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Chapter 1

INTRODUCTION

Recent years witnessed a growing enthusiasm in artificially engineered structures
to develop new, effective and composite materials that replicate the properties not
readily available in nature such as negative refractive index, zero phase response
etc. Recent examples of engineered material activities include:

1.Metamaterial structures

2.Complex spiral or chiral structures.

1.1 MOTIVATION

Synthesis or construction of metamaterial (MTM) is done by inserting artificially
devised inclusions in a specified host medium. The designer is thus provided with
a number of independent parameters such as properties of host materials, size,
shape and compositions of inclusions. Among these, new possibilities for MTM
processing is given by shape of the inclusions. The domain of MTM is providing
numerous research and material design opportunities that can be used in various

applications[1][2].

It is possible to modify the surface properties of a conductor by incorporating
special texture where the assumption is that the period of textured unit cell is
considerably low than the wavelength. Such a structure is quantified using a
parameter called surface impedance. Over the last two decades, abundant work

has been done in the area of high impedance surface (HIS) at high frequencies|3].
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[12] discusses the results and application of high impedance surface textures over

past two decades.

1.2 SCOPE

Engineered textures are being widely used in conjunction with antennas consider-
ing their potential to beused at higher frequencies. Metasurfaces are 2D counter-
part of metamaterials. They are the most suitable alternative to the traditional
optical components. Their main application in the field of antennas is beam steer-
ing. They can be used to control amplitude, phase and polarization of the reflected
and transmitted EM waves by appropriate modification of the antenna geometry.
Other applications of metasurfaces include vortex beam generation, hologram,

light bending and focussing etc.

1.3 ORGANIZATION OF THE REPORT

The report work is divided into ten chapters.

e The first chapter provides basic understanding of what are the main topics

that are dealt in this report.

e The second chapter describes in detail about metamaterials, its properties,
types, classification and how metamaterial based antennas can be classified.
It also discusses about the 2D counterpart of metamaterials called metasur-

faces and its features.

e The third chapter describes a synthetic metal surface called high impedance
surface, its unique properties and how these properties help it to act as an

excellent substitute to metal ground plane.

e Fourth chapter deals with a latest planar technology called surface integrated
waveguide (SIW) that acts as the transformation from non planar to planar
technology and its principle of operation is explained. SIW antennas and its

types are described in detail.
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e Fifth chapter is dedicated to 5G technology that is the beginning to an
evolving era in the field of communication. This chapter includes challenges

and key features of 5G along with antennas at 5G.

e Sixth chapter is the literature survey done towards this work. It mainly de-
scribes the physics behind the design of MTM unit cell, SIW and HIS. The
array of unit cells are used to function as an antenna when appropriate exci-
tation and boundary conditions are given. The software used for designing

various antennas is also described in this chapter.

e Seventh chapter deals with the discussion of already done works in the field of
metamaterial inspired multifunctional antennas at various frequencies under

the heading of literature review.

o Eighth chapter deals with the antenna designs that have been simulated

using the software called HFSS and the results drawn from it.

e Ninth Chapter lists out the challenges faced during the course of this disser-

tation.

e Tenth chapter concludes the report followed by bibliography mentioning the

references that have been used throughout this dissertation work.



Chapter 2

METAMTERIALS

In 1898, Jagadish Chandra Bose began experiments on twisted structures [31].
Later, in the year of 1914, Lindman did his research on artificial chiral media
formed by a collection of randomly oriented small spirals into the host medium
[32]. Since then, synthetic materials with complex physics have been the topic of
research globally. Fabrication methods of chiral materials have allowed the devel-
opment of structures that realize qualitatively new, physically realizable response
functions that do not occur naturally. And the latest addition to this group is
metamaterials (MTMs). Veselago, considered as the father of MTMs, theoreti-
cally investigated propagation of plane-wave in a material whose permittivity and
permeability were presumed to be both negative [33]. He showed that when a
uniform plane wave travels in such a medium, the Poynting vector becomes anti-
parallel to the direction of the phase velocity [4], contrary to the case of plane
wave propagation in traditional media. The experimental verification of such an
artificial medium for microwave regime exhibited the presence of unusual refrac-
tion [5], opposite to the conventional one.

Interaction of the electric and magnetic moments of the electromagnetic waves
with the inclusions of the bulk composite material affects the effective permittiv-
ity and permeability on a macroscopic scale. Their values are the basis on which

metamaterials are classified.
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FIGURE 2.1: Metamaterial classification [54]

1.1f both permittivity and permeability of the medium are greater than zero (e >0,
1>0), then it qualifies as double positive (DPS) medium. Most of the dielectrics
fall under this category.

2.If permittivity is less than zero and permeability is greater than zero (<0, 1 >0),
it is called as Epsilon negative (ENG) medium. Plasmas exhibit this behaviour in

certain frequency bands.

3.Mu negative (MNG) medium is the one with permittivity greater than zero and
permeability less than zero (e >0, p <0). Some gyrotropic material exhibits this

characteristic in certain frequency regions.

4. When both permittivity and permeability are less than zero (e <0, u <0), such
a medium is called Double negative (DNG) medium. This group of materials has
been demonstrated with artificial constructs. Several nomenclature and terminolo-
gies have been suggested for such kind of materials, such as left-handed, negative
refractive index, backward-wave media and double-negative (DNG) metamaterials,

to name a few.

In a DNG media, where both € and u are negative, it has been observed that
refractive index has negative real and imaginary parts [34]. Negative imaginary
component is the reason for passive nature of DNG media. The following features
have been derived from negative index of refraction :

i. phase compensation

ii. dispersion compensation
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iii. negative angles of refraction
iv. backward-wave antennas

v. enhanced electrically small antennas

2.1 NEGATIVE INDEX OF REFRACTION

If the wave is travelling in a DPS medium, both the wave vector and the Poynting
vector travel in same direction. However, if the medium DNG, where the index is
less than zero, the wave vector and Poynting vector are propagating in opposite

directions with the later is travelling away from the interface.

Incident Reflected
Wave Wave
X
Transmitted T Iullt-_niiltu]
Wave in DNG Wave in DPS
Medium 5 Medium

FIGURE 2.2: Effective refractive index [5]

2.1.1 Phase Compensation

An unusual feature of the DNG medium is that it can yield phase compensation,
also called phase conjugation. This is due to its property called negative index of
refraction [35]. An ordinary lossless slab having positive refractive index n; and
thickness d; and a lossless DNG metamaterial slab having negative refractive index
ny and thickness dy are considered. As this wave travels through the conventional
slab, nik,d; is the phase difference between the entrance and exit faces. While
the total difference in phase between the front and back faces of the ordinary-
DNG two-layer structure is nik,d; - nok,ds, indicating that whatever be the phase
difference that is created by propagating in the ordinary slab, can be reduced or
sometimes, even compensated by traversing through the composite two-structured

slab. If, at a given frequency, the ratio d;/ds = ns / n; , it can be concluded that
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DNG slab can act as a phase compensator since total phase difference is zero

between the front-back faces of this composite ordinary-DNG material structure.

2.1.2 Metamaterials having Zero Refractive Index

MTMs having either € and/or p near zero have index of refraction much less than
unity, useful in various applications [1]. The red dot in figure below represents
their position on the e-u space diagram. Several research groups have experimen-
tally materialized planar MTMs that display positive as well as negative refractive
index near zero. By achieving matching of resonances in a series-parallel lumped-
element circuit, a DNG material at the corresponding frequency can be realized.
The propagation constant is a dependent function of frequency that constantly
passes through zero (that gives a zero index) with a nonzero slope (that gives a
nonzero group speed) in its transition from a DNG to a DPS material. Several
applications of these series-parallel MTMs have been proffered and materialized

such as couplers, compact resonators, and phase shifters [36 to 41].

[l

A

ENG Material DPS Material
(<0, pu=>0) (=0, =10

Plasmas Dielectrics
DNG Material MNG Material
(& <0, p <) (e<lh, u <0)

Not found in nature, ":‘-"‘I'”"""’f”" .
but physically realizable magnetic materials

FIGURE 2.3: ZIM at the intersection of different materials[5]

2.1.3 Dispersion Compensation due to DNG Medium

The dispersive nature DNG medium has led to its usage as a dispersion compen-
sation tool for various time-domain operations. Dispersion introduces a change in
the group speed among various signal components propagating in a DNG medium.
By providing dispersion compensation along a transmission line, signals propagat-
ing through it would not be distorted. The result being simplification of the

components in various devices [51-53]. The main objective is to devise a length
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of MTM loaded transmission line that could be integrated with the microstripline
to make the combined system dispersionless. The length of the microstripline and
MTM loaded transmission line same. In other words, main aim is to fabricate
dispersion compensated segment of the transmission line. Therefore the relative e
and g of MTM is designed such that the effective refractive index is equal to that

of the refractive index of free space.

-
=S

-
N

—

e o
=)

=
o

=== Microstrip index
==+ MIM index
— Total index

=
>

o b

Real part of the index of refraction
)
5

-}
=

1] 10 20 30 40 50 60 70 30 920 100
Frequency (GHz)

FIGURE 2.4: Refractive index (real part) for different cases [5]

2.2 METAMATERIAL TYPES

Various types of metamaterials are:

e Electromagnetic materials

— Double negative metamaterials
— Single negative metamaterials
— Electromagnetic bandgap metamaterials

— bi-isotropic and anisotropic metamterial

Terahertz metamaterials

photonic metamaterial

Tunable metamaterials

Frequency Selective Surface (FSS) based metamaterial



Metamaterial inspired multifunctional antenna with 5G applications 9

2.3 METAMATERIAL BASED ANTENNAS

Recently many metamaterial based small antennas have been developed. They
belong to a class of antennas that use the property of metamaterials to enhance
their performance and capability. General classification of MTM based antennas

is as follows:

e Leaky wave antennas (LWAs): Guided power leaks away gradually in the
form of radiated wave. Composite right or left handed (CRLH) MTM trans-
mission lines are used to realize such antennas. It includes backward to

forward beam scanning along with broadside radiation.

e Resonator type small antennas

2.4 HIGHFREQUENCY METAMATERIAL BASED
RESONATOR TYPE ANTENNA

Benefits of using MTM based small antennas are:

e compact size
e broad bandwidth
e low cost

e good efficiency

The main reason behind antenna size miniaturization combined with good radia-
tion performance is that the metamaterial manipulates the dispersion relation or
near field boundary conditions. Metamaterials can be used at high frequencies due
to the fact the unit cell dimensions are much smaller than the EM wave and they
are characterized by antiparallel group and phase velocities [4] . Antennas based

on MTMs make radiation characteristics more controllable.

In this report we will be concentrating on MTM based antennas loaded with meta-

surfaces such as high impedance mushroom structures (Mushroom HIS) . HIS can
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be tuned anywhere between perfect electric conductor and perfect magnetic con-
ductor to achieve good miniaturization factor and optimal bandwidth. Mostly
microstrip patch antennas are the ones that are used in conjuction with metama-
terials due to their ease of fabrication and low cost. Microstrip patch antennas

with MTMs give multiband frequency of operation including L, S, C bands [7].

2.5 METASURFACES

Placing the 3D metamaterial array in a 2D pattern gives a metafilm, which is more
often called as metasurface (MTS) or single layer metamaterial. Individual
scatterers that make up each unit cell of this surface are not necessarily having zero
thickness. The only condition is that these cells need to be way smaller than the
EM wavelength in the surrounding medium. Electric and magnetic polarizabilities

of the constituent scatteres define the behaviour of MTS.

2.5.1 Types of MTS

It has two important subclass. They are-

e Cermet topology called Metafilms

e Fishnet topology called Metascreens

Metafilm refers to an array of isolated scatterers whereas metascreen refers to
periodically spaced apertures in the surface. Considering the physics behind this
surface, it can be modelled using effective-medium theory. It does some kind of
averaging of the E and H fields over a given period of unit cell. It is from these

averages, the value of € and 1 are determined.



Chapter 3

HIGH IMPEDANCE SURFACES

By modifying the structure of conductors, its surface properties can be changed
giving rise to another subclass of artificially architectured materials called high
impedance surfaces. The main boundary condition set for these kind of surface
is that the period wavelength is much smaller than the EM wave propagating
through it. At many instances in this report, high impedance surface is used in
conjunction with metasurface as both have same boundary condition that needs

to be satisfied to obtain the desired features.

FIGURE 3.1: Cross section of a basic HIS [5]

HIS is generally designed as an array of protruding metallic patches on a planar
metallic sheet. It is organized in a 2D framework. Vertical pests connect the metal
plates at the top to the planar conductors below. These thumbtacks projecting
out from the planar sheet are called mushroom structures due to their resemblance
to mushroom plant. Top view of the HIS is shown in figure 3.1. The hexagonal
shaped metallic patches are projecting above the surface and the connecting vias

are represented as dots.

11
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Qe@eRa®

FIGURE 3.2: Outlook of an HIS [5]

HIS can be quantified in terms of lumped circuit elements, essentially capacitors
and inductors if and only if the protrusions are smaller than the EM wavelength
traversing through it. Capacitive effect is provided by the adjacency of the adjoined
metal components whereas inductance is yielded by the lengthy conducting path
that associates them together. Effectively, together they act as parallel resonant
LC filter that seizes the flow of current through the sheet. The equivalent circuit

of HIS is shown below.

ELELELE

FIGURE 3.3: Equivalent impedance model of HIS [5

HIS exhibits unusual impedance due to which the surface wave modes on this
architectured surface are distinctive than those on a conventional metallic ground
plane. TM modes that are close to the surface and traverse with a speed that is

much less than the speed of light are supported by HIS.
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FIGURE 3.4: TM surface waves [5]

It also supports TE modes that only at certain frequencies are restricted to the
surface, but radiate readily outside this frequency band. In the case of TE surface
waves, both the sheet and the traversing direction of the EM wave are tangential

to the electrical field whereas loops of magnetic field stretches out of the sheet.
H E
© X O,
© (o)) ® ©
FIGURE 3.5: TE surface waves [5]

It can behave as a magnetic conductor within the frequency range where the
surface impedance is large and the tangential component of the magnetic field
is small even with a huge electrical field where the surface being considered is
approximately lossless. Therefore, it is mentioned as an artificial magnetic
conductor (AMC). This condition makes HIS a suitable choice for ground plane
in the design of low-profile antennas. A dipole antenna lying flat against an HIS
plane will not be shorted out as it would happen with a traditional reflector ground
plane because HIS ideally reflects entire power in phase rather than out of phase as
done by the metal reflector or conventional ground surface . Hence the radiating
element can be positioned adjacent to the surface giving off constructive image
current. This in turn enhances efficiency of the antenna. Furthermore the HIS does
not support the propagation of surface currents in certain pre-designed frequency

band resulting in an improved radiation pattern.
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FIGURE 3.6: A flush mounted dipole on an HIS plane [5]

3.1 SURFACE WAVES

Surface waves occur at the interface of heterogeneous materials, for instance metal
and free space. In general, surface waves are nothing but travelling EM waves
that are restricted between an interface essentially, metal and free space. At
optical frequencies, these waves are acknowledged as surface plasmon. Whereas,
at microwave frequencies these are no different than the conventional AC currents
that exist on the surface of any electricity conducting plane [42-43]. Surface waves
do not couple to surrounding plane EM waves in case of a continuous conductor.
They radiate if the surface current is scattered by discontinuities such as any
bend or textured surface. Surface waves bound to the ground are non-existent
on an ideal perfect electric conductor due to infinite conductivity. As a result,
the fields that are associated with the surface currents expand into a vast open
stretch in space. On a never-ending ground plane, a minute decrement in radiation
efficiency acts as a confirmation to the existence of surface currents. They wither
away exponentially from the dielectric-metal interface. These waves occur only on
interfaces with atleast one component having non-positive dielectric constant such

as metals.

In reality, there are only finite sized ground plane through which surface currents
travel till they reach a bend or corner. Any discontinuity in surface leads to radia-
tion, or in this case leakage of the currents which results in multipath interference
called speckle. In case of the far field region, this interference can be visualized as
ripples. Undesired mutual coupling occurs among antennas if they share the same

ground plane.
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FIGURE 3.7: Multipath interference due to surface waves [6]

3.1.1 Swurface Impedance

Surface impedance of an artificial metallic surface is quantified by parallel and
resonant L-C circuits. In case of metals, skin depth determines surface impedance.
It can penetrate very little into the metal. For instance at a frequency of 10 GHz,
Cu has skin depth less than 1 ym. The surface impedance of TM surface wave is
given as:

Z = joJwe (3.1)

Similarly the surface impedance of TE surface waves is given by:
Z = —jwp/o (3.2)

Therefore we can conclude that TM waves require imaginary part of the impedance
tobe positive, or equivalently need an inductive surface at low frequencies, whereas
TE waves require the imaginary part of the impedance to be negative, or a capaci-
tive surface at high frequencies. Close to resonant frequency of the LC equivalent,
high surge in surface impedance is seen. In this region, surface waves readily
radiate giving rise to leaky waves, instead of being bound at the intersection. Tra-
ditional metals slightly show inductive nature, due to the skin effect and as its
result back TM waves. Plane metallic surface does not back TE surface waves,
whereas dielectric masked metals allow the propagation of TE waves exceeding a
certain cutoff frequency. This frequency is dependent on the thickness and dielec-

tric constant of the plane surface.
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3.2 ANTENNA DESIGN USING HIS

The main challenge is to design an HIS for a low-profile antenna. The basic
structure includes the collection of metallic patches printed on top of a substrate
where the patch can have any generic shape. The main properties that make HIS

ground plane suitable for low profile antennas are [10]:

e the fact that it can reflect EM waves without phase reversal.

e not supporting surface wave propagation within a certain frequency band.

The most favourable geometry of HIS ground plane is mushroom type as it show-
cases interesting outputs such as increased directive radiation from a small dipole
lying against the ground plane [Ref. Figure 9]. In order to obtain maximum radi-
ation and minimum near field coupling of antenna with the environment, periodic
electromagnetic structures are preferred. Multi layer HIS is one such structure
[13]. Its architecture consists of dielectric substrate with a ground plane and rel-
atively shifted arrays of electrically small patches which are separated from each

other using a dielectric film.

Another method to improve operational bandwidth of HIS ground plane is to
reduce cell size. But this leads to narrowband. Therefore a new structure has been
proposed that allows unit cell miniaturization as well as bandwidth improvement
[14]. [14] also proposes various unit cell geometry and compares them with a

parameter R which is defined as percent bandwidth to cell size (in mm?).
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FIGURE 3.8: Various geometries of HIS unit cell {14]

From the above the geometries, interwined ones produce wideband HIS properties
for a limited unit cell size. More number of segment arms in the spiral geometry
exhibit wider bandwidth.

3.3 ANTENNA ON METAL GROUND PLANE
VERSUS H.I.S. PLANE

Consider a metallic ground plane that is finite and bounded. The surface currents
produced by the monopole antenna are scattered at .any disconinuities present in
the plane and at the edges. This causes backward radiation and is the root source
of ripples in the main lobe of the radiation or E-H field pattern. In simple words,
the direct and scattered radiations from the monopole antenna interfere with each
other. The radiation pattern of a monopole at 35 GHz is shown in the figure 3.9.
In the figure, monopole has length of 3 mm and area of the metallic ground plane

is 5 sq.cm.
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FIGURE 3.9: Monopole antenna fed by coaxial cable through a ground plane
[5]

315 45

270

FIGURE 3.10: Radiation pattern of the monopole antenna over a metal ground
[5]

Replacing conventional metal ground by an HIS designed at same frequency, sup-
pression of surface waves can be distinctly seen as the radiation pattern becomes
more directional. Driven currents are present on any reflective surface as they are
conducting. But the driven currents cannot traverse on a high-impedance ground
plane. If ever current is induced, it cannot reach the edges of the ground plane as
surface currents are confined to the local region all over the antenna. Hence radi-
ation pattern with enhanced directivity and less power in the backward direction
is obtained. This is shown in figure 3.12 . This proves that the HIS can be used

to minimize the effects of any kind of discontinuity in the ground plane.
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FIGURE 3.11: Low-profile antenna over the HIS [5]
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FIGURE 3.12: Radiation pattern of monopole antenna over HIS ground [5]

On comparing the radiation patterns of the monopole antenna without and with
HIS, the following features can be noticed. Firstly, there is reduction in central
null. This is due to asymmetry in the local geometry. Central null can be regained
by introducing symmetry in the geometry. Secondly, reduction in the received
power along the horizon because the image currents are reversed on HIS when
compared to those on a metal ground. HIS can be used to design various low-
profile antennas due to the fact that currents in these surfaces are in phase with
the incident EM wave.Antennas with different polarization as well as required

directivity can be designed using HIS

Now consider operating the antenna outside the bandgap of HIS. Since surface
waves are supported anywhere outside the band, there is a significant difference
in the radiation pattern. Figure 3.13 depicts the filed distribution of the same

monopole antenna at 26 GHz. Existence of surface waves results in increased
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number of side lobes and nulls. Significant power leakage in the backward direction
is another disadvantage of surface currents. The case of vertical monopole antenna
explains the suppression of surface currents by HIS but it does not signify the
importance of the associated unusual reflection-phase property. HIS behaves as a
magnetic conductor and since it is artificially textured to attain this property, it
is known as artificial magnetic conductor (AMC). To experimentally verify
this, a horizontal wire antenna is fed through the back of the metallic surface
through a coaxial cable, as shown in figure 3.11. The wire is bent across the
surface and is approximately one-half wavelength long at the resonant frequency
of the surface. Placed over a plane and finite metal ground plane, the horizontal
wire is shorted out and maximum amount of the power transmitted to the feed is
reflected back.

270

FIGURE 3.13: Radiation pattern of same monopole antenna outside the
bandgap [5]



Chapter 4

SUBSTRATE INTEGRATED
WAVEGUIDES

At higher frequencies reaching microwave and millimeter wave, substrate inte-
grated waveguide (SIW) is a blooming technology for the evolution of antennas,
circuits and other components. It yields a connective interface between planar and
non planar technology. SIW has been associated with the ongoing research and
experimental analysis in the domain of millimeter-wave antennas in recent years.
It was proposed over one and a half decades ago. It is extensively studied under the
category of integrated and efficient transmission lines adaptable to the planar tech-
nologies that provides unmatched performances such as self-consistent shielding
and large quality factor. It is devised as an open wave-guiding structure. Energy
leakage occurs either when the uniformity of these guides is disrupted or when the
modes are not excited. This leakage effect is used to design antennas that can
radiate in controlled manner by voluntarily introducing disturbances. Having sev-
eral advantages such as efficiency, broadband and high gain. The main advantage

of such an antenna is its compatibility with SIW from which it is derived.

The construction of SIW is done by embedding two rows of metallic vias in a
dielectric substrate that are used to bridge the two metal plates between which
the dielectric is sandwiched. Traditional waveguides and coaxial lines are non-
planar structures which can be converted into planar form by fabricating it with

conventional printed circuits such as coplanar waveguide and microstrip lines.

21
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FIGURE 4.1: Structure of substrate integrated waveguide [6]

4.1 PRINCIPLE OF OPERATION

The wave propagation in SIW structures is similar to the propagation in classical
rectangular waveguides. The fundamental mode in SIW resembles the TE;y mode
of a rectangular waveguide. With this mode configuration, the surface current
flows along the top and bottom metal planes of the SIW exactly like in a rect-
angular waveguide, and on the sides it can flow vertically along the metallized
surface of the cylinders, being minimally perturbed by the gaps (provided that
the gaps are small). For this reason, the electromagnetic field is confined inside
the SIW and there is no radiation leakage. This operation mechanism only applies
to the TE,o modes of the rectangular waveguide, where the surface current on
the side walls flows in vertical direction. For the other modes of the rectangular
waveguide, namely TM modes and TE,, modes with p# 0, the surface current
across the side walls has a longitudinal component, and consequently it would be
strongly perturbed by the gaps. For this reason, these modes are not supported
by the SIW structure. In conclusion, the only modes supported by SIW structures
are those similar to the TE,q modes of the rectangular waveguide. Due to their
geometry and their mode pattern, SIW components can be classified as H-plane
waveguide structures [28]. The electric field is normal to the broad wall and its
amplitude does not vary in the vertical direction. Moreover, the thickness h of
the substrate plays no role in the characteristics of wave propagation, except for

conductor losses.
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FIGURE 4.2: Electric field pattern of the fundamental TEjg in a waveguide[6]
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FIGURE 4.3: Surface current flowing pattern of a rectangular waveguide with
slots on its sidewalls - TE g Mode[27]

4.2 SIW ANTENNAS

Antennas based on SIW are classied as follows:

e Resonant type

e Non-Resonant type

4.2.1 Resonant type SIW Antenna

Common examples of resonant antennas are microstrip patch antennas and dipole
antennas that resonate at discrete frequencies. But in millimeter wave range, these
antennas do not provide easy-to-accept performances. They exhibit high conduc-
tor losses due high current density at the strip boundaries, more specifically near
the feeding network. At higher frequencies, substrate becomes electrically thicker
and this leads to the existence of many parasitic surface wave modes. The effect
of this phenomena is uncontrolled diffraction of surface waves at the boundaries
of the antenna resulting in decreased radiation efficiency and disturbances in radi-

ation pattern. Different antenna designs involving various elements and feeds are
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supported by SIW. Slot and patch backed by SIW cavity are the most adaptable
antenna designs. To scale down the size of antenna, different techniques are put

into use for the design of slot.

Major disadvantage of the resonant structure is that it is narrowband. Further,
the radiation efficiency of the microstrip antenna turns out to be less than other

types of antennas, with efciencies less than 70%.

4.2.2 Non-Resonant type SIW Antenna

Non-resonant antennas, as the name suggests do not resonate. They are com-
monly ‘addressed as traveling-wave antennas. Instead of resonating, travelling
waves leak energy throughout the path of wave propagation, thereby producing
efficient broadband structures. Desired bandwidth and efficiency could be pro-
vided by an antenna operating in travelling wave configuration. Under this class
of antennas, a traveling wave on a guiding structure acts as the main radiating
mechanism. Leakage can be generated under conditions such as enclosed waveg-
uide structures having geometrical asymmetry, open apertures or slots. Therefore,
leaky-wave or surface-wave antennas can be developed for millimeter-wave appli-
cations including tapered slot antenna (TSA), Yagi-Uda antenna, dielectric rod

antenna, long-slot leaky-wave antennas or log-periodic dipole array.



Chapter 5

5G TECHNOLOGY

A remarkable development has been made in the field of mobile and telecommu-
nications. Nowadays, many mobiles have 3G, 2G, bluetooth, WLAN adapters etc
[21]. The main focus of 4G was towards the implementation of cellular networks
such as GSM and 3G without any technical issues. Security and operating system
backing in wireless technologies remain to be tested. 4G has multi mode consumer
terminal. The 5G terminals will have software defined radios ,modulation scheme
and advanced error-control mechanisms. This improvement is anticipated towards
the user terminals as a focus on the 5G mobile networks. The 5G mobile termi-
nals will have access to different wireless technologies at the same time. The 5G
terminals would make an ultimate choice among various network providers for a

specified service.

5.1 CHALLENGES IN MIGRATION TO 5G FROM
4G

Software radio approach.

Consumer Quality of Service (QoS) requirements.

Security

Incorporating the current non-IP and IP-based systems into one and provid-

ing QoS guarantee for end-to-end services.

25
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e Data encryption

5G technology conceptualizes REAL wireless world or WWWW (world wide wire-

less web) as it has almost no constraints.

5.2 KEY FEATURES OF 5G

Offers high resolution and bi-directional bandwidth shaping.

Implementing subscriber supervision tools for fast action.

Connectivity speed upto 25 Mbps.

Supports virtual private network.

High uploading and downloading speed.

5.3 5G FREQUENCY BANDS

5G spectrum is divided into three main frequency ranges to yield broad coverage
and support all user cases. The frequency bands that under consideration for 5G
communication are Sub-1 GHz, 1-6 GHz and above 6 GHz [20].

e Sub-1 GHz is aimed to back large scale coverage across rural, suburban and

urban regions and help for the benefit of Internet of Things (IoT) services.

e 1-6 GHz offers a good combination of coverage along with capacity benefits.
It comprises spectrum within the 3.3-3.8 GHz range that is expected to form

the basis for many fundamental and introductory 5G services.

e Above 6 GHz is required to accommodate ultra-high broadband speeds, that
is much anticipated feature in 5G. The main focus will be on bands above
24 GHz as this comprises of growing research interest and development in
the 24 GHz and/or 28 GHz bands which can be effortlessly implemented
together in a composite lone device due to their close proximity. There are

also academic interests in analyzing bands within the 6-24 GHz range.
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World Radio communication Conference 2019 (WRC-19) plays an important role
to implement and achieve the low cost combined with ultra-high-speed vision for
5G devices [20].

5.4 SIW-MTS ANTENNAS AT 5G

Main objective of 5G is to boost transmission bit rates by using frequency bands
higher than those already existing bands and widening the signal bandwidth. How-
ever, radio frequency loses increases with increase in high frequency bands. The
application of massive-element antenna each consisting of more than 100 anten-
nas has been studied as a 5G multiband antenna technology [22]. Application
of massive-element antenna makes it possible to compensate for the radio propa-
gation loss by adaptively controlling antenna directivity and increase bit rate by

spatial multiplexing of signals.

More attention is given to 5G technology because it is next-gen communication
network. As a result more importance is being given to the millimeter (mm)-wave
and submillimeter-wave bands. At such higher frequencies, radiation efficiency of
an antenna degrades due to considerable metallic and surface wave losses. Intro-
duction of metamaterial based structures, for example metasurfaces or frequency
selective surfaces provide better isolation between various antennas in a multi-
input multi-output (MIMO) system. MTS block the propagation of surface waves

that leads to improved radiation characteristics.



Chapter 6

LITERATURE SURVEY

6.1 MTM UNIT CELL

Metamaterial (MTM) design is generally based on two structures:

e a close-knit bundle of thin wires, giving negative permittivity

e a cluster of split ring resonators (SRRs), giving negative permeability.

6.1.1 Epsilon negative (ENG) materials

An array of parallel wires is shown in figure 6.1. Consider an incident plane wave

whose electric field is parallel to the wires. For such a wave, this array exhibits
z
I—»}' ﬂﬂ

LE’LE

FIGURE 6.1: Array of thin conducting wires [5]

high-pass characteristics.

28
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An electromagnetic wave below the cutoff frequency of the array will not propagate
through it and undergo total reflection. Similar characteristic is observed when
EM waves traverse in plasma. The condition that lattice constant (a) ought to
be much smaller than wavelength (a << A) of incident wave is satisfied when the
wire array behaves as a steady and uninterrupted plasma like material that can
be characterized by an equivalent macroscopic relative permittivity with w = 27

being the angular frequency. Mathematically, it can be denoted as:

€reﬁ:€7reff—j€”reff: 1_fp2/(f2_j7f> (61)

where

o f, f, represent the frequency of the signal and the plasma frequency which is

the cutoff frequency.

e 7 represent losses

The plasma frequency generally depends on the geometry of the system.

L

-

e

FIGURE 6.2: Effective permittivity [5]

The relative permittivity in the transversal directions (x direction and y direction)
is always positive and, in a case of thin wires, is approximately equal to that of
the vacuum. The permittivity in the direction parallel to the wires (z direction)
also depends on the component of the wave vector in the z direction. Thus the
above equation applies only if there is no component of the wave vector in the z

direction, that is, if the propagation takes place only in the transversal (xy) plane.



Metamaterial inspired multifunctional antenna with 5G applications 30

6.1.2 Mu negative Split Ring Resonators (SRRs)

A single split ring resonator (SRR) can be thought of as a small, capacitively loaded
loop antenna. If this antenna operates slightly above the resonant frequency, the
local scattered magnetic field will be almost out of phase with the incident field.
Thus, the resultant local magnetic field will be lower than that of the incident field.
It leads to the negative magnetic polarization and negative effective permeability
of the resulting metamaterial. It was shown that the effective permeability of this

metamaterial has the form given by:

Heff = ,u,eff i j/jeﬂ =1- (fmp2 T f02>/(f2 = fo2 - ]'Yf) (62)

where

e fis frequency of the signal
o f,, is magnetic plasma frequency at which peg=0

e f, is the resonant frequency of SRR at which p.g diverges.

An array of split ring resonators is shown in figure 6.3. This configuration has been
extensively used for the construction of MNG materials. The SRR is anisotropic
in nature. When the incident plane wave has magnetic field vector perpendicular
to the SRR, the induced currents yield negative permeability. Contrarily, when
the magnetic field vector is along or parallel to the SRR, there are no induced

currents and therefore the effective permeability is not affected by the presence of
the SRR.
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FIGURE 6.3: Array of circular geometry SRRs [6]

FIGURE 6.4: Array of square geometry SRRs [6]

From this we can conclude that MTMs allow backward-wave propagation provided
the condition that magnetic field vector perpendicular to the SRRs is satisfied. To
achieve nearly isotropic 2D MNG material characteristics, atleast two SRRs per

unit cell must be utilized.

6.1.2.1 DNG Metamaterial - Combination of thin wires and SRRs

Early design of DNG metamaterial was merger of the thin-wire-based epsilon neg-
ative structure and the SRR-based mu negative element as shown in figure 6.5. It
was expected that the new compound material showed a macroscopic effective per-
mittivity equal to that of the thin-wire ENG medium and a macroscopic effective
permeability identical to the permeability of the SRR-based MNG medium.
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FIGURE 6.5: DNG MTM element based on the combination of thin wires and
SRRs [5]

5

6.2 HIS DESIGN PARAMETERS

If frequency of operation and bandwidth are given, HIS design procedure is as

follows:

i. for two layer structure as shown below:

==
—t
| |
I\,
- | - h—

FIGURE 6.6: Two layer structure of HIS [5]

The fringing electric fields between adjacent metal patches is used to model the ca-
pacitors. For such fringing capacitors, the capacitance value can be approximately

determined as:
Chinge = w(€1 + €3)/m + arccosha/g (6.3)

where

e 3 is lattice constant
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e w is width of plates

e g is gap between the plates

e ¢ is the dielectric constant of the substrate

® ¢, is the dielectric constant of the surrounding medium, which in most cases

is free space.

ii. for three layer structure as shown below:

FIGURE 6.7: Three layer structure of HIS [5]

For a given thickness, capacitive loading is used to achieve lower resonant fre-
quency. According to this geometry, the top two overlapping layers introduce the
parallel-plate capacitors’ effect. The capacitance is calculated with the help of a

well-known equation as given below:
Cparallel = AE/d (64)

where

e ¢ is the dielectric constant of the substance between the plates
e d is the separation between the plates.
e A is the surface area of the plates
In either of the above two cases, sheet capacitance value is determined by the

value of the individual capacitors and a geometric factor F' that depends on the

selection of lattice:
C = Cindividual ¥ (6.5)

where

e =1 for a square lattice

e F=y/3 for a triangular lattice
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e F=1/4/3 for a hexagonal grid etc.

The inductance of an HIS is determined absolutely by its substrate thickness.
This can be experimentally verified by using a solenoid of current that involves
two rows of plates and the vias associated with them. The vias are placed across
the capacitor. Current flows up through one row of vias and comes down through
the next set of vias to the ground plane.The length and width of the solenoid
are neglected to determine the sheet inductance. The formula used for sheet

inductance is:
L = ut (6.6)

where

o /i is the permeability of the substrate

e t i1s the thickness of the material

for a given frequency w, and bandwidth By, we can calculate thickness as:

t = cBy/wo (6.7)

6.3 DESIGNING SIW STRUCTURES

The field pattern within an SIW structure is comparable to that of a conventional
rectangular waveguide. The design of any SIW structure begins with defining
the waveguide width for the required frequency band and available substrate.
Therefore, the equivalent width of the SIW is an important and initial design
parameter. [18] presents a new method based on the mode-matching technique
(MMT) for the modelling the actual SIW width ’agpw’, expressed in terms of
the equivalent waveguide width "W’. This W determines the frequency range and
bandwidth of the STW. Reflections from an all-dielectric waveguide of width "W’ to
an SIW of width ’agrw’ forms the basis for this method. If this is the least reflection,
then the actual SIW width is best adjusted to the equivalent waveguide width.
Other two important design parameters are 'p’ and ’d’ i.e. the pitch between two

vias and the diameter of the vias, respectively. For practical purposes, d/p ratio
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varies between 0.5 and 0.8. Provided cutoff frequency [f.], dielectric constant of

the substrate [¢,] and d/p ratio, we can calculate "W’ as follows:
W =c/2f.e (6.8)
From which we can ’agrw’ as:

astw = W 4 p[(0.766e%44824/P) _ (1.176¢1-2144/P)] (6.9)

6.4 ANSYS HFSS SOFTWARE

HESS stands for High Frequency Structure Simulator. 1t is a 3D EM simula-
tion software that is used in the design and simulation of high frequency structures
such as antennas, RF or microwave components such as filters, connectors, IC pack-
ages ete. It is the software used for the antenna design throughout this dissertation
work. It is based on Finite Element Method (FEM) computational technique. It
is preferred over other EM simulators due to its ease of use and accuracy in the
results. In this procedure a structure is subdivided into many smaller subsection
called finite elements. The finite elements that is used by HFSS are tetrahedron
and the entire collection of this tetrahedron is called mesh.Next, solution is found
for the fields within each finite element and these fields are interrelated so that
they satisfy Maxwell’s equations throughout the structure. This provides field
solution for the overall original structure. Once this field solution is obtained,
matrix solution is determined. Few advantages of HFSS include the presence of

field calculator, 3D layout meshing etc. among many others.

6.5 METAMATERIALS BASED ANTENNA

Few of the latest works in the field of antennas inspired by MTMs are as follows:

e Development of the antennas based on metamaterial structures such as zero-
phase-shift line, composite left/right-handed, zero-index, mushroom, and
high permittivity periodic structures [9]. In this paper feeding of mushroom

like structure has been simplified.
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e Multi-band MTM based microstrip antennas are designed for WLAN and
WiMAX applications [8]. This paper gives the two methods that are good for
multiband performance and they are etching slots on the patch and loading

of shorted pins and walls.

e A compact multiband MTM based microstrip patch antenna for wireless
communication applications [7]. Traditional microstrip patch antenna covers
only L and S bands whereas metamaterial based antennas cover L, S and C

bands. As gain of the antenna is increased, its size decreases.

6.6 HIGH IMPEDANCE SURFACES

e A new wideband and compact HIS [14] suggests how to use his to reduce
antenna thickness. It also shows how the reflection phase changes from -180°

to +180°. The phase reflection is zero at resonant frequency.

e Design and analysis of multilayer high impedance surface [13] gives reason
why antenna size must be compact for electronic designs as well as how

multilayer HIS structure improves the antenna performance.

e High-Tmpedance Surfaces with aperiodically-ordered textures [10]. Applica-
tion of arificial magnetic conductor for low profile antennas is discussed in

this paper.

6.7 SIW ANTENNAS

e SIW antennas and arrays [15] give a detailed analysis of different antennas
configurations such as slot, leaky wave, dipole, log periodic antennas etc. It
also discusses the critical issues faced during the manufacturing of antenna

array using SIW technology.

e A new switched beam antenna array working at 26 GHz for future 5G ap-
plication is discussed in [25]. Tt is based on the sub-arrays consisting a com-
bination of different slot shapes (L,U,S) integrated in Substrate Integrated
Waveguide (SIW). The phase shift between each slot is achieved by varying
the location of these slots [25].
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6.8 SIW BASED ANTENNA FOR 5G COM-
MUNICATION SYSTEMS

[23] provides a basis for the construction of an SIW based vivaldi antenna structure.
Gibson created vivaldi antenna in 1979 [26] and it is widely used due to its innat
properties such as minimal cross-polarization, broad bandwidth and large gain.
An eight element antenna array within 40.5 to 43.5 GHz band is considered. The
authors discuss and experimentally demonstrate how beamforming can achieved
by a narrow-beam in E-plane but a wide-beam in the H-plane. The structure and

optimal design of this antenna is given in the paper[23].

FIGURE 6.8: Fabricated vivaldi antenna [23]

Return loss (dB)

T T T T
38 40 42 44 46 48
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FIGURE 6.9: Simulated and measured return loss of antenna [23]

Measured results show that the operating frequency band of the proposed antenna
is from 38.9 GHz to 45.1 GHz, where the relative bandwidth is 14.76 %) within Sy
< -10 dB. Measured results approach the simulated result and covers the desired

band. This proves the usefulness of vivaldi antenna arrays for 5G applications.



Chapter 7

ANTENNA DESIGNS

7.1 MILLIMETER WAVE SIW ANTENNA FOR
5G APPLICATIONS

The design of a linearly polarized substrate integrated waveguide (SIW) antenna
operating at a frequency of 54 GHz is proposed with references taken from [29].
Gain achieved is approximately 7.1 dBi. Introduction of slots in the basic SIW
cavity design affects its resonant frequency and impedance bandwidth. TEjy
is the chosen mode as the frequency band under considered is very high. The
substrate used is RT /Duroid 3003. The simulation is carried out in ANSYS HFSS

and only simulation results are presented.

The slot locations were decided based on the eigen mode analysis of the SIW
cavity. Eigen mode analysis gives accurate field maxima and minima. The slots
are introduced in the places of maximum electric field. Maximum radiation takes
place though these slots, thereby enhancing the directivity and gain. Slots are
also helpful in designing low profile antennas. To overcome the limitations of
impedance matching in a wide frequency range at millimeter wave bands, the

combination of tapered profile and SIW technology is implemented.

38
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7.1.1 Design Structure

23 mm

5,733 mm

1 mm 0.65 mm

1 mm
6.387 mm

F1GURE 7.1: SIW cavity geometry

23 mm

M|

457 mm

1 mm 0.65 mm

557 mm

FIGURE 7.2: Antenna design values with slots

7.1.2 Design Parameters:

TABLE 7.1: Cavity design parameters

Design Parameters

Numerical Values (mm)

Substrate length 23
Substrate width 6.387
Substrate thickness 0.508
Effective width of SIW 5.733
Diameter of the vias 0.65
Pitch 1
Length of the tapered section 6
Width variation of the tapered section 3tol
2

Length of the constant width micro strip
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e Material used: RT/Duroid 3003
e Loss tangent: 0.0013

e Relative permittivity: 3

TABLE 7.2: Antenna design parameters

Design Parameters | Numerical Values (mm)
Substrate length 23
Substrate width 3767
Substrate thickness 0.508
Effective width of STW 4.57
Diameter of the vias 0.65
Pitch 1

7.1.3 Simulated Results

All the simulations were carried out by the ANSYS HFSS software that uses finite
element method (FEM) computational technique. The value of Sy; for the cavity
design was found to be -17.5517 dB. Value of the reflection coefficient, Si; is
reduced to -22.5 dB and the antenna size is reduced with the introduction of slots.
It is also observed that with the proper slots positioning the antenna can also be
made dual band. The graph shows a dip at 56.4 GHz but the insertion loss is -13
dB which has a scope for improvement. The simulated radiation pattern of the

design is as shown below. The proposed design achieves a sufficiently good gain
of 7.1032 dBi.

TABLE 7.3: Parameters achieved in HFSS after simulation

Design Parameters

Numerical Values

Peak directivity 6.1644
Peak gain 5.6605
Radiation efficiency 91.826%
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F1GURE 7.3: Reflection coefficient of SIW antenna with slots

p——c=0.4 mm
e c{=0.5 mm
= =d=0.65mm
0 p=—c=0.75 mm
~ \ / PN 3
-5 / I , ]
\/ \ .
s i
S 10 \
ol |
-15
1
-20 |.|
-25
40 45 50 k) 60

Freq (GHz)

FIGURE 7.4: Parametric study of SIW antenna by varying diameter of vias

7.1.4 Derived Conclusion

This work presents a design that can find a potential application in 5G com-
munication. The antenna is low-profile and providing good parammetric results,
eventhough there is scope of improvement in this design. The paper mainly fo-
cuses on the introduction of slots to attain antenna miniaturization and decent

gain with good efficiency.
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Ficure 7.5: Radiation pattern of the proposed design

7.2 SIW CAVITY BACKED BOW-TIE SLOT-
TED ANTENNA OVER METASURFACE
TO IMPROVE FTBR

Traditional rectangular slots in an antenna gives narrowband response. This is
the reason for selecting bow-tie shaped slot to obtain a wider bandwidth response.
The frequency band chosen for this design in 8-12 GHz, with operating frequency
being 10 GHz. This antenna is placed over a simple HIS-mushroom metasurface
with rectangular patches connecting the conductive layer below through vias. The
distance between the antenna and MTS is 25mm. It helps in improving Front
to Back Ratio, FTBR and maintain it at 18.27 dBi. This is 3 dB more than
the acceptable value at 5G frequency band. The simulated results give maximum
peak gain of 4.33 dBi and an efficiency 87.9%. Substrate used is RT /Duroid 3003
with the height of substrate being 0.75 mm.

7.2.1 Design structure
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FIGURE 7.7: Square shaped mushroom MTS geometry

7.2.2 Design parameters

e Material used: RT/Duroid 3003
e Loss tangent: 0.0013

e Relative permittivity: 3
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F1GURE 7.8: Bow-Tie slotted antenna over MTS arrangement

TABLE 7.4: Bow-Tie Antenna design parameters

Design Parameters Numerical Values (mm)
Substrate length (L) 17.6
Substrate width (W) 16
Substrate thickness 0.75

Diameter of the vias (d) 1

Pitch of the vias (s) 1.6
Length of slot (Lgot) 14.5
Inner width of slot (Wget) 4.5
Outer width of slot (W) 6.5
Inset feed length (Ly,) 12.5
Ly 12
Feed width (W) 24
Inset feed slot width (W, ) 0.4

7.2.3 Simulated results

The initial dip at 9.89 GHz in the S;; plot is due to TE;q; mode. Without the
bow-tie, the resonant frequency for TE;p2 mode is at 14.7 GHz [37]. With the
introduction of bow-tie slot, the resonant frequency of TE ¢, mode is shifted to a
lower frequency of 10.32 GHz. This shift causes the broadening of the frequency
band that was otherwise, narrowband. With the introduction of metasurface under
the antenna at a height of 25mm, the FTBR has improved from 12 dB to 18.27 db.
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TABLE 7.5: Mushroom MTS design parameters

Design Parameters Numerical Values (mm)
Metasurface length (Lyeta) 29
Metasurface width (meta) 29.4
Diameter of connectors (dpeta) 0.4
Length of each cell (Leen) 3
Width of each cell (We) 3
Distance between MTS and Bow-tie antenna (h;) 25

This is an acceptable value for 5G communication. As the FTBR has improved,

the directivity and subsequently the gain of the antenna has also increased.
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FIGURE 7.9: Reflection loss of the antenna with MTS

TABLE 7.6: Parameters achieved in HFSS after simulation

Design Parameters | Numerical Values
FTBR 18.7 dB
Peak gain 4.9 dB
Radiation efficiency 87.6%
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Ficure 7.10: Radiation pattern of the antenna with MTS
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Ficure 7.11: Co and cross polarization the antenna with MTS

7.2.4 Conclusion derived

The introduction of bow-tie slot instead of conventional rectangular slot has im-
proved the bandwidth of the antenna. The mushroom-MTS has improved the
directivity and finally the gain of the antenna to 4.5 dBi. It also enhanced the
FTBR of the antenna to 18.27 dB when compared to the antenna with plain metal-
lic ground plane. The antenna has achieved an efficiency of 87.9% and is found to

be a suitable antenna design in 5G communication systems.
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7.3 MILLIMETER WAVE DUAL-BAND SIW
ANTENNA FOR 5G APPLICATIONS

This work proposes a linearly polarized substrate integrated waveguide (SIW)
antenna operating within a frequency band of 40 GHz-60 GHz. The paper shows
how the introduction of HIS-mushroom metasurface helps to reduce back side
radiation and thus improve directivity. TEjq4 is the mode under consideration as
frequency band chosen is high. The substrate used is RT/Duroid 3003 with copper
coating having height equal to 17 um. The simulations are carried out using the
software ANSYS HFSS. Only simulated results are present.

The HIS-mushroom structure is the most basic and simple example of a high
impedance surface. It improves directivity by seizing the surface current flow in
the frequency band of interest and by reflecting the incident EM waves without

phase reversal.

7.3.1 Design structure

p d

FIGURE 7.12: Antenna geometry with slots and EBG metasurface

7.3.2 Design parameters

e Material used: RT/Duroid 3003
e [oss tangent: 0.0013

e Relative permittivity: 3
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TABLE 7.7: Antenna design parameters

Design Parameters Numerical Values (mm)
Substrate length (L) 23
Substrate width (W) 5.57
Substrate thickness 0.508
Effective width of SIW (acx) 4.57
Diameter of the vias (d) 0.65
Pitch of the vias (p) 1

length of EBG unit cell (1)
width of EBG unit cell (w)
Length of the tapered section (L)
Width of microstrip (wy,)
Length of the constant width micro strip (L)

N = D | —

7.3.3 Simulated results

All the simulations were carried out by the ANSYS HFSS software that uses finite
element method (FEM) computational technique and only simulated results are
presented. The value of Sy; for the cavity was found out to be -17.5517 dB. The
S11 values of the SIW cavity backed slot antenna is as shown in the graph below.
The dual-band is obtained as a result of the positioning of the slots in the design.
The E-plane and H-plane radiation patterns of the antenna are also simulated that
show the gain obtained is around 7.8 dBi with enhanced directivity and efficiency.

This is appreciable value considering the losses that occur at 5G frequencies.

TABLE 7.8: Parameters achieved in HFSS after simulation

Parameters 55 GHz | 57 GHz
Peak directivity 6.8 6.5

Peak gain 8.08 dBi | 7.95 dBi

Radiation efficiency | 94.1% 93.98%

7.3.4 Conclusion derived

This work presents an antenna design for possible application in 5G communi-
cation. The not so explored frequency band of 5G spectrum has been used as

many research works have already investigated the 24 GHz-28 GHz band. The
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FIGURE 7.14: Parametric study of the antenna by varying the diameter of vias

paper mainly focuses on how the SIW cavity backed slot antenna is utilized to
realize a planar antenna geometry at very high frequency band, 40 GHz- 60 GHz.
This antenna provides substantial gain and efficiency satisfying the quantitative
measurements that are expected from an antenna operating at 5G. The improved
directivity is achieved due to the use of HIS-mushroom metasurface. Only simu-
lated results are present as the equipments for fabrication and testing of antenna

at such high frequency are under order.
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FIGURE 7.15: Field pattern of the antenna at 55 GHz
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FiGURE 7.16: Field pattern of the antenna at 57 GHz

7.4 MULTI-BAND SIW ANTENNA WITH MOD-
ULATED METASURFACE AT 5G FREQUENCY

A multi-band SIW antenna which is linearly polarized is designed. The antenna
consists of a T-shaped radiator inscribed on the upper side of the dielectric sub-
strate [32]. This radiator is responsible for multi-band occurrence. The operating
frequency is chosen to be 24 GHz, which is a valid selection for 5G applications.
An aperiodic modulated metasurface is employed as the ground plane for the pro-
posed antenna. Modulated MTS is a great alternative to the metal ground as it
enhances the gain and subsequently the front to back lobe ratio (FTBR) of the
antenna [31]. The substrate used is FR4 epoxy with a thickness of 0.8 mm. The
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simulations are done using ANSYS HFSS. Only simulated results are presented as

the antenna fabrication is under process.

The reason for calling it modulated MTS because change in size of the unit cell
is resulting in a change of the output gain and resonant frequency. Modulated
MTS antenna is an excellent alternative to conventional high gain antennas or
antenna arrays. It also yields beneficial features like low-profile antenna and ease
of fabrication etc. that makes it a suitable device for 5G applications. These kind
of antennas make use of interaction between MTS and surface wave. The MTS is
designed such that its surface impedance is spatially modulated. This modulation
can be achieved by varying length, width, height, material etc. of each unit cell.

Here the length and width of each element within a unit cell.

7.4.1 Design structure

FIGURE 7.17: T-radiator SIW antenna with dimensions

Ls

3

We

v

FIGURE 7.18: Geometry of modulated MTS unit cell
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FIGURE 7.19: T-radiator SIW antenna with modulated MTS

FIGURE 7.20: Side view of T-radiator SIW antenna with modulated MTS

7.4.2 Design parameters

e Material used: FR4 Epoxy
e Loss tangent: 0.02

e Relative permittivity: 4.4

7.4.3 Simulated results

From the graph in figure 8.12, it can be clearly stated that the introduction of mod-
ulated metasurface results in decreased reflection loss. The multi-band occurrence

is due to the T-radiator etched on the upper side of the FR4 epoxy substrate.

Gain of the antenna without modulated MTS is about 3 dBi [32] whereas gain
of the proposed antenna with modulated MTS is 4.92 dBi. Therefore it is seen
that the increase in gain is about 2 dBi with the replacement of conventional
metal ground with modulated aperiodic MTS. Therefore the proposed antenna is

an efficient radiator with decreased back lobe and increased gain.
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TABLE 7.9: Antenna design parameters

Design Parameters Values (mm)
Substrate length (L) 17.5
Substrate width (W) 8.5
Substrate thickness (th) 0.8
Length of SIW (L) 3.6
Width of SIW (W3) 6
Diameter of the vias (d) 0.4
Pitch (s) 0.8
Width variation of tapered section (W;-Wy) 2.5to03
Length of first part of T-radiator (Ls) 3
Length of second part of T-radiator (Ls) 6.5
Width of T-radiator (Wy) 5
Radii of circular patches (ry, ra, r3) 0.15,0.3,0.45
Length of AMC unit cell (Ls) 3.1
Width of AMC unit cell (W5) 31
— with MTS
—— without MTS
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FIGURE 7.21: Parametric study: Reflection coeflicient of T-radiator SIW an-
tenna with and without M'TS

7.4.4 Conclusion derived

The introduction of modulated aperiodic metasurface (MTS) improves gain of the
antenna by 2 dBi and also enhances the FTBR of the antenna when compared
to the antenna with metallic ground plane. This is clearly visible in the radi-

ation pattern simulated using HFSS as shown in figure 8.13. The presence of
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FIGURE 7.22: E and H-plane fields at 24 GHz
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Fiaure 7.23: E and H-plane fields at 22 GHz

T-radiator in the antenna design is responsible for multi-band existence and SIW

along with tapered microstrip feeding ensures low reflection loss over a wide range

of frequency.
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FIGURE 7.24: E and H-plane fields at 28 GHz

TABLE 7.10: Parameters achieved in HFSS after simulation

Design Parameters | 22 GHz | 24 GHz | 28GHz
Peak directivity 5.5 5.4 6.7
Peak gain 4.85 dBi | 4.92 dBi | 4.87 dBi
Radiation efficiency 85.6% 84.6% 83.6%




Chapter 8

CONCLUDING REMARKS

8.1 PUBLICATIONS

e Publication Accepted: ”Multi-Band SIW Antenna with Modulated Meta-
surface at 5G Frequency” by Priya Suresh Nair, Amalendu Patnaik and

M.V.Kartikeyan at IEEE Indian Conference on Antenna and Propagation
(InCAP) 2018 in Hyderabad- Published.

e Publication under Pipeline: ’Millimeter Wave Dual-Band SIW An-
tenna for 5G Applications” by Priya Suresh Nair, Amalendu Patnaik
and M.V.Kartikeyan at IEEE WINTECHCON-2019 : Technical Conference

by Women in Engineering- Communicated.

8.2 NOVELTY OF THE WORK

The main objective of this work was to show the importance of metasurfaces in 5G
antenna technology. I have used metasurfaces as well as modulated metasurfaces
to show how they can be used in enhancement of antenna parameters such as
directivity, gain, radiation efficiency and FTBR. I have tried to incorporate the
parametric values of all the four designs that have been done towards the fulfillment

of this dissertation.

56
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8.3 OUTLOOK AND FUTURE SCOPE

Through this dissertation work, importance of artificially engineered structures to
enhance the antenna performance has been analyzed. Metamaterial based anten-
nas perform well for high frequency applications because of its boundary condition
that the size of the unit cell must be very small when compared to the EM wave-
length. Under MTMs, there comes metasurfaces and high impedance surfaces.
Metasurfaces provide the same characteristics as that of metamaterials but with
reduced surface area. In present day scenario where reduction in physical size is an
important consideration, MTS is the best alternative to MTM in antenna design.
High impedance surfaces are proven to be better ground plane reflectors when
compared to conductive reflectors as they reflect the entire power without phase
reversal and hence a small dipole antenna lying against HIS ground plane will not
short out. Substrate integrated waveguide technology is one which transforms non
planar to planar structures and hence allows easy PCB fabrication. SIW antennas
and arrays have gained high popularity in recent years due to the fact that wire-
less communication systems have open an era for the implementation of extremely
compact and unified systems. It is also discussed how these structures can be
used to manufacture antennas that need to work at high frequencies welcoming
the 5G technology. The main aim of this dissertation work is to design low-profile
antennas for 5G communication. The software used in simulating designs through-
out research work is HFSS (High Frequency Structure Simulator) by ANSYS. The
computational technique used by the software is Finite Element Method (FEM).
This software is preferred over other simulation softwares due to its accuracy and

user-friendly nature.

This work consists of four antennas designed at various 5G frequency bands. Their
quantitative parameters such as peak directivity, gain, radiation efficiency and po-
larization have also been mentioned. The reflection coefficient plot gives a detailed
analysis on the impedance matching of the designed antenna. Its radiation pat-
tern and co-cross polarization plots provide information about its peak directivity
and peak gain. Antenna fabrication is done using LPKF machine that uses PCB

technology.

This work has a lot of potential to be researched upon. The following lists out the

future scope of my work.
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e Developing new designs for massive MIMO, which is considered the most

suitable for 5G antenna technology.
e Developing MTS based antennas to act as polarizers.
e Introduction of H.I.S. in filter-antennas.

e Work on aperiodic nature of AMC and how it can be used to improve radi-

ation characteristics of massive MIMO.
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