %

Figure 4.14: 3D polar plot depicting gains exhibited by USGPPA

4.4.4 Gain and Efficiency

The design of USGPPA offers adequate gain and directivity which makes its feasi-

bility to be utilized in the 5G applications. Also, the amount of radiation efficiency

is nearly 90% which indicates that very less amount of radiation losses occurs during

the process of the radiation as indicated in the Figure 4.15.
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Figure 4.15: Graphical illustration of the gain (dB), directivity (dB) and the radia-
tion efficiency(%) exhibited by the USGPPA design.

4.5 Experimental investigation for the USGPPA de-

sign.

In the preceding section, a design of the USGPPA is provided and is modeled for

the extraction of output radiation characteristics in the desired sub-6 GHz frequency

range. The validation of the proposed design is done by making a design prototype

of USGPPA which exhibits maximum bandwidth of about 900 MHz. The MS2037C

VNA and its associated setup are used to assess antenna characteristics such as the

reflection coefficient, radiation pattern, and gain. A MS2037C Network analyzer

is used to measure the radiation properties. Vector network analyzers, anechoic

chambers, automated turn tables, and other essential technologies are utilized for

antenna characterization. The prototype of the USGPPA is shown in the Figure

4.16.

A comparative analysis of the reflection coefficients which are retrieved from the

modeled design and prototype is shown in the Figure 4.17. It is evident that the

modeled and the experimental findings are in good agreement with one another.

A perfect match is seen in the patterns followed by the results retrieved from the

simulation and the measurement results, which makes it a strong contender for use

103



(a) Front view (b) Back view

Figure 4.16: USGPPA prototype

in the sub-6 GHz frequencies.

Figure 4.17: Comparative analysis of the output characteristics of the USGPPA
retrieved from the simulation and experimental set-up.

The simulation and the measurement characteristics are compared in the Table

4.9 for the USGPPA design. It clearly indicates that this design exhibits good

amount of gain and bandwidth which makes it best suitable for the targeted sub-6

GHz applications.

According to the analysis shown in the Table 4.9, the measured results are vir-

104



Table 4.9: Comparison of the output characteristics retrieved from the simulation
and the measurements for the proposed USGPPA.

Parameters Simulated results Measured results

Lower cut off frequency (f1) 3.38 GHz 3.48 GHz

Higher cut off frequency (f2) 4.28 GHz 4.28 GHz

Bandwidth 900 MHz 800 MHz

Min. reflection coefficient (dB) -28.15 dB -26.18 dB

Gain 3.8 dB 3.6 dB

tually identical to the simulated findings, and the antenna so constructed may be

utilized for the wideband applications in the sub-6 GHz 5G spectrum.

As a result of its single layer construction, low complexity, and tiny size, this

antenna design stands out in the sub-6 GHz 5G NR band. The design holds viable

with the originality and compactness compared to the existing designs is reported

in the Table 4.10 as shown below.

Table 4.10: Comparison of USGPPA design with state of art literature for compact-
ness in sub-6 GHz 5G NR range

Reference
Parameter

Patch size
(mm ×
mm)

Bandwidth
(GHz)

Resonant
fre-
quency
(GHz)

Max.
gain (dB)

[162] 54.5 × 22 2.6 - 6.0 4.03 ∼ 7

[163] 50 × 19.75 2.5 - 4.8 3.62 ∼ 2

[164] 47 × 19 3.2 - 5.1 2.52 ∼ 3

[165] 40 × 30 3.0 - 5.6 4.32 ∼ 2

Proposed
PSGPPA
design

36 × 16 3.3 - 4.0 3.83 ∼ 2.4

Proposed
USGPPA
design

36 × 12 3.38 - 4.28 4.00 ∼ 3.8
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4.6 Summary

This chapter gives a brief description of the microstrip patch antenna designs for-

mulated to operate in the sub-6 GHz 5G frequency ranges. Various techniques are

included for enhancement of the bandwidth of the microstrip patch antennas by

utilizing different shapes of the patches and defected ground geometries. The de-

sign, optimization, fabrication, and measurement of the two different conventional

rectangular shaped microstrip patch antennas with different defected ground plane

geometries are completed. The effect of inserting the various types of slots in form

of polygon shaped and a U-shaped are discussed. This chapter is concluded with

the comparison of the proposed work with the existing literature.
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Chapter 5

Planar Frequency Selective Surface

Based Printed Patch Antennas for

Sub-6 GHz 5G Applications

In this chapter, the stacked designs comprising of a wideband PPA’s (printed patch

antennas) and the use of passive spatial filters in the form of PFSSs (planar frequency

selective surfaces) are presented. The combination of the two structures in form of a

stacked geometry (PPA with PFSS) is helpful for the enhancement of the gain and

the directivity. The designs of the compact and miniaturized stacked geometries are

illustrated which exhibits the gain and directivity augmentation. These filters help

to mitigate the unwanted radiations from reaching the antenna aperture as they

have an inherent capacity of passing only desired radiations while eliminating all

interfering frequencies. This chapter presents the designs and analysis of the PFSS

based PPA structures for operation in the sub-6 GHz 5G spectrum.
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5.1 Introduction

Because of its small size, cheaper cost, and greater bandwidth, PPAs are a popular

choice for use in sub-6 GHz frequency bands. However, one important disadvantage

of using these PPAs is impedance mismatching, which happens when they are placed

near metallic objects or electromagnetic equipment. Another drawback of PPAs is

that they have limited gain and directivity at lower frequencies in the microwave

spectrum. Figure 5.1 depicts a strategy for increasing the efficiency of the PPA by

including a layer of PFSS that acts as a spatial filter when replaced in an electromag-

netic radiation environment. PFSSs are made up of periodic arrays of conductive

materials. When subjected to radio frequency electromagnetic radiations, only a

subset of frequencies pass through PFSS, while the remainder are reflected.

Figure 5.1: Illustration of PFSS based spatial filters in electromagnetic environment.

The PFSS may act as a spatial filter for plane waves and is used in broadband

communications, radar systems, and high-performance applications. The character-

istics of PFSSs have piqued the researchers’ interest in creating and executing nu-

merical synthesis for the stacked layer design consisting of PFSS-based PPA shapes

for replacement in sub-6 GHz 5G devices. As shown in Figure 5.2, these stacked

architectures are made up of PFSS structures that are incorporated as a superstrate

over the antennas.

In this chapter, the designs of the PPA which are formulated in the chapter 4 are

integrated with the DSLPFSS geometry of spatial filter as illustrated in the chapter
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Figure 5.2: Incorporation of PFSS as a superstrate with PPAs.

3. The designs are simulated and validated by generating a design prototype and

comparing measured results to modelled ones.

5.2 Design of DSLPFSS based PSGPPA

In this section, the PSGPPA geometry from Chapter 4 is coupled with the pro-

posed DSLPFSS spatial filter as discussed in the Chapter 3. The layered design of

DSLPFSS-PSGPPA exhibits the gain and directivity augmentation in comparison

to the PSGPPA design with enhancement of the bandwidth. Initially, a conventional

PPA design is constructed using standard design formulae’s based on transmission

line theory. The bandwidth of a standard PPA is insufficient for a wide range of

operations and is increased by adding the concept of defected ground. The defected

ground is created by reducing its dimensions along the major axis to half of the

value and carving an eighteen segment polygon shaped groove within it. The results

retrieved show that the bandwidth is enhanced at the expense of gain and directiv-

ity of the PSGPPA. To circumvent these constraints, a DSLPFSS is combined with

PSGPPA in a layered design. The presented findings indicate that it is an excel-

lent choice for improving the PPA’s performance in terms of gain, directivity, and

bandwidth. The stacked layer structure of the PSGPPA with DSLPFSS geometry

is illustrated in the Figure 5.3 as given below.

The proposed design is divided into two parts: a DSLPFSS-based superstrate and

a PSGPPA structure that serves as the radiating source. The compact geometry of
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Figure 5.3: DSLPFSS based PSGPPA design.

the single layer DSLPFSS structure is positioned at a height of H above the radiating

aperture. The DSLPFSS structure is designed to be placed as a superstrate in the

direction of maximum radiation in order to improve the performance characteristics

of the proposed structure. ANSYS HFSS software is used to optimize the proposed

design, and the peripheral size of the DSLPFSS superstrate layer produced on the

FR4 epoxy substrate is fixed at 0.5λ x 0.5λ. The power is sent to the DSLPFSS-based

PSGPPA through a SMA connector, which is placed at a distance of λ/30 from the

dielectric centre. The suggested final design geometry is produced by stacking the

two layers such that one is on top of the other at a specified height, as shown in Figure

5.3. The DSLPFSS serves as a superstrate and is positioned directly above the

radiating aperture. Previous chapters have previously illustrated the creation and

analysis of the DSLPFSS and PSGPPA geometries. The PSGPPA and DSLPFSS

structures are mounted on a 1.6 mm thick layered FR4 substrate. Transmission line

feed is being used to inspire antenna design. In terms of dimensions, the information

received from the layered geometry of the DSLPFSS-PSGPPA is described in Table

5.1 below:
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Table 5.1: Structural configuration of the DSLPFSS-PSGPPA design.

Parameters Dimension

Radiator length (l) 0.47 λ

Radiator width (w) 0.20 λ

Arm length of the square substrate (Ls) 0.50 λ

Thickness of the substrate (ts) 0.47 λ

Length of feed (fl) 0.02 λ

Width of feed (fw) 0.01 λ

Ground length (lg) 0.25 λ

Ground width (wg) 0.50 λ

Periodicity of DSLPFSS (p) 0.50 λ

Thickness of DSLPFSS outer loop (t1) 0.06 λ

Arm length of the DSLPFSS outer loop (s1) 0.37 λ

Thickness of the DSLPFSS inner loop (t2) 0.05 λ

Arm length of the DSLPFSS inner loop (s2) 0.17 λ

Distance between the PSGPPA and DSLPFSS (H) 0.03 λ

5.3 Interpretation of the results for DSLPFSS-PSGPPA

design

The parametric optimizations of the dimensions are carried out for the DSLPFSS-

PSGPPA design. It is reported that an enhanced bandwidth is retrieved for the

DSLPFSS-PSGPPA design with an adequate radiation performances. The results

are retrieved from the parametric analysis and are presented in the Table 5.2. The

optimization of the antenna parameters is completed by using the parametric sweep

option in High Frequency Structure Simulator (HFSS). The analysis for orienting

the radiation in the appropriate frequency ranges of operation in the sub-6 GHz 5G

frequency range is finished. In the absence of a substrate, the ray tracing technique

described in [166] is used to calculate the resonance for the DSLFSS along the
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broadside direction. The following formula may be used to compute the resonating

length using reflection phases and resonating frequencies:

Sgap =
pλ

2
+

[
ψΓ(frequency) + φΓ(frequency)

π

]
λ

4
(5.1)

where p can take any integer value such as 1,2,3.........and so on, Sgap signifies

the spacing in between the DSLPFSS and the ground, ψΓ represents the value of

reflection phase of the DSLPFSS.

φΓ represents the value of the reflection phase exhibited by the ground plane and

can be retrieved as:

φΓ ≈ ∠
jZd tan(βts)− Zo
jZd tan(βts) + Zo

≈ π − 2 tan−1(Zd tan(βts)/Zo) (5.2)

The terms Zo and Zd indicate the characteristic impedance’s of the air and the

dielectric substrate, respectively. The term ts reflect about the effective dielectric

thickness, and it helps to signify the dielectric phase constant.

Table 5.2: Comparison of the output characteristics retrieved from the simulation
and the measurements for the proposed USGPPA.

Performance
characteristics

Full
ground

Half
ground

PSGPPA DSLPFSS
PSGPPA

Lower cut off fre-
quency (f1)

NR 3.75 GHz 3.30 GHz 3.20 GHz

Higher cut off
frequency (f2)

NR 4.15 GHz 4.00 GHz 3.95 GHz

Bandwidth NR 0.4 GHz 0.7 GHz 0.75 GHz ↑

Fractional band-
width

NR 17.73 % 19.16 % 20.96 %

Gain NR 4.12 dB 2.5 dB 5.5 dB ↑

Directivity NR 5.21 dB 3.21 dB 6.2 dB ↑

Radiation effi-
ciency

NR 80.66% 83.63% 87.32% ↑
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Table 5.2 indicates that the bandwidth is increased as well as augmentation of

the gain and directivity values are experienced. The results show that this pro-

posed design is a feasible small structure for usage in high performance wideband

applications in the sub-6 GHz 5G spectrum.

5.3.1 Reflection coefficient variation with design iterations

The comparative analysis is carried out for all the design iterations of the PPA and

the stacked geometry as visualized in Figure 5.4. The design of a basic conventional

PPA as proposed in the earlier chapter resonates at 4.03 GHz. The only limitation

of this design was in form of its radiation which is limited to near field region with

maximum value of - 9.50 dB. By decreasing the size of the ground plane throughout

its length, the radiation properties are enhanced. It is also stated that when the di-

mensions are perfectly cut in half, the PPA pattern begins to radiate. The reflection

coefficient touches to maximum value of -33 dB which is quite good in terms of the

radiation. The structure starts resonating at 3890 MHz with a bandwidth of nearly

0.25 GHz, which is not adequate to be used in wideband applications. Further, for

increasing the bandwidth in the far field region of the proposed design structure, a

polygon slot is engraved within the ground plane on which further iterations are be-

ing performed. The best results in terms of wide bandwidth are retrieved when the

number of the segments is set up to the value of 18. The antenna starts resonating

at 3360 MHz with a bandwidth of 0.72 GHz and a maximum reflection coefficient

of -31.15 dB. As the DSLPFSS layer is placed as a superstrate above the radiating

PSGPPA structure, the unwanted radiations are mitigated. It helps to increase the

overall gain and the directivity of the radiating stacked structure along with main-

taining a wide bandwidth. The stacked structure resonates with centre frequency of

3750 MHz with a maximum reflection coefficient of -33 dB. The comparative study

of the reflection coefficient curves retrieved from all the iterations is illustrated in the

Figure 5.4. The DSLPFSS-PSGPPA design exhibits a broad bandwidth of 0.75 GHz
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which makes it suitable for wideband applications. According to the data reported

in the Table 5.2, a sufficient amount of large bandwidth is maintained by the designs

of the PSGPPA and the stacked geometry. The distance of the DSLPFSS layer as

a superstrate is crucial while constructing the stacked geometry. The more nearly

is the DSLPFSS towards the PSGPPA, the more interference is experienced by the

radiator. Also, if the distance of the superstrate is increased, the losses further in-

creases which deteriorate the performance. Hence, the distance of the superstrate

above the PSGPPA must be carefully fixed.

Figure 5.4: Comparison of the radiation region covered by the various designs in
terms of the reflection coefficient response versus frequency.

5.3.2 Radiation intensity

The quantity of energy released by the PPA is described by radiation intensity,

which is a significant measure. Figure 5.5 depicts a comparison of the radiation

patterns in the E and H planes for the design of stacked geometry of DSLPFSS-

based PSGPPA at 3.75 GHz resonating frequency, respectively. Figure 5.5 illustrates

the observed radiation patterns in the E-plane and H-plane for the PSGPPA designs

with and without the DSLPFSS superstrate. The model demonstrates a considerable
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difference in both the main beam and the inner lobes. When compared to the

PSGPPA design, the proposed device improves gain by 3 dB with a single DSLPFSS

superstrate. The design structure has dumbbell-shaped omnidirectional radiation

patterns in the E-plane and H-plane.

(a) E-plane radiation pattern (b) H-plane radiation pattern

Figure 5.5: Comparative analysis of the radiation patterns retrieved from the PS-
GPPA with and without incorporation of the DSLPFSS superstrate at the 3.75 GHz
resonant frequency

The radiation pattern is recovered after HFSS software simulations, with the

highest gain reported to be 5.5 dBi at 3.75 GHz for DSLPFSS-PSGPPA.

Figure 5.6: 3D polar plot depicting the gains exhibited by of DSLPFSS-PSGPPA.
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5.3.3 Gain and Efficiency

The gain of a printed patch antenna is its capacity to transmit more or less in

any direction. In reality, the printed patch’s spherical shape radiates evenly in all

directions, making it an isotropic antenna. Although, it does not exist in reality

but it is utilized to compare the gain of actual antennas. In addition, an antenna’s

efficiency is defined as the ratio of power supplied to power radiated by the printed

patch antenna. The bulk of the power present at the input is radiated out through a

high efficiency antenna. Also, the majority of the power is absorbed or reflected in a

low efficiency antenna owing to impedance mismatch. Figure 5.6 clearly shows that

the gain of the PSGPPA increases by the substitution of DSLPFSS as a superstrate

as illustrated by stacked geometry. The design of DSLPFSS-PSGPPA offers an

enhanced gain and directivity along with bandwidth augmentation which makes it

feasible to be utilized in the 5G applications. Also, the amount of radiation efficiency

is nearly 85% which indicates that very less amount of radiation losses occurs during

the process of the radiation as indicated in the Figure 5.7 .

Figure 5.7: Graphical illustration of the gain (dB), directivity (dB) and the radiation
efficiency (%) exhibited by the DSLPFSS-PSGPPA design.

The distance between the PSGPPA radiator and the DSLPFSS structure plays a
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crucial part in obtaining spatial filtering of the unwanted signals. The distance which

is denoted by H is optimized by using the parametric analysis, and the variance

in the results is reported in form of variation in the output characteristics. The

radiation behavior of the stacked geometry is reported in the Figure 5.8 by varying

the distance of the DSLPFSS superstrate. Going beyond H = 0.03λ, narrows the

bandwidth which is undesirable. The ideal distance between the PSGPPA design

and the DSLPFSS superstrate is determined by the values at which a sufficient

improvement in gain and directivity may be achieved along with the bandwidth and

it comes out to be H = 0.03λ.

Figure 5.8: Response of the reflection coefficient (dB) with respect to effective height
between PSGPPA and DSLPFSS superstrate for the stacked design.

Figure 5.9 and Figure 5.10 indicate that the gain and directivity of the stacked

design is varied by varying the height of the DSLPFSS superstrate above the PS-

GPPA. It is clearly visible that by keeping DSLPFSS structure at a distance of

0.03λ, it is able to retrieve an adequate wide bandwidth and high gain up to 5dB

maximum value.
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Figure 5.9: Variation in the gain of the stacked design by placing DSLPFSS super-
strate at different distance above PSGPPA.

Figure 5.10: Variation in the directivity of the stacked design by placing DSLPFSS
superstrate at different distances above the PSGPPA.

5.4 Experimental investigation of the stacked DSLPFSS-

PSGPPA design.

In the preceding section, a design of the DSLPFSS-PSGPPA is provided and is

modeled for the extraction of output radiation characteristics in the desired sub-6
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GHz frequency range. To validate these results, a prototype is formulated of the

DSLPFSS-PSGPPA geometry, and the measurements are performed by using vec-

tor network analyzer (VNA). The MS2037C and accompanying setup are used to

test antenna parameters such as reflection coefficient, radiation pattern, and the

gain. The radiation characteristics are measured by using a MS 2037C Network

analyzer. Vector network analyzers, anechoic chambers, automated turn tables, and

other essential technologies are utilized for antenna characterization. MS 2037C

is a powerful Vector Network Analyzer (VNA) from Anritsu which has a capabil-

ity of operation in both the time domain and the frequency domain. The VNA

is a microprocessor-based device that can precisely measure the two port network

characteristics as scattering parameters. The network analyzer’s built-in signal con-

ditioning algorithms assist in sending and receiving data to the radiator before even-

tually showing the measured values in the form of graphical graphs. In addition, the

anechoic chamber provides a "quiet zone" devoid of electromagnetic reflections. All

antenna characterizations are carried out in an anechoic chamber to remove reflec-

tions from neighboring objects. It’s a massive room in comparison to the operational

wave length, with microwave absorbers attached to the walls, ceiling, and floor to

decrease EM reflections. Figure 5.11 illustrates the orientation of the DSLPFSS

layer over the PSGPPA geometry.

Figure 5.11: Orientation of the DSLPFSS layer over the PSGPPA geometry
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(a) Top view of PSGPPA (b) Bottom view of PSGPPA

(c) Unit cell of the DSLPFSS (d) Stacked geometry with DSLPFSS
facing towards PSGPPA

Figure 5.12: Illustration of the design prototypes of PSGPPA and DSLPFSS

5.5 Validation of measured results with simulation

The measured findings are compared with the simulated results in terms of graphical

plots of output characteristics such as reflection coefficient, gain, and directivity as

shown in the Figure 5.13. The measured results are almost identical to the modelling

results as reported for the stacked design of the DSLPFSS - PSGPPA.

The performance parameters are validated by evaluating the output perfor-

mances of the constructed designed stacking antenna with the modeled design struc-

ture, as shown in Table 5.3.

As a result, the double layered stacked architecture of PSGPPA with DSLPFSS

has the benefit of being compact and exhibiting superior performance for broadband

applications.
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(a) Reflection coefficient

(b) Gain

(c) Directivity

Figure 5.13: Validation of the results retrieved from the experimental set-up and
through modeling
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Table 5.3: Experimental results compared with modeled design for DSLPFSS-
PSGPPA.

Parameters Modeled value
(Stacked de-
sign)

Experimental
value (Stacked
design)

Lower cut off fre-
quency (f1)

3.20 GHz 3.22 GHz

Higher cut off fre-
quency (f2)

3.95 GHz 3.93 GHz

Bandwidth 750 MHz 710 MHz

Fractional band-
width

20.97% 19.86%

Maximum gain 5.5 dB 5.3 dB

Maximum directiv-
ity

6.2 dB 5.9 dB

5.6 Design of DSLPFSS based USGPPA

In this section, the USGPPA geometry mentioned in Chapter 4 is combined with the

proposed DSLPFSS spatial filter, which was described in Chapter 3. The DSLPFSS

shape is created in an upside-down position, with the printed edge facing outwards.

The effect of reversing the DSLPFSS geometry’s orientation is visualised and re-

ported. In comparison to the design of the USGPPA, the layered design of the

DSLPFSS-USGPPA exhibits the gain and directivity augmentation with a suffi-

cient increase in the bandwidth. Initially, a typical PPA is built in the n77 and

n78 frequency bands of the sub-6 GHz 5G microwave spectrum. A standard PPA’s

bandwidth is insufficient for a wide range of operations. The defective ground is

made by decreasing the dimensions along the primary axis to half the value and

cutting a U-slot groove inside it. The experimental results obtained from the exper-

imental setup show that the bandwidth is increased at the expense of the gain and

directivity of the USGPPA’s. In order to overcome these limitations, a DSLPFSS

is combined with USGPPA in a layered design. According to the findings, it is an
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excellent choice for improving the PPA’s performance in terms of active parameters

such as gain, directivity, and bandwidth. The footprint of the USGPPA’s stacked

layer structure with DSLPFSS geometry is depicted in Figure 5.14 below.

(a) Top view of USGPPA (b) Unit cell geometry of DSLPFSS

(c) View of a stacked DSLPFSS based USGPPA design

Figure 5.14: Proposed designs of USGPPA and DSLPFSS

Figure 5.14 depicts the recommended stacking shape of a high performance

DSLPFSS-USGPPA structure. The proposed design is divided into two parts: a

DSLPFSS-based superstrate and a USGPPA structure that serves as the radiating

source. The compact geometry of the single layer DSLPFSS structure is positioned

at a height of H above the radiating aperture. The DSLPFSS structure is designed

to be placed as a superstrate in the direction of maximum radiation in order to

improve the performance characteristics of the proposed structure. ANSYS HFSS
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software is used to optimize the proposed design, and the peripheral size of the

DSLPFSS superstrate layer produced on the FR4 epoxy substrate is fixed at 0.5λ

x 0.5λ. The radiation energy is delivered to the DSLPFSS-based PSGPPA through

a SMA connector located at λ/30 from the dielectric centre. The suggested final

design geometry is produced by stacking the two layers such that one is on top of

the other at a specified height H, as shown in Figure 5.14 (c). The DSLPFSS is

substituted as a superstrate and is placed just above the radiating aperture such

that the printed side faces outwards. The design and analysis of the DSLPFSS and

USGPPA geometries have been already demonstrated in previous chapters. The

USGPPA and DSLPFSS structures are placed on a 1.6 mm layered FR4 substrate.

To stimulate the antenna design, transmission line feed is being employed. The in-

formation retrieved from the stacked geometry of the DSLPFSS-USGPPA in terms

of the dimensions is described in the Table 5.4 as given below.

In the Table 5.4, all the dimensions are given in terms of λ, which indicates the

wavelength acquired at the operating range’s centre frequency.

5.6.1 Reflection coefficient variation with design iterations

A statistical comparison is performed for the acquired results in respect of the reflec-

tion coefficient behavior. The variations are indicated for all the design iterations

consisting of complete ground, half ground, and a deficient ground consisting of a

U-slot is depicted in the Figure 5.15. The graphical plot shows that the USGPPA

begins to radiate at a half ground structure, and the bandwidth is then increased

by engraving a U-slot inside the half ground, as shown in Figure 5.15.

The further enhancement of the bandwidth is completed by placing the DSLPFSS

as a superstrate above the designed USGPPA geometry. The bandwidth of the oper-

ation increases as the DSLPFSS layer is placed as a superstrate above the radiating

aperture. The impedance bandwidth of designed USGPPA without DSLPFSS is 0.76

GHz (3.48 GHz-4.24 GHz) whereas with the presence of it the value is increased to
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Table 5.4: Geometrical configuration of the DSLPFSS with USGPPA.

Parameters Dimension

USGPPA length (l) 0.46 λ

USGPPA width (w) (w) 0.15 λ

Arm length of the square substrate (Ls) 0.51 λ

Distance of DSLPFSS from USGPPA 0.07 λ

Thickness of the substrate (ts) 0.02 λ

Length of feedline (fl) 0.02 λ

Width of feedline (fw) 0.01 λ

Ground plane length for USGPPA (lg) 0.25 λ

Ground plane width for USGPPA (wg) 0.51 λ

U-slot x length (Ux) 0.20 λ

U-slot y length (Uy) 0.20 λ

U-slot thickness (Ut) 0.02 λ

Periodicity of DSLPFSS (p) 0.51 λ

Thickness of outermost loop of DSLPFSS (t1) 0.03 λ

Arm length of the outermost loop of DSLPFSS (s1) 0.35 λ

Thickness of the innermost loop of DSLPFSS (t2) 0.06 λ

Arm length of the innermost loop of DSLPFSS (s2) 0.18 λ

Distance of the DSLPFSS above the USGPPA (H) 0.07 λ

1.03 GHz (3.20 GHz-4.23 GHz). The increased bandwidth with DSLPFSS gives an

added advantage. The height between the radiator and the DSLPFSS is optimized

to 0.07λ for ensuring the maximum impedance bandwidth. The impedance band-

width is increased to 25%, which makes its suitable for wide band applications. The

comparison of the impedance bandwidth is extracted from the graph of reflection

coefficient with respect to frequency and is illustrated in the Figure 5.16.

The parameters of the ground plane for the intended USGPPA design are ad-

justed over iterations, and Figure 5.13(a) clearly shows that the bandwidth of the

suggested USGPPA design has increased. Previous research and literature indicate
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Figure 5.15: Comparative illustration of the reflection coefficients obtained from the
three design iterations for making USGPPA.

Figure 5.16: Comparative analysis of the impedance bandwidth retrieved from the
geometry of USGPPA with and without DSLPFSS reflector.

that lowering the gain is likely to increase the value of the bandwidth. As a conse-

quence, a sufficiently high value of each of these characteristics is required for the

construction of an effective patch radiator, which would be used in a broad range

of 5G enabled devices. Furthermore, while optimizing the dimensions, the overall
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aperture area of the radiator is a significant parameter that must be addressed. The

values of the output performance attributes derived from all the design iterations

is illustrated in the Table 5.5. It clearly shows that bandwidth augmentation is

depicted for the proposed antenna design by introducing a U-slot and the gain is

increased on placement of DSLPFSS as a superstrate.

Table 5.5: Comparative analysis of the output performance parameters retrieved
from the design iterations comprising of full ground, half ground, U-slot defected
ground and with DSLPFSS-USGPPA.

Performance
characteristics

Full
ground

Half
ground

Defected
ground
(U-slot)

DSLPFSS
USGPPA

Lower cut off fre-
quency (f1)

Not radiat-
ing

3.73 GHz 3.48 GHz 3.20 GHz

Higher cut off
frequency (f2)

Not radiat-
ing

4.12 GHz 4.24 GHz 4.23 GHz

Bandwidth Not radiat-
ing

390 MHz 760 MHz 1030 MHz
↑

Fractional band-
width

Not radiat-
ing

9.93 % 19.68 % 27.72 % ↑

Gain Not radiat-
ing

3.8 dB 3.3 dB 5 dB ↑

Directivity Not radiat-
ing

4.4 dB 3.8 dB 6.3 dB ↑

Radiation effi-
ciency

Not radiat-
ing

83.61% 83.42% 86.23% ↑

5.6.2 Gain and Efficiency

As per the data retrieved from the graphical representation presented in the Fig-

ure 5.16 and the values of the output characteristics as reported in the Table 5.6,

an augmentation is reported in all the output characteristics. The peak gain and

peak directivity of USGPPA geometry with and without the incorporation of the

DSLPFSS layer are shown in the Figure 5.17 and the Figure 5.18 respectively. The

peak gain and directivity of the USGPPA comes out to be 3.3 dBi and 3.8 dBi.
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When the DSLPFSS is introduced above the radiator, the net amount of the gain

of the stacked geometry is improved to 5.4 dBi and directivity reaches the value of

6.5 dBi. So, there is a gain improvement of 2.1 dBi and directivity improvement of

2.7 dBi.

Figure 5.17: Comparison of the maximum gain of the USGPPA with and without
the DSLPFSS.

Also, the amount of radiation efficiency is nearly 86% which indicates that very

less amount of radiation losses occurs during the process of the radiation as indicated

in the Figure 5.19.

5.6.3 Radiation intensity

The radiation patterns of the USGPPA with and without DSLPFSS are illustrated

in the Figure 5.20. The radiation patterns are reported at 3.6 GHz, 3.8 GHz and 4.0

GHz of resonant frequency. An omnidirectional radiation pattern is visualized in the

E-plane and the bidirectional radiation pattern in seen in the H-plane. It is clearly

visible that the radiation patterns become more directional with the introduction of

128



Figure 5.18: Comparison of the maximum directivity of the USGPPA with and
without the DSLPFSS.

the DSLPFSS.

5.7 Parametric analysis of the height of stacked ge-

ometry

Practical applications necessitate a wideband output with acceptable gain and di-

rectivity characteristics. The proposed design of the DSLPFSS helps in enhancing

the gain and directivity of the USGPPA structure when applied as a superstrate

with the antenna. The DSLPFSS geometry is positioned as a superstrate in the

stacked antenna design to allow it to pass only necessary radiations while blocking

or scattering the out of band radiations. As the frequency of the incident signal

is increased, it leads to enhancement in the phase of the antenna’s radiated wave

oriented towards the DSLPFSS. It is to be taken into account that the phase of the
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Figure 5.19: Graphical illustration of the maximum gain (dB), maximum directivity
(dB) and the radiation efficiency (%) exhibited by the DSLPFSS-USGPPA design.

reflected waves from the DSLPFSS must decrease with the increase in frequency

for ensuring constructive interference at the patch radiator plane. The distance at

which the DSLPFSS structure is placed as a superstrate above the rectangular patch

radiator plane is an important factor for evaluating the condition of the construc-

tive interference. The value of the distance at which DSLPFSS is placed above the

USGPPA is approximated by the following standardized equation equation (5.3):

ΓFSS − 2βH = 2mπ where m = −,−,−,−2,−1, 0, 1, 2,−,−,− (5.3)

FSS denotes the reflection phase introduced by the DSLPFSS, ‘H’ signifies the

value of the distance between the FSS reflector and the antenna, and the parameter

β denotes the propagation constant of free space. In the absence of a substrate, the

ray tracing method is used to calculate the resonance in the broadside direction.

It is also feasible to calculate the estimated distance between DSLPFSS and the

USGPPA radiator, which may be expressed in terms of reflection phase coefficients
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(a) 3.6 GHz E-Plane (b) 3.6 GHz H-Plane

(c) 3.8 GHz E-Plane (d) 3.8 GHz H-Plane

(e) 4 GHz E-Plane (f) 4 GHz H-Plane

Figure 5.20: Graphical illustration of the radiation patterns for the USGPPA with
and without DSLPFSS

and the wavelengths at the resonating frequencies as in equation (5.4):

Dairgap =
Nλ

2
+

[
∆λ(frequency) + βλ(frequency)

π

]
λ

4
(5.4)
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where N attains any integer number such as 1,2,3......... and so on, Dairgap repre-

sents the distance in between the DSLPFSS and the ground plane, ∆λ signifies the

value of the reflection phase coefficient of the DSLPFSS and can be derived from

Figure 5.21, whereas βλ denotes the reflection phase coefficient of the ground plane

and may be obtained as:

βλ ⇐⇒ ∠
jZd tan(ψts)− Zo
jZd tan(ψts) + Zo

= π − 2 tan−1(Zd tan(ψts)/Zo) (5.5)

where the terms Zo indicates the value of the free space, Zd denotes the values of

the characteristic impedance inside a dielectric substrate respectively, ts signifies the

thickness of the dielectric substrate and ψ denotes the phase constant of the dielectric

substrate. The reflection coefficient (Γ) for the unit cell of the DSLPFSS geometry

at the resonance condition is depicted in the The height of the DSLPFSS structure

which is placed as a superstrate above the USGPPA is optimized by performing

parametric analysis and the variation in the results are reported as extracted from

the stacked design. The enhancement in the output performance characteristics of

the USGPPA design by variation of the effective distance (H) at which the DSLPFSS

layer is placed is illustrated in the Figure 22. It is clearly visualized that a wide

bandwidth of more than 500 MHz is achieved by going beyond H = 0.064λ. The

optimal distance between the USGPPA design and the DSLPFSS superstrate is

fixed and is based upon the values at which an adequate increase in the gain and

directivity is experienced and comes out to be H = 0.077λ. . It is extracted that the

reflection coefficient attains value of less than 0.6 in the frequency band ranging from

3.3 GHz to 5 GHz. Hence, these double square loops metallic patterns engraved on

a dielectric substrate will act as transmitters in the desired band and reflectors in

out of band frequencies.

The height of the DSLPFSS structure which is placed as a superstrate above

the USGPPA is optimized by performing parametric analysis and the variation in
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Figure 5.21: Net Magnitude and phase of the reflection coefficient for the unit cell
of DSLPFSS.

the results are reported as extracted from the stacked design. The enhancement in

the output performance characteristics of the USGPPA design by variation of the

effective distance (H) at which the DSLPFSS layer is placed is illustrated in the

Figure 5.22. It is clearly visualized that a wide bandwidth of more than 500 MHz is

achieved by going beyond H = 0.064λ. The optimal distance between the USGPPA

design and the DSLPFSS superstrate is fixed and is based upon the values at which

an adequate increase in the gain and directivity is experienced and comes out to be

H = 0.077λ.

Figure 5.23 and Figure 5.24 indicate that the gain and directivity of the stacked

design is varied by varying the height of the DSLPFSS superstrate above the US-

GPPA. It is clearly visible that by keeping DSLPFSS structure at a distance of H =

0.07 λ, it is able to retrieve an adequate wide bandwidth and high gain up to 5dB

maximum value.

Another important characteristic of the USGPPA is its directivity. The directiv-

ity of the proposed USGPPA design attains value of 3.8 dB (reference) as reported.
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Figure 5.22: Reflection coefficient response with respect to effective height between
USGPPA and DSLPFSS superstrate for the stacked design.

The distance of the DSLPFSS superstrate is varied from the USGPPA and the vari-

ation in the directivity value from the reference is reported. The distance between

the DSLPFSS and the USGPPA which is denoted as H is fixed to a value of 0.07λ

for retrieving a wide bandwidth with adequate increase in the gain and directivity

within the sub-6 GHz frequency spectrum. The variation in the values of directivity

over the full frequency sweep by adjusting the distance of the DSLPFSS is illustrated

in Figure 5.24.

5.8 Experimental investigation of the stacked DSLPFSS

USGPPA design

The DSLPFSS-USGPPA is designed and modeled in the preceding section for the

extraction of output radiation parameters in the appropriate sub-6 GHz frequency
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Figure 5.23: Variation in the gain of the stacked design by placing DSLPFSS super-
strate at different distance above USGPPA.

range. To verify these findings, a prototype of the DSLPFSS-USGPPA geometry is

created, and measurements are taken with a vector network analyzer (VNA). An-

tenna characteristics like as reflection coefficient, radiation pattern, and gain are

tested with the MS2037C and its associated setup. A MS 2037C Network ana-

lyzer is used to measure the radiation properties. Antenna characterization is done

via vector network analyzers, anechoic chambers, automated turn tables, and other

important technologies. Anritsu’s MS 2037C is a powerful Vector Network Ana-

lyzer (VNA) with the capacity to operate in both the time and frequency domains.

The VNA is a microprocessor-based device that can measure the two port network

characteristics as scattering parameters with pinpoint accuracy. The built-in sig-

nal conditioning techniques in the network analyzer aid in delivering and receiving

data to the radiator before displaying the measured values as graphical graphs. The

anechoic chamber also produces a "quiet zone" that is devoid of electromagnetic re-
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Figure 5.24: Variation in the directivity of the stacked design by placing DSLPFSS
superstrate at different distances above the USGPPA.

flections. To eliminate reflections from nearby objects, all antenna characterizations

are performed in an anechoic room. It’s a big room in terms of operational wave

length, with microwave absorbers on the walls, ceiling, and floor to decrease EM

reflections. Figure 5.25 shows the orientation of the DSLPFSS over the USGPPA.

Figure 5.25: Orientation of the DSLPFSS over the USGPPA geometry

The VNA is really linked to a large number of cables and connections. Each cable

and connector will have its own set of losses. To get correct scattering parameters,
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the instrument should be calibrated using established standards of open, short,

and matched loads. On the VNA, there are various calibration methods accessible.

Single port and complete two port calibration techniques are often utilized. The

reflection coefficient, VSWR, and input impedance may all be described using the

single port analysis approach. The fabricated prototype of the DSLPFSS-USGPPA

is shown in the Figure 5.26.Figure 5.26(a), 5.26(b), and 5.26(c) are showing the

USGPPA top view, USGPPA bottom view, and DSLPFSS top view. The stacked

geometry is illustrated in the Figure 5.26(d) made by the combination of DSLPFSS

with the USGPPA.

(a) Top view of the USGPPA (b) Bottom view of the USGPPA

(c) Unit cell of the DSLPFSS (d) Stacked design formed by
DSLPFSS-USGPPA

Figure 5.26: Prototypes of the proposed design
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5.9 Validation of measured results with design sim-

ulation

The measured results are compared to the predicted results using graphical repre-

sentations of output parameters such as reflection coefficient, gain, and directivity,

and it is illustrated in Figure 5.27. The measured findings are nearly comparable to

the modelling results published for the DSLPFSS - USGPPA’s stacked architecture.

The measurements of the fabricated designed stacked antenna are reported in

the Table 5.6, and the comparison with the simulation results here validates our

design.

Table 5.6: Comparison of simulated and measured results of stacked geometry of
USGPPA with DSLPFSS.

Output charac-
teristics

Simulated re-
sults (Stacked
design)

Measured re-
sults (Stacked
design)

Lower cut off fre-
quency (f1)

3.20 GHz 3.22 GHz

Higher cut off fre-
quency (f2)

4.23 GHz 4.17 GHz

Bandwidth 1030 MHz 950 MHz ↓

Maximum gain 5.4 dB 5.0 dB ↓

Maximum directiv-
ity

6.5 dB 5.6 dB ↑

As a consequence, the USGPPA with DSLPFSS dual layer stacked architecture

is compact and exhibit adequate characteristics for wideband applications at sub-6

GHz 5G applications, which is a great outcome of this design.
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(a) Reflection coefficient

(b) Gain

(c) Directivity

Figure 5.27: Validation of the results retrieved from the experimental set-up and
through modeling.

5.10 Comparison with existing research

In contrast to past comparable research, Table 5.7 demonstrates the relevance of

the proposed designs i.e. DSLPFSS-PSGPPA” and “DSLPFSS-USGPPA”. When
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compared to alternative designs, it is clear that the recommended design provides

the best performance in terms of the gain while maintaining the compactness in the

desired frequency range.

Table 5.7: Performance comparison of the proposed compact “DSLPFSS-PSGPPA”
and “DSLPFSS-USGPPA” with the state-of-art literature.

Refer-
ence

Patch size FSS size No.
of
FSS
layer

Operating
band
(GHz)

Peak
gain
(dBi)

Fractional
band-
width

[167] 0.61λ× 0.42λ 0.24λ× 0.21λ 1 2.45 4.92 5.51%

[168] 0.22λ× 0.18λ 0.61λ× 0.61λ 1 2.2 - 2.44 5.2 10.34%

[169] 1.87λ× 0.13λ 0.46λ× 0.46λ 1 27.5 - 28.4 5 3.22%

[170] 0.72λ× 0.37λ 0.16λ× 0.16λ 2 2.4 - 2.7 4.46 5.18%

[171] 0.41λ× 0.33λ 0.12λ× 0.05λ 1 2.3 - 2.66 4.78 14.69%

DSL-
PFSS
PS-
GPPA

0.47λ× 0.20λ 0.50λ× 0.50λ 1 3.2 - 3.95 5.5 20.97%

DSL-
PFS
US-
GPPA

0.50λ× 0.50λ 0.50λ× 0.50λ 1 3.20 - 4.23 5.4 27.72%

5.11 Summary

This chapter presents the design, parametric optimization, fabrication, and mea-

surement of the stacked designs composed of PPA and the PFSS geometries. The

PPA’s designed in the chapter 4 are combined with the PFSS designs proposed in

the chapter 3. The distance between the two geometries comprising of PFSS and

PPA is optimized by choosing the best suitable value at which both the gain and

bandwidth attain the maximum values. The fabrication is completed in the com-

puterized mechanical etching PCB fabricator. Vector network analyzer (VNA) is

used for measuring the reflective behavior of the stacked designs and for providing
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the validation of the simulated results. Parametric analysis is also conducted and

presented in this chapter to validate the converged design. This chapter is concluded

with the comparison of the proposed work with the existing literature.
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Chapter 6

Conclusion and Future Research

6.1 Conclusion

This chapter summarizes the main points of this thesis, as well as the primary find-

ings drawn from the numerical and experimental analyses are presented. A double

square loop planar frequency selective surface is designed and numerically synthe-

sized for operation as a spatial filter when integrated with the antenna. A planer

frequency selective surface consisting of double square loop structures and having

a periodicity value of 0.55 is presented. The numerical analysis is presented for

approximating the dimensions of the designed double square loop frequency selec-

tive surface geometry depending upon the range of the frequencies for which the

filtering phenomenon is required. The effect of the variation of the dimensions of

both square loops on the output performance characteristics is reported. Equiva-

lent circuit analysis is performed for characterization of the filtering behavior of the

frequency selective surface. A generic approach is being presented to evaluate the

equivalent circuit parameters from the physical dimensions and vice-versa. Also, the

effect of the variation of the incident and the polarization angle is studied on the

double square loop frequency selective surface. The proposed design of DSLPFSS

offers angular stability and polarization insensitive behavior. Maximum power han-
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dling in form of maximum field enhancement factor is also reported for the proposed

design of DSLPFSS. The normalized value of MFEF is around 37, implying that the

electric field intensity within the DSLPFSS is possibly 37 times greater than the

electric field intensity of the incoming wave in the 5G sub-6 GHz FR1 band. The

results retrieved indicate that the planned DSLPFSS has the capability of managing

a large amount of net microwave power. The prototype of the 2x2 array of DSLPFSS

is fabricated and tested by using an experimental setup. The results retrieved from

an experimental set-up are in line with the results exhibited by the modeled geom-

etry which validates our design.

The antenna designs in form of printed patch geometries with defected ground are

illustrated. Two different designs of defected ground with a polygon-shaped slot and

a U-shaped slot are described. In the first case, a polygon slot is engraved within the

ground plane and thus making the design a polygon slotted ground printed patch an-

tenna. The design iterations are presented indicating a conventional ground shaped

PPA, a hexagonal slotted PPA and 18 segment slotted PPA. The PSGPPA offers a

compact design offering the dimensions of 0.46λ x 0.20λ. The proposed design of 18

segment PSGPPA offers a wide bandwidth of 720 MHz with a gain of 2.5 dB. The

design of PSGPPA exhibits a radiation efficiency of 83.62% which makes it the best

candidate for use in the sub-6 GHz 5G spectrum. Another design of the USGPPA

is proposed, having the dimensions of 0.46λ x 0.15λ which makes it also a compact

structure. The design of the USGPPA offers a wide bandwidth of 900 MHz with a

gain of 3.8 dB. The radiation efficiency offered by the proposed USGPPA structure

comes out to be 87.6% which justifies its feasibility in the sub-6 GHz 5G spectrum.

It is seen that as the bandwidth is increased across the design iterations of the PPA,

the active parameters such as gain and directivity tend to reduce. Hence, to over-

come this slight decrease in the active parameters such as gain and directivity, there

is a need to employ the spatial filters with the PPAs.

The geometries of the frequency selective surface are integrated with the designed
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patch radiators for removing the out-of-band radiations which in turn increases the

net output characteristics. An enhancement in the bandwidth with gain and direc-

tivity augmentation is experienced when an antenna is integrated with frequency

selective surface, which is the need of the current world. The two stacked designs

of frequency selective surface based patch antenna radiators are reported with dif-

ferent orientations of the frequency selective surface. The effect of reversing the

orientations of the frequency selective surface on the output characteristics is also

reported. In the first stacked design, DSLPFSS is stacked with Polygon shaped

ground printed patch antenna (PSGPPA). The fractional bandwidth has been in-

creased from 19.17% to 20.97% whereas an enhancement in the gain is reported

from 2.5 dB to 5.5 dB upon placing DSLPFSS as a superstrate on PSGPPA. A

sharp increase in the directivity is reported from 3.21 dB to 6.2 dB with a rise in

the radiation efficiency from 83.62% to 84.71%. In the second stacked antenna de-

sign, the DSLPFSS is added as a superstrate by reversing its orientation with the

U-slotted ground printed patch antenna. The fractional bandwidth experiences an

increase from 19.68% to 27.72% with an enhancement in the value of gain from 3.3

dB to 5.4 dB.Further, the other parameters such as directivity experience an in-

crease from 3.8 dB to 6.5 dB with a rise in the value of the radiation efficiency from

83.42% to 86.23% respectively. Thus it is concluded that planar frequency selective

surface can increase the output characteristics to an extent for making the patch

antenna design feasible to be utilized in the sub-6 GHz 5G applications.

6.2 Suggestions for future research

In the present thesis,while designing the geometries of the planar frequency selective

surfaces, only one basic symmetrical shapein form of a square loop is considered.

Many other symmetrical shapes in form of circular ring geometries, Jerusalem cross

structure, and a folded dipole may be considered. The effect of the incorporation
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of the planar frequency selective surface as a superstrate with the printed patch an-

tenna designs is analyzed and reported. The placement of these frequency selective

surface based spatial filters in form of the substrates may also be analyzed and the

performance variations may be recorded. The proposed stacked designs have prior-

itized only the transmission properties of frequency selective surface based spatial

filters whereas the absorption behaviors may also be looked into in the future course

of work.
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