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Abstract

Microstrip patch antennas are planar in nature with a radiating patch printed on the top of the
substrate and the whole structure is mounted on the ground plane. These antennas can be easily
integrated with very large scale integrated (\VVLSI) circuits. The compactness of these antennas
can be achieved by using techniques such as varying substrate thickness, stubs, slots, shorting
pins, Defective Ground Structures (DGS), Electromagnetic Bandgap Structures (EBG) and
metamaterials thereby making them suitable candidates for High Frequency (30MHz-
300MHz) communications. But these antennas are prone not only to ohmic and radiation losses
but also suffer from unstable gains and radiation patterns.

A large co-polarization radiation component is desired in conventional patch antennas
especially in beam-forming and beam switching applications. But unstable radiation patterns
and gains in patch antennas decrease the co-polarization levels and increase cross-polarization
levels. Cross-polarization levels depend on the surface current distribution of higher frequency
modes. These modes are responsible for generation of surface waves in the antennas and thus
deviating radiation from antenna boresight. Cross-polarization levels are usually reduced by
thinning the substrate thickness and/or by connecting shorting pins to the antenna. But these
techniques offer limited solution to reduce cross-polarization level in antennas. Using different
techniques mentioned in the first paragraph, the cross-polarization levels can be reduced. The
antennas for different applications such as C-band, WLAN, WMAX, X-band, K-band, Ku-
band applications etc are designed in this thesis.

In the first chapter, various types of fundamental antennas like rectangular, semi-circular,
square, oval and circular are studied analysing different performance parameters. Due to the
planar nature, these antennas radiate in z-direction due to fringing fields when they are placed
in x-y plane. The analysis of near and far fields using cavity model is discussed. Cavity model
is used to analyse the electric and magnetic fields in the fabricated antenna discussed in the
further chapters. The structures of the antenna are further modified by the above-mentioned

techniques and their performance parameters are studied in the further chapters.

In second chapter, different types of stubs loaded small antennas are designed and discussed.
These stubs loaded antennas act as solution to the problems encountered by the antennas in the
first chapter. In this chapter, a ‘L’ shaped stub loaded serpentine shaped patch antenna and a

‘L’-shaped stub and meander shaped stub loaded oval shaped patch antenna are discussed. To
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miniaturize the antennas and make them operate at lower giga-hertz frequencies, the antennas
are attached with ‘L’-shaped stubs and folded meander lines. The effect of stubs on the
antenna’s performance parameters is studied. Folded stub line loaded serpentine shaped patch
antenna possesses the simulated bandwidths of 662MHz, 1.6GHz and measured bandwidths of
660MHz and 1.52GHz. Measured gains of 3.2dBi, 5.42dBiand 5.56dBi along with the
efficiencies of 82.1%, 86.3% and 88.1% are obtained at 6.8GHz, 9.51GHz and 9.89GHz
respectively. The radiation patterns of the fabricated prototype are unidirectional E- and H-
planes at 6.8GHz. At 9.51GHz, the radiation patterns are omnidirectional in H-plane and
unidirectional in E-plane. The radiation patterns are unidirectional in E- and H-planes at
9.89GHz. Stub loaded oval ring patch antenna resonates at 6.21GHz, 9.4GHz, 16.78GHz and
25GHz. The simulated and measured values of performance parameters of the proposed
antenna are obtained. The measured gain values are observed to be 1.01dBi at 6.21 GHz, 1.2dBi
at 9.4 GHz and 5.6dBic at 16.78GHz. At 25GHz, there is a gain of 8.1dBi. The efficiencies of
60.14% is obtained at 6.21GHz, 74.3% at 9.4GHz and 78.6% at 16.78GHz. Similarly, an
efficiency of 83.64% is obtained at 25GHz. The radiation patterns of the proposed patch are
unidirectional in all the planes at 6.21GHz, 9.4GHz, 16.78GHz and 25GHz.The proposed
prototype is circularly polarized at 16.78GHz and linearly polarized at other frequencies of

operation.

Antennas discussed in the second chapter suffer from unstable gain and higher order modes.
To overcome these problems, antennas designed in the third chapter act as a solution. In this
chapter, a study on dumbbell shaped High Impedance Surfaces (HIS) is carried out. Stub loaded
oval-shaped patch antenna is mounted on dumbbell-shaped metamaterials (MTM),
electromagnetic bandgap structures (EBG), and defective ground structures and the effect of
the latter on the earlier is discussed. Effect of the ground plane on the metamaterial is discussed.
The selection of particular HIS based on the application’s requirement is discussed. These
structures are used along with the stub loaded oval-shaped patch antenna to further enhance the
performance parameters. Metamaterial antenna possesses high bandwidths in the frequency
ranges 12.72GHz — 14.23GHz (1.51GHz) and 16.52GHz — 18.71GHz (2.19GHz). EBG
mounted patch antenna is used to achieve further miniaturization and DGS mounted patch

antenna is used to achieve high gain at all its resonant frequencies.

Though HIS loaded antennas show superior performance, these antennas show degradation in
the performance when more high impedance cells are loaded in the antenna structure. The



antenna designed in the fourth chapter discusses the holistic approach to achieve the improved
performance with reasonable gain, efficiency and bandwidth. This chapter discusses the design
and analysis of ultra-wideband, dual polarized and highly efficient dual feed dumbbell shaped
patch antenna. The design of splattered ring EBG is discussed. The effects of using EBG on
the antenna and the variation in the performance parameters are described. Total dimensions
of the proposed antenna are 25 x 30 x 1.524mm?. The axial ratio of the antenna at 11.78GHz
is 2.1dB and 4dB at remaining frequencies of operation. A wide-bandwidth of 20.2GHz
(171.4%) along with a varying gain in the range of 6.21dB to 9.03dB in the range of frequencies
10.8GHz to 31GHz is achieved by the proposed structure. A wide range of efficiencies varying
from 88.34% to 91.06% is achieved. Another antenna discussed in this chapter is swastika EBG
mounted slotted antenna. This antenna is designed to radiate at 21.29GHz. The proposed
antenna is simulated using Advanced Design System-2016. Gain and bandwidth of the

proposed antenna are observed to be 11.92dB and 3.2GHz respectively.

The purpose of achieving the miniaturization at lower gigahertz range is served by the antenna
discussed in the fifth chapter. The antenna is designed by placing circular patches of different
radii along the circumference of a central circular patch and thereby forming the proposed
flower-shaped patch antenna. The design of proposed antenna is inspired from kissing circles
theorem in geometry. The proposed structure is mounted on and loaded with Double Negative
(DNG) triple Complementary Split Ring Resonator cells. The overall dimensions of the patch
are 23.5 x 16 x 1.6 mm?3. This antenna operates at 5.2GHz as well as 8.25GHz. This also owns
a wider bandwidth of 1.2 GHz (24.1%) in the ranges of 4.95 to 6.15 GHz and also a wider
bandwidth of 2.2 GHz (26.5%) in the ranges of 7.1 to 9.3 GHz. There is a gain of 3.93 dBi and
5.02 dBi observed in the frequency ranges of operation. The radiating electric, magnetic fields
and the green’s function are analysed using cavity model. The designed structure is useful for
several applications, such as WLAN, WiMAX, and ISM band.

Important parameters in modern day wireless communications are beam switching and low
cross-polarization levels. This feature cannot be achieved with the antenna discussed in the
previous chapter. Hence, chapter five provides the solution to the above requirements. This
chapter throws the light on design and analysis of a meta post loaded slotted waveguide antenna
array. The resonant frequencies of the proposed structure are 3.1GHz, 3.3GHz, and 4.1GHz.
The simulated gains of 11.3dBi, 14.1dBi and 12.6dBi are observed at these frequencies. The
proposed antenna operates in the frequency ranges of 3.01GHz to 3.12GHz, 3.2GHz to

Xi



3.44GHz and 3.91GHz to 4.45GHz. Also, the meta post loaded slotted waveguide antenna
array exhibits beam switching feature in E-plane with the side lobe level with low cross-

polarization levels.

Meta post loaded slotted array waveguide antenna is an excellent candidate for high gain
applications. But complex and bulky nature of this antenna makes it prone to high ohmic losses
and radiation deflections. Hence, stable radiation patterns cannot be achieved with these types
of structures. The solution to these problems is to design concatenated antennas as discussed
in the seventh chapter. The patch antenna presented in the second chapter is loaded on a
serpentine shaped EBG ground is described in this chapter. Here, the radiation element is an
oval shaped patch antenna and serpentine shaped patch slots are etched on the ground. Overall
dimensions of the proposed patch antenna are 18 x 18 x 0.8mm?®. The structure is miniaturized
by 89.1%. The resonant frequencies of the proposed patch are 4.28GHz, 6.15GHz, 6.78GHz
and 12.15GHz. The peak gains at the frequency of operations are 1.1dBi, 1.3dBi, 2.8dBi and

2dBi. The radiation patterns are seen to be stable at the resonant frequencies.

In miniaturized antennas, it is difficult to maintain high gain up to higher frequencies and at
the same time it is difficult to maintain stable radiation patterns. Artificial intelligence devices
must be used to direct the radiation leakages towards the antennas. These artificial devices
direct the current on the patch with improved power gain and reduce the eddy current losses.
Further, many techniques can be developed to improve the quality of communication from one
place to another by introducing MIMO, fractal antennas, superstrates, Substrate Integrated

Waveguide etc.
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CHAPTER 1

Introduction to different microstrip patch antennas

1.1. Introduction

Antennas are one of the important devices in the front and back ends of the transceivers. Many
antennas line horn antenna, helical antenna, parabolic antenna etc. are introduced to get high
data rates which are highly essential in the recent technologies. But these antennas are bulky
and cannot meet the specifications of large- scale integration. To meet the large-scale
integration requirements, microstrip antennas are used. These devices are planar and easy to
integrate. Easy integration of these antennas makes them suitable for Ultra Large Scale
Integrated (ULSI) circuits. The overall dimensions of these antennas are further optimized to
meet the higher generation communication requirements. Though these antennas enjoy various
advantages, they often prone to radiation leakage losses at the interfaces. Therefore, the
structure of conventional patch antenna is further modified by attaching radiating stubs,
inserting slots, attaching shorting pins and/ or modifying the ground plane. These modified
structures are aimed to achieve features like wide bandwidth, beam-forming, beam-switching,
high gain etc. which are essential for higher generation communication technologies. Though
these antennas fit into ULSI technology, they often suffer from high radiation spillages. To
overcome these drawbacks, slotted waveguide antenna arrays are deployed to achieve high
gains and to meet the requirements of 5G/6G technologies.

This antenna radiates through the slots which are etched on its top surface. The spacing
between two slots must be an integral multiple of guided wavelength. By choosing so, the
antenna will be free from radiation leakages. Directivity is enhanced by choosing the
dimensions and position of the slot. The dimensions and number of the slots decides the gain,
efficiency and bandwidth of the slotted waveguide antenna array. Increase in the number of
slots increase gain, and co-polarization radiation levels. Increase in the gain and co-polarization
levels may not assure stable radiation patterns in the desired directions. This unstable radiation
patterns lead to increase in the cross-polarization levels. Cross-polarization levels depend on
the surface current distribution of higher frequency modes. These modes are responsible for

generation of surface waves in the antennas and thus deviating radiation from antenna



boresight.

This chapter discusses various types of fundamental antennas like rectangular, semi- circular,
square, oval, slotted waveguide antenna array and circular are studied analyzing different
performance parameters. The analysis of near and far fields using cavity model is discussed.
Cavity model is used to analyze the fields in the fabricated antenna as discussed in the further
chapters. The structures of the antenna are further modified by the above-mentioned techniques
and their performance parameters are studied in the further chapters.

1.2.  Microstrip patch antenna

Microstrip patch antennas were first designed Deschamps in the year 1953. A microstrip
antenna consists of a metallic patch printed on a grounded substrate. However practical
antennas were fabricated only after 20 years as advanced fabrication techniques for copper or
aluminium layered dielectric substrates with different relative permittivites, thermal
conductivities, electrical conductivities and dielectric losses were introduced. The antenna
was first fabricated in the 1970’s by Howell and Munson. Aftermath many advanced
developments and designs in the field of microstrip antennas have led to diversified
applications due to their superior features over large antennas such as planar nature,
compactness, conformality with the monolithic microwave integrated circuits (MMICs). Due
to the above advantages, these antennas are implemented in vehicular and wireless
communications. These antennas are integrated in low power VLSI devices and thus making
them suitable for low power communication systems and high data rate wireless devices. The
popularity of Microstrip antennas is increasing due to their low-key nature. Hence, making
them more compatible with embedded antennas used in handheld devices. The antennas on
modern wireless devices and telemetry need to be compact and highly integrable. These are
often microstrip patch antennas which meet the above requirements. The features discussed
above make these antennas apt for space communication applications. It comprises of a
conductor which acts a radiating element printed on a dielectric substrate and the whole
structure is mounted on a ground plane. The radiating element can be of any shape depending
on the type of application.

Fringing fields in the patch contribute to the radiating fields in the patch. The electric and
magnetic fields in microstrip patch antenna are analysed by different methods. These methods
include transmission line model, cavity model and full wave analysis. Full wave analysis is

based on Finite Element Method (FEM). The transmission line model is easiest and simplest



of all, but it is less accurate. The performance of a patch antenna depends on the type of
dielectric substrate used. Usually, the relative permittivities of these substrates vary from 1 to
10. Lower dielectric constant provides higher radiation efficiency, wide bandwidth and
reasonable gain as fields are loosely confined inside the substrate. But all these features are

achieved at an expense of area of the patch.

1.3. Different types of patch antennas

In the recent times, varieties of patch antennas are proposed. Widely used patch antennas are
rectangular, circular and oval type. Ease of design and compactness of these antennas make
them suitable for many wireless applications. These antennas usually possess reasonable gain,
efficiency, bandwidth and circular polarization which is necessary in the modern wireless

communications. Different patch antennas are discussed in the further sections.

1.3.1. Rectangular patch antenna

These antennas are easy to design and integrate with VLSI systems. Apart from the above
features, these antennas are easy to analyse. A conventional rectangular microstrip patch

antenna is presented in Figure 1.1.

Patch

Microstrip line feed

Substrate
Feed position

Ground plane

Fig.1.1. Structure of rectangular microstrip patch antenna

Ground

The resonant frequency of the antenna varies with its length. The length of the antenna is

inversely proportional to the operational frequency [1].

Cc
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Frequency of the patch (fr) = (1.2)

Where ‘¢’ represents the speed of light



‘L’ represents length of the patch antenna
‘e, represents relative permittivity

The opposing edges of the patch antenna are treated as slots. These edges do not radiate as long
as the feed position is not at the centre of the edges. Thus, it is observed that a rectangular patch
is modelled as two slots fed by a transmission line. A slot is equivalent to parallel resonant tank

circuit. Figure.1.2. presents the equivalent circuit of a conventional antenna.

Fig.1.2. Lumped element equivalent of rectangular patch antenna

However, this equivalent circuit does not model mutual inductance between the two radiating
edges. Hence, this model becomes inaccurate while analysing non-rectangular patch antennas.

The input impedance of a patch is inversely proportional to its width. The width ‘W’ of the
microstrip antenna not only controls its impedance but also radiation patterns. Apart from the
parameters, the position of the feed line determines the impedance of a patch. Feed line
provides a wide range of frequencies to the antenna. The impedance or operational bandwidth
of a patch antenna is the band of frequencies for which impedance of the feed line is matched
with the input impedance of the patch. Usually, lower input impedance patches occupy higher
space. Moreover, rectangular patch antenna supports single mode. Square shaped patch
antenna offers better features like multi-frequency, multiband for the same length as that of the
rectangular patch antenna. However, conventional rectangular/ square patch antennas are not
compact at lower gigahertz frequencies. Therefore, circular patch antenna is used to achieve

miniaturization at lower gigahertz frequencies.



1.3.2. Circular patch antenna

Circular patches provide high quality factors when compared to rectangular patch antennas.
Circular patches not only possess high quality factors but also high gains and directivities.
Figure.1.3. shows the circular patch antenna.
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circular patch

Substrate
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Fig.1.3. Circular patch antenna

The resonant frequency (f.") of circular patch antenna depends on the effective radius (re) of
the patch [2].

r_ 1.8412xc
T 7 2n(re)VEr (1.2)
1
2h h 2
re=r [1 o {In (ﬁ) + (L41e, + 1.77) + 2 (0.268¢, + 1.65)}]2 (1.3)

Where ‘r’ represents the radius of the patch

‘e’ represents the relative permittivity

‘h’ represents height of the substrate.

Effective radius of the patch depends on the relative permittivity of substrate, radius of the
patch and thickness of the substrate.

Larger is the radius, lower is the resonant frequency. To reduce the space occupied by the
circular patch antenna, semi-circular patch antenna is opted. This patch operates at the same
frequency as that of circular patch antenna with half of the total area as that of circular patch
antenna. Apart from the compactness, semicircular patch antenna does not offer any other
advantages.



The antenna designed in 5™ chapter is based on the concept of circular patch antenna. This
antenna is obtained by placing a circular patch in the middle and small circular patches with
different radii around the circumference of central circular patch. Though different types of
circular patches are designed, their radii limit the bandwidth. Radius of the circular patch not
only limits the bandwidth but also limits the frequency of operation. Due to this reason, only
single mode is supported by circular patch antenna. To make circular patch antenna radiate at

multiple frequencies, oval shape patch antenna is designed.
1.3.3. Oval shape patch antenna

Oval shape patch antenna is obtained by attaching semi-circular patches at the ends and
rectangular or square patch in the middle. This antenna has multiple degrees of freedom such
as length of major and minor axis and is highly flexible. This patch antenna possesses enhanced
bandwidth. This introduces multiple frequencies of operation. This antenna is usually used for

circular polarization applications. Figure.1.4. shows the oval shaped patch antenna.

patch
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Oval patch
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Fig.1.4. Oval shaped patch antenna

The operational frequency depends on the length of major axis. The resonant frequency of the
patch is obtained from eq.1.3.

Though different shapes of conventional antennas are designed, these antennas suffer from
certain limitations such as narrow bandwidth, low efficiency, and possibility of excitation of
surface waves.

To provide the solutions to the problems faced by conventional patch antennas, different types
of stub-loaded and High Impedance Surface (HIS), SIW antennas are designed in the recent

literatures. These antennas are discussed in the literature review presented in the next section.



1.4. Literature Review

Aakash Bansal et.al. in [3]: presents a review on different feeding techniques to feed patch

antennas such as inset feed, coaxial feed and edge feed to improve antenna’s gain.

Zhan-Hong Zeng et.al. in [4]: presents a technique to reshape the surface currents, pattern
corrections and polarization reversal. Slot loading disturbs the surface currents on the patch

and thereby increasing the electrical length of each mode.

Ali I.Aabdalla et.al. in [5]: presents a square shaped slotted patch antenna. M-slot is etched on
the patch and the structure is mounted on the ground plane with rectangular slot etched on it.
The structure resonates at 2.4GHz, 4.55GHz, and 7.63GHz.

Ajay Yadav in et.al. in [6]: presents a circular patch antenna with rectangular slot DGS. The
designed antenna resonates at 5.5GHz. Stubs attached to the metallic patch makes it
polarization reconfigurable.

K.P.Ray et.al. in [7]: presents a circular patch antenna with an electrically small slot cut along
the feed axis. The slotted patch resonates at 1800MHz and 2400MHz and is deployed for GSM

and Bluetooth applications.

Amir Jafargholi et.al. in [8]: presents a capacitively loaded loop (CLL) metamaterial (MTM)
to attenuate surface waves. The patch possesses gain and efficiency of 7.8dBi and 95%i at
3.18GHz.

Hilal M. EI Misilmani,Mohammed et.al. in [9]: presents a planar slotted waveguide antenna
arrays. The antenna resonates at 3.97GHz with a peak gain of 26dBi. Slots and the waveguide

walls are displaced to control the side-lobe levels.

Wai Yan Yong et.al. in [10]: presents a bandwidth enhanced 8 x 8 cavity-backed slotted array
antenna. The antenna consists of four 2 x 2 subarrays fed by ridge gap waveguide and a
modified bow-tie coupling slot in the cavity layer. The proposed antenna resonates at 24GHz,
26GHz, 28GHz, and 30GHz. The proposed possesses a gain peak gain of 24.6dBi.

E.Baum Carl in [11]: presents a slotted waveguide antenna array with slots etched on its

sidewalls. Aa brief analysis on placement of slots, and slot dimensions is presented.



Li.J-Y. et.al. in [12]: presents a detailed mathematical analysis on radiating fields in slotted
waveguide antenna array using Metho of Moments (MoM). The variation in the radiation is

observed with the narrow-wall slots cut at various angles of inclination.

Itoh Keiichi et.al. in [13]: presents a waveguide slot antenna with dielectric lenses. Micro-
genetic algorithm (MGA) with the real-coded gene is implemented to optimize the slot length
and offset parameters. Aperture fields are observed to be uniform and side lobe levels (SLL)

are improved.

Sekretarov .S et.al. in [14]: presents a wideband slotted waveguide antenna array for X-band
applications. The longitudinal slots on the antenna are optimized to achieve improved
performace. The antenna possesses beam and gain of 4° x 6° and 30dB respectively.

Qiang Fu et.al. in [15]: presents an ultra-broad band radar cross section reduction slotted
waveguide antenna array. The waveguide is loaded orthogonal double split ring resonators.
The antenna achieved 17.81 dB at 8.68 GHz for x-polarized incidence and 21.79 dB at 6.25

GHz for y-polarized waves.

Keltouma Nouri et.al. in [16]: presents a slotted waveguide antenna array. This antenna has a
vertical row of slots along the length of a vertical waveguide, with the array of slots increasing
the gain by flattening the vertical beam. The whole array antennas including two slots and
feeding element is completely constructed at a single substrate by using substrate integrated

waveguide technique and tapered micro-strip transition.

Yousefbeigi M. et.al. in [17]: presents a 2 x 8 microstrip antenna array fed by SIW feed system.

The antenna possesses a gain of 17.9dBi in the frequency range of 17.4GHz to 18GHz.

Clauzier.S et.al. in [18]: presents a slotted waveguide antenna array possessing near-field
focused beam in E- plane. The antenna illuminates a linear array as reflect- or transmit-array
antenna with a small width (100 mm) and a very large length (1530 mm) located in the near-

field region.

G.Srivastava et.al. in [19]: presents a differential substrate integrated waveguide (SIW) antenna
with good common-mode (CM) suppression and high gain. The designed antenna uses an H-
shaped slot backed by SIW cavity and is differentially excited by two microstrip feedlines from
two opposite sides of the cavity. The differential impedance bandwidth of the proposed antenna
is 10.19-11.03 GHz with CM suppression below 2dB.



Mehmet.A.Belen et.al. in [20]: presents a brief design of octagonal and circular patch antennas.
These antennas are designed on SIW for X-band applications. These antennas possess high

gain, directivity and high degree of miniaturization.

Sama Leme et.al. in [21]: presents a SIW slot antenna fed through a cavity. The antenna
radiates in such a way that the antenna patterns are confined to the hemisphere depending on

the slot orientation from the boy and thereby affecting the directivity.

Massimiliano Casaletti et.al. in [22]: presents an SIW-based antenna utilising full wave
analysis. The antenna implements a hybrid method-of moments and mode-matching approach.
Entire-domain basis functions are chosen to minimize the number of unknowns, and an
efficient computation of Green functions for large radial distances is granted by means of a

radial-transmission-line representation.

The antennas discussed in the literature review possesses enhanced performance parameters.
Usually, these parameters are enhanced by the multiple modes supported by the patch antennas.
These multiple modes are viewed as higher order modes which usually analysed through

surface current distributions. Surface current distributions are studied using modal analysis.
1.5. Modal analysis

Modal analysis gives the surface current distribution at different frequencies at which patch
antenna resonates and the radiation pattern corresponding to these resonant frequencies. Modal
analysis or The Characteristic Modes (TCM) is an eigen value problem where the surface
current on the patch is treated as eigen vector and its value is treated as eigen value.
Characteristic modes are mathematically analysed on the copper conductor [23].

[ADE]™ =0 (1.4)

Where A is a linear operator with tan representing the tangential fields on the patch. Linear
operation of is sum of vector and scalar potentials. Vector potential is due to magnetic field

and scalar potential is due to electric field. The linear operator is given by:

A(J) = jowA() + Ad(J)) (1.5)

where A (K) and @ (K) are vector and scalar potentials respectively. The term A (K) is electric
field intensity at any point in space. This means that the operator A in (1) has the dimension of

impedance:



Imp(K) = A(K)tan (16)
The operator of space impedance Imp is complex from [1], and it can be written as,
Imp(K) = Res(K) + jReact(K) 1.7)

The characteristic current modes are obtained from the eigen value problem given by

X(Jn) = AR (T) (1.8)

where ‘Res’ and ‘React’ are resistance and reactance parts of impedance operator

Imp=Res+jReact, A, is eigen value, ]_n) is eigen function. The above relation shows the
distribution of surface currents on the patch depending on its shape. Thus, modal analysis is
useful in calculating surface currents and the corresponding radiating fields. After studying the
modal analysis, different models are discussed to analyse fields and radiating fields in the patch
antenna. Further, modal analysis is used to obtain different modes in the patch antenna designed

in chapter-2.
1.6. Analysing methods

Microstrip patch antennas are analysed using different models such as transmission line model,
cavity model and full wave analysis model which includes Finite Element Method(FEM).
Transmission model is teasy to analyse and is useful in calculating the resonant frequency of a
patch antenna. This model is inaccurate and fails for complex models of patch antennas. Cavity
model is precise of all the analysing methods and at the same time complex to compute. Full
wave models are more precise and can analyse complex models using Finite Element Method
(FEM), Method of Moments (MoM). Transmission line and cavity models are discussed in the

next section.
1.6.1. Transmission line model

As explained in the introduction section, patch antenna is treated as slotted antenna with the
slots etched along the width ‘W’ and the length ‘L’ with the thickness equal to the height of
the substrate ‘h’. Microstrip line is sandwiched between two dielectrics i.e. air and substrate.

Due to this, microstrip line become a non-homogenous transmission line as shown in figure.1.5.
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Fig.1.5. Microstrip transmission line

It is further observed from figure.1.5 that electric field spills in to the air without getting
confined to the substrate. As a result, there is a discontinuity in the magnitude of electric field
in the two media. Therefore, microstrip strip cannot support pure transverse electro-magnetic
(TEM) waves. Moreover, phase velocities of the wave are different in air and substrate. Part of
the electric field is confined inside the substrate and rest in the air. As a result, wave supported
by microstrip lines are labelled as quasi-TEM waves. Hence, an effective dielectric constant
(eeff) must be calculated taking fringing fields and fields confined in the substrate into
consideration. The value of eeff is less than relative dielectric constant (gr) because of the

discontinuity of electric fields at the air-substrate boundary.

The effective dielectric constant is obtained as:

ert+1

_ g—1 1
Eoff = — T

2 ’ h
1+12W

Where eeft IS effective dielectric constant

(1.9)

&r IS relative dielectric constant of substrate
h is the height of dielectric substrate
W is width of the microstrip line

Figure.1.6. shows a rectangular patch antenna of length ‘L’, width ‘W’ and mounted on a
substrate of height ‘h’. Patch is placed in x-y plane and facing towards z-direction. The
dominant mode in patch antenna is TM1o mode [24]. TM1o mode signifies that there is one half
wave-length variation along x-axis and no variation along y-axis. Patch antenna supports this
mode if its length is slightly less than half wavelength (A/2). Wavelength of the mode
propagating beneath the patch is equal to Ao/\eefr where Ao is the free space wavelength. Figure

1.6 shows the fringing field effect in the patch antenna. As discussed before, patch antenna is

11



represented by two slots along the width “W” i.e. in X-direction and separated by a transmission
line of length ‘L’ along y-direction. Voltage is maximum and current is minimum at the slots.

The fields are split into normal and tangential components with respect to ground plane.

y A

Patch

Ground Plane Ground Plane

/ L

X

Fig.1.6. Fringing fields in patch antenna

From figure 1.6, it is seen that components of electric fields along the widths cancel each other
as the incident and reflected electric field along the width are out of phase. This happens the
path traced by electric field is half wavelength long and hence the fields are shorted in the
broadside direction. The electric fields along length ‘L’ contribute for the radiating fields and
in the process, electric spills out of the patch. The fringing field effect increases the effective

length of the patch by a distance AL, which is given empirically as:

(eer+03)(T+0.264)

AL = 0.412h opy—0250)(Tr00) (1.10)
Lest = L +2 AL
For a given resonant frequency fo, effective length is obtained as:
Lge = ——— (1.12)
eff 2f, l_seff :
For rectangular patch antenna, resonant frequency of a TMmn mode is given as:
1

_ C m 2 n 2 E 1 12

fo=r= | + &) ] (112)
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1.6.2. Cavity model

The cavity model computes electric and magnetic fields which contribute to the radiation
mechanism of a patch antenna. This model assumes patch antenna as a rectangular or circular
cavity depending on the size of the patch. The cavity if loaded with a dielectric material. The
patch and ground layer are assumed to perfect electric conductors and the sidewalls of the

substrate as perfect magnetic conductors [25].

---- ++++

4+t

1
l

Fig.1.7. Cavity model of patch antenna

From figure 1.7, the patch is excited with a microwave source. The source imparts charges on
the top and bottom surfaces of the radiator and the ground layer. The charge dispensation is
governed by attractive and repulsive mechanisms. The attractive mechanism between lower
surface of the patch and the top of the ground plane keeps the charges intact. Repulsive
mechanism pushes the charges from bottom of the patch to the top of the patch. The charge
movement generates the current on the patch. But this current is negligible because height of
the substrate to the width of the patch ratio is small. This small ratio keeps the attractive
mechanism dominant and as a result most of the current is concentrated beneath the patch.
Thus, all the sidewalls are assumed to be perfect magnetic conductors. Therefore, TM; modes
are considered inside the cavity.

1.7. Motivation and objective of the thesis

In the modern wireless communications, there is an extensive requirement of enhanced gain,
wide bandwidth, multi-band, compactness and beam-switching. Moreover, modern day
wireless applications are demanding for high directionality and efficient antennas at sub-6GHz
band. To mee the above specifications, many methods like different patch shapes, dual feed,
slots, shorting pins are introduced. However, these methods are proven less efficient for

enhancing the performance parameters of antennas. To overcome the above problems, the
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whole antenna structure has to modified in order to meet the designer’s requirements.

The literature survey in the section 1.2 reveals that many types of antennas are designed to
obtain miniaturization, high gain, bandwidth, efficiency and radiation patterns. Though
extensive research is carried to achieve above parameters, designers are successful to some
extent. Due to the above requirements, our research work mostly concentrates on
miniaturization, multi-band, gain enhancement, efficiency improvement and beam switching
etc. with different stubs and high impedance surfaces. The following challenges are motivating

factors to conduct research work on millimeter microwave antennas:

¢ Introducing different stub loading techniques to achieve miniaturization, high gain and

multi-band feature.
% Reduce cross-polarization levels in the miniaturized antennas.

% Introduce different Electromagnetic Bandgap (EBG) structures, Metamaterials (MTMSs) to

achieve wide bandwidth

On the basis of the above factors, the main objective of this thesis is to design and analyze

different stub loaded antennas and HIS loaded antennas.

The main objectives of this thesis are listed below:

% To study the tunability in metamaterial structure i.e. minimization or maximization can
be obtained in the frequency shifting by tuning the substrate thickness and also by

changing the material of the substrate used.

s To find out the improvements and trade-offs in designing metamaterial and EBG

inspired microwave devices.

«  To utilize EBG structures in different types of microstrip patch antenna design, thereby,
improving the antenna properties such as gain, bandwidth, directivity, radiation and

antenna efficiency.

% To study the tunability in metamaterial structure i.e. minimization or maximization can
be obtained in the frequency shifting by tuning the substrate thickness and also by
changing the material of the substrate used.
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% Tosimulate the design of these antennas using CST studio simulator.

% To do comparative analysis of the results obtained from FEM based CST microwave

studio and CAD based calculations in MATLAB.

1.8. Design guidelines of the antenna

Figure 1.8: shows the work plan in flow chart format and divides the whole work into

subsections shown below:

s ldentify the type of application, choose the frequency, and select the

substrate.

% Mathematically compute the resonant frequency.

% Study the appropriate techniques to improve the performance parameters of

proposed antennas.

s Design the antennas in CST-Microwave studio and their

corresponding lumped element model in Agilent-ADS.

% Conduct parametric analysis to identify the design parameters

which effect the antenna’s performance.

s  Fabricate the antenna prototype after the antenna is

designed and studied.

< Measure and validate the results of fabricated antenna.

15



Fig.1.8. Design methodology of the proposed antennas.



1.9. Organization of the Thesis

The thesis has been divided into eight chapters which are given as:

Chapter-1: In the first chapter, various types of fundamental antennas like rectangular, semi-
circular, square, oval and circular are studied analysing different performance parameters. Due
to the planar nature, these antennas radiate in z-direction due to fringing fields when they are
placed in x-y plane. The analysis of near and far fields using cavity model is discussed. Cavity
model is used to analyse the electric and magnetic fields in the fabricated antenna discussed in
the further chapters. The structures of the antenna are further modified by the above mentioned

techniques and their performance parameters are studied in the further chapters.

Chapter-2: In second chapter, different types of stubs loaded small antennas are designed and
discussed. These stubs loaded antennas act as solution to the problems encountered by the
antennas in the first chapter. In this chapter, a ‘L’ shaped stub loaded serpentine shaped patch
antenna and a ‘L’-shaped stub and meander shaped stub loaded oval shaped patch antenna are
discussed. To miniaturize the antennas and make them operate at lower giga-hertz frequencies,
the antennas are attached with ‘L’-shaped stubs and folded meander lines. The effect of stubs

on the antenna’s performance parameters is studied.

Chapter-3: Antennas discussed in the second chapter suffer from unstable gain and higher
order modes. To overcome these problems, antennas designed in the third chapter act as a
solution. In this chapter, a study on dumbbell shaped High Impedance Surfaces (HIS) is carried
out. Stub loaded oval-shaped patch antenna is mounted on dumbbell-shaped metamaterials
(MTM), electromagnetic bandgap structures (EBG), and defective ground structures and the
effect of the latter on the earlier is discussed. Effect of the ground plane on the metamaterial is

discussed. The selection of particular HIS based on the application’s requirement is discussed.

Chapter-4: Though HIS loaded antennas discussed in the third chapter show superior
performance, these antennas show degradation in the performance when more high impedance
cells are loaded in the antenna structure. The antenna designed in the fourth chapter discusses
the holistic approach to achieve the improved performance with reasonable gain, efficiency
and bandwidth. This chapter discusses the design and analysis of ultra-wideband, dual
polarized and highly efficient dual feed dumbbell shaped patch antenna. The design of
splattered ring EBG is discussed. The effects of using EBG on the antenna and the variation in
the performance parameters are described. Total dimensions of the proposed antenna are 25 x
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30 x 1.524mm?. The axial ratio of the antenna at 11.78GHz is 2.1dB and 4dB at remaining
frequencies of operation. A wide-bandwidth of 20.2GHz (171.4%) and the gain ranging
between 6.21dB and 9.03dB in the frequency ranges of 10.8GHz to 31GHz is achieved using
the proposed structure. A wide range of efficiencies varying from 88.34% to 91.06% is
achieved. Another antenna discussed in this chapter is swastika EBG mounted slotted antenna.
This antenna is designed to radiate at 21.29GHz. The antenna is developed using ADS-2016.
Gain of the antenna is 11.29dB and bandwidth is 3.2GHz.

Chapter-5: Though the antennas discussed in the fourth chapter show superior performance,
the purpose of achieving the miniaturization at lower gigahertz range is served by the antenna
discussed in the fifth chapter. The antenna is designed by placing circular patches of different
radii along the circumference of a central circular patch and thereby forming the proposed
flower-shaped patch antenna. The design of proposed antenna is inspired from kissing circles
theorem in geometry. The proposed structure is mounted on and loaded with Double Negative
(DNG) triple Complementary Split Ring Resonator cells. The overall dimensions of the patch
are 23.5 x 16 x 1.6 mm?3. The antenna operates at 5.2GHz and 8.25GHz. This also possesses a
wider bandwidth of 1.2 GHz (24.1%) and 2.2 GHz (26.5%) in the ranges of 4.95 GHz to 6.15
GHz and 7.1GHz to 9.3 GHz respectively. The gains of 3.93 dBi and 5.02 dBi are observed in
the frequency ranges of operation. The radiating electric, magnetic fields and the green’s
function are analysed using cavity model. The designed structure is useful for several
applications, such as WLAN, WiMAX, and ISM band.

Chapter-6: Important parameters in modern day wireless communications are beam switching
and low cross-polarization levels. This feature cannot be achieved with the antenna discussed
in the previous chapter. Hence, chapter five provides the solution to the above requirements.
This chapter throws the light on design and analysis of a meta post loaded slotted array
waveguide antenna. The resonant frequencies of the proposed structure are 3.1GHz, 3.3GHz,
and 4.1GHz. The simulated gains of 11.3dBi, 14.1dBi and 12.6dBi are observed at these
frequencies. The proposed antenna is resonant in the frequency ranges of 3.01GHz to 3.12GHz,
3.2GHz to 3.44GHz and 3.91GHz to 4.45GHz. Further, the proposed meta post loaded slotted
waveguide antenna array exhibits beam switching feature in E-plane with the side lobe level

with low cross-polarization levels.

Chapter-7: Meta post loaded slotted array waveguide antenna is an excellent candidate for

high gain applications. But complex and bulky nature of this antenna makes it prone to high
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ohmic losses and radiation deflections. Hence, stable radiation patterns cannot be achieved with
these types of structures. The solution to these problems is to design concatenated antennas as
discussed in the seventh chapter. The patch antenna presented in the second chapter is loaded
on a serpentine shaped EBG ground is described in this chapter. Here, the radiation element is
an oval shaped patch antenna and serpentine shaped patch slots are etched on the ground.
Overall dimensions of the proposed patch antenna are 18 x 18 x 0.8mm3. The structure is
miniaturized by 89.1%. The resonant frequencies of the proposed patch are 4.28GHz, 6.15GHz,
6.78GHz and 12.15GHz. The peak gains at the frequency of operations are 1.1dBi, 1.3dBi,

2.8dBi and 2dBi. The radiation patterns are observed to be stable at the resonant frequencies.

Chapter-8: In the end, the eighth chapter consists of the overall conclusion and future scope
of the thesis. In this thesis, we designed various antennas like stub-loaded, EBG loaded,
Metamaterial loaded, DGS loaded antennas, meta post loaded slotted array waveguide antennas
to achieve high gain, bandwidth, stable radiation patterns and efficiency. These antennas are
designed to cover frequencies ranging from 4GHz -25GHz and will be deployed for C-band,
X-band, K-band, Ky-band, WLAN applications.

In this way, this thesis will discuss gain enhancement, miniaturization, beam switching

using stubs, DGS, metamaterials, EBG and meta posts.
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CHAPTER 2

Design of stub-loaded patch antennas

2.1 Introduction

With the technology moving towards high data rates, antennas designed in the recent times are
expected to have high gain and directionality with reasonable degree of miniaturization.
Miniaturization may degrade gain and directivity. Hence, active areas of patch antennas must
be modified many techniques are introduced in the recent times to achieve miniaturization
without degrading gain and directionality. These techniques include modification of ground
plane, introducing slots, attaching shorting pins etc. But these techniques degrade efficiency.
Stub-loaded patch antennas are suitable candidates for achieving high gain, bandwidth and

efficiency without compromising the degree of miniaturization.

Hence, stub-loaded antennas play pivotal role in the next generation wireless communication

systems.

In literature, many types of stubs loaded patch antennas are designed to improve the
performance parameters of the patch antennas [26]. Several designs have been proposed to
improve the gain and reduce the cross-polarization levels in miniaturized antennas [27]-[28].
In this work, to improve the degree of miniaturization, enhance the gain and bandwidth, two
types of stubs loaded antennas designed on RO-4003C (&=3.8) and RT/duroid-6202 (&=2.94)
are proposed. The antennas proposed in this work are:

++ Design of folded stub line loaded serpentine-shaped patch antenna.

¢+ Design of a stub loaded oval ring patch antenna.

Figure.2. presents the design methodology of the proposed antenna.
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Fig.2. Design methodology of antennas in chapter-2
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2.2. Design of folded stub line loaded serpentine-shaped Patch Antenna

Figure.2.1 presents the design of the proposed antenna. The patch is printed on a single side of
RO-4003C substrate which is 1.524 mm thick, with a relative permittivity of 3.38 and loss
tangent of 0.027. At the beginning, a basic serpentine patch antenna is fed by a 50 Q microstrip
line.lts impedance bandwidth is observed. The patch resonates at 9.61GHz. The bandwidth
obtained in this structure is not high as desired. Bandwidth of the structure is increased by
attaching strip-line and stub-line of quarter-wavelength to the antenna. Stub-line radiates at
operational frequency of 6.82GHz and strip-line radiates at resonant frequency of 10.1GHz.

The whole structure is printed on the partial ground layer with the volume of 10 x 6.5 X

0.035mm?,
L,
F-

g

RO-4003C

-
y
R

X

Fig.2.1. Structure of the designed antenna

The design features of the serpentine patch are presented in Table 2.1.

Table 2.1. Detailed dimensions of the antenna

Dimension I W lo Wy Iy
Value (mm) 3.5 2 1.5 8 2.75
Dimension w; L, wy l3 w3
Value (mm) 2 2.5 2 1 2
Dimension Ly Wy Ws lg We
Value (mm) 6.5 10 2 6.5 15
Dimension ly A ls l; wy
Value (mm) 4.25 6.5 1.5 4.5 3.5
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The proposed patch antenna resonates at four frequencies (f1, f2, and f3). First, second, and third
frequencies are 6.96GHz, 9.61GHz, and 10.1GHz respectively.

The frequency of resonance of the radiating stub segment is calculated by:

c

= — 2.1
fi T (2.1)
where :

e C represents velocity of the light,

e [, represents length of radiating stub

e c.rr represents effective dielectric constant obtained from eq.(1.9).

e &, represents the relative permittivity

e hrepresents height of the dielectric

e w represents the width of the feed line.
Similarly, the frequency of resonance of the serpentine segment is calculated by:
£, = ¢ (2.2)

2 2(lo+ll+l3+l4) lgeff ) ’
The frequency of resonance of the strip line is calculated by:
c

= 2.3

f3=5 v (2.3)

Evolution stage#1 Evolution stage#2 Proposed antenna

Fig.2.2. Development stages of the proposed antenna.

Figure.2.2 presents the development of the proposed patch antenna. The impedance bandwidth

curves of these antennas are presented in figure.2.3. The basic antenna presented in the 1%

development stage resonates at 9.65GHz with its return loss represented in blue dotted curve.
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The impedance or operational bandwidth (S11<-10dB) of 763MHz is seen in the frequency
range of (9.27GHz~10.03GHz).

0 -/.’d-_
...... ﬁ-- -.:. 7-1% 7
-10 - T~ \V/f == Evolution
L N\ ','.’ stage#1
—~ Y
m ot ]
T-20 ! —Evolution
17} :o"
3 BN ] stage#2
£ 2
S . 4
g -30 31 «++«Proposed
x ?
r_m >+ patch
: antenna
-40 :
-50
0 3 6 9 12
Frequency(GHz)

Fig.2.3. Return losses of evolution stages of proposed patch antenna

When a bent stub-line with the length equal to A/4 is attached to basic patch antenna in the 1%
evolution stage, the resultant patch operates at 6.52GHz and 9.58GHz as given in Figure 2.3
(shown as a red dotted curve). The operational bandwidths of 150MHz and 352MHz are seen
in the frequency ranges of operation. Further, a strip line added to bent stub makes the patch
antenna resonate at 6.8GHz, 9.6GHz and 10.03GHz with the impedance bandwidths 662MHz
and 1.6GHz respectively as shown in figure 2.3 (represented in green dotted curve). The
simulated and measured plots of impedance of the antenna are presented in figure. 2.4. The
resistive component of the impedance is almost 50Q in the frequency ranges of
6.6GHz~7.2GHz and 8.8GHz~10.4GHz. It can be seen that the impedances of the antenna and
feed line are perfectly matched. The reactive component of the impedance is in close proximity
to zero ohms in the resonant frequency bands. There is a concurrance between simulated and
measure values of impedances. The values of electrical elements in the model shown in figure
2.5 are extracted from the impedance plots presented in figure.2.4. Iterations and tunings are
carried on electrical elements to achieve the desired results. The simulated models in CST and

ADS are in close proxmity.
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The electrical equivalent of the antenna is presented in figure.2.5. The lumped elements (Ls,
L4, & C4) represent serpentine portion. The lumped elements (R2, Ls, Cs, & C7) represent stub-

line portion and (L1, C1, Ry, L2, C2, &C3) represent feed line portion. Cs corresponds to the gap

e Real part of impedance of the
equivalent circuit in ADS

= = Imaginary part of impedance of the
equivalent in ADS

Real part of impedance (Measured)

«+«+«Imaginary part of impedance
(Measured)

Fig.2.4. Impedance of the antenna structure
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Ry I

Fig.2.5. Electrical model of the designed antenna structure

27




capacitance between the serpentine and stub- line portions. The section (Ls, R3, &Cs)
correspond to the strip line. The reflection coefficient of the electrical model of the antenna is
presented in figure.2.6. Table.2.2 presents the optimized values of electrical elements obtained
from Agilent-ADS by tuning the lumped elements. Initially, the electrical element values are

obtained from antenna’s impedance plots presented in figure.2.4.

Table.2.2 Values of elements in electrical model of the proposed antenna.

Lumped Li(nH) | L2(nH) | Ls(nH) | La(nH) | Ls(nH) | Le(nH) | C1(pF)
element
Value 1 1.1 0.15 | 35529 | 0.27 3.6 1
Lumped C2(pF) | C3(pF) | Ca(pF) | Cs(pF) | Ce(pF) | C7(pF) | Cs(pF)
element
Value 0.66 0.786 4 0.968 0.1 20 0.3
Lumped R1(2) | R2(2) | R3()
element
Value 40 59.25 19
0 -
2 RSN
-4
- B3
g-lo ;;
E'lz E .'
-14 ' .:.
-16
-18
1 3 5 7 9 11
Frequency(GHz)

Fig.2.6. Return loss of electrical model

The circuit exhibits resonance at 6.72GHz, 9.61GHz, and 10.05GHz. An operational
bandwidth of 1.61GHz is seen in the frequency band of 8.8GHz~10.04GHz.
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2.2.1 Parametric Analysis

The performance parameters of the serpentine antenna depend on various design features of
the antenna. The area of the antenna and the radiating stubs play vital role in achieving the
desired performance parameters. The variation in the reflection coefficient with the change in
various parameters of the designed antenna is observed through simulations in CST. The
observations are studied through parametric analysis. Figure 2.7.(a) presents the impact of the
length of the antenna on the impedance bandwidth. When the length is 2mm, the patch
resonates at 6.81GHz and 10.69GHz. The impedance bandwidths in the band are 312MHz and
1.2GHz. When the section length is increased to 3mm, the proposed patch resonates at
6.79GHz, 9.52GHz and 10.81GHz. The impedance bandwidths in the operational bands are
512MHz, 451MHz and 856MHz. Increase in the length of the patch to 5mm pushes the
resonant frequencies to 6.83GHz, 9.72GHz and 10.5GHz with the impedance bandwidths of
631MHz and 1.41GHz respectively. Further increase in the antenna length deteriorates the
operational bandwidth. Therefore, there is a need for optimization of the length (I) of the
serpentine portion, which is optimized and found to be 4.25mm.

0 /%‘-N‘\
5 RN
N
"y
10 “\ /
%\-15 511
%20
- = =|=5mm
c o
§ 25 ==-|=3mm
& _30 ..... |:2mm
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Lengths of the stub-line and strip-line highly impact the operational bandwidth of the designed
antenna. The length of the radiating stub-line is altered from 4mm to 6mm to observe the
change in the impedance bandwidth of the antenna. Figure 2.7.(b) presents the change in the
return loss with the alteration in the length of the stub-line. When the length is 4mm, the
antenna radiates at 6.81GHz and 9.43GHz with impedance bandwidths of 611MHz and
223MHz respectively. A 1mm increase in the stub length makes the patch antenna resonates
at 6.81GHz, 9.02GHz and 9.82GHz with the bandwidths of 612MHz, 435MHz and 1.25GHz
respectively. When the length is further increased to 6mm, the patch operates at 6.8GHz,
9.62GHz and 9.83GHz. The impedance bandwidths observed in the operational bands are
640MHz, 72MHz and 1.23GHz. Further increment in the stub length produces undesired

results and hence, those results are not presented. Hence, the stub length is optimized to 6.5mm.
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Figure 2.7.(c) presents the variation in the impedance bandwidth with the change in the strip
line length. When the strip line length is 3mm, the patch resonates at 6.66GHz and 9.87GHz
with the impedance bandwidths of 223MHz and 760MHz respectively. If the length of the
strip line is increased to 4mm then the patch antenna resonates at 6.62GHz and 9.8GHz
respectively. The patch antenna possesses impedance bandwidths of 110MHz and 664MHz.
When the length is further increased to 5mm, the patch radiates at 6.5GHz and 10.62GHz with

(b)

impedance bandwidths of 212MHz and 1.1GHz respectively.

Figure 2.7.(d) presents the impact of dimension of the ground plane particularly its length over
the impedance bandwidth. When the length is 7mm, the patch radiates at 10.16GHz having the

31

0
L X A
I’; P —~ - -~ Y \\\
-2 l’l \ N o™ )
/ \ P4 \ ’”~
it \ 4 oA
e ¥ 7 \ /
g N “ [
5 . V4 '
g Ny !
- \, = =Lg=7mm
E -8 ==-Lg=8mm
& —Lg=9mm
-10
-12 v
-14
0 6 9 12
Frequency(GHz)
(d)




impedance bandwidth of 276MHz. If the length is changed to 8mm then the patch antenna
operates at 10.21GHz with the bandwidth of 271MHz. If the ground plane length is increased
to 9mm then impedance bandwidth is 312MHz. Further increase in the length of the ground
produces higher modes and hence, those results are not presented in this section. Figure 2.7.(e)
presents the change in the operational bandwidth with the variation in the width of the
serpentine section. When the width of the serpentine section is 1mm, the antenna resonates at
9.42GHz with the impedance bandwidth of 1.1GHz. If the width is increased to 2mm then the
antenna resonates at 9.42GHz with the impedance bandwidth of 186MHz. If the width of the
serpentine section is further increased to 4mm then the patch antenna resonates at 8.02GHz and
9.44GHz with the impedance bandwidth of 1.49GHz.
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()
The variation in the return loss is studied by changing the width of the designed antenna. The
area of the designed antenna varies with change in the width of the antenna. The impact of
variation in the area of the patch on the impedance bandwidth is studied and analysed. When
the patch area is 117mm?, the antenna resonates at 7.63GHz, 9.65GHz and 11.72GHz with the
impedance bandwidths of 312MHz, 176MHz and 1GHz respectively. When the active area of
the patch is 104mm?, the antenna resonates at 8.32GHz and 10.82GHz with the impedance
bandwidths of 1.01GHz and 412MHz respectively. When the active area of the patch is 96mm?,
the antenna resonates at 8.51GHz and 10.93GHz with the operational bandwidths of 1.19GHz
and 232MHz respectively. Further reduction in the area of the patch produces undesired results

and hence, those results are not presented in this chapter.
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Fig.2.7. (a). Impact of the length of serpentine section over the impedance bandwidth of patch antenna.(b). Impact
of length of the stub-line over the impedance bandwidth of the antenna. (c). Impact of length of strip line on the
impedance bandwidth of the proposed antenna. (d). Impact of length of the ground plane on the impedance
bandwidth of the proposed antenna. (). Impact of width of serpentine section on the impedance bandwidth of the
proposed antenna. (f). Impact of the overall active area of the patch on the return loss of the proposed antenna.
(9). Impact of the gap between the serpentine portion and the stub-line section on the impedance bandwidth of the
proposed antenna.

The change in the magnitude of the return loss is analysed by changing the gap between the
serpentine section and the radiating bent stub-line. When the gap is 0.25mm, the patch radiates
at 9GHz with the impedance bandwidth of 89MHz.When the gap is increased to 0.5mm, the
patch radiates at 6.62GHz, 9.73GHz and 10.77GHz with the impedance bandwidths of
101MHz, 623MHz and 712MHz respectively. When the gap is further increased to 0.75mm,

33



the patch antenna radiates at 6.62GHz, 9.62GHz and 10.76GHz with the impedance
bandwidths of 101MHz, 712MHz and 801MHz respectively.

2.2.2  Outcomes and Disquisitions

The antenna is devised and fabricated with parameters obtained in table.2.1. Figure 2.8 presents
the fabricated antenna. Figure.2.9 presents the results of impedance bandwidths of the
developed prototype. The measured results are in close proximity with the simulated results.
The minor variations are due to structural discontinuities, the quality of the feed and any
fabrication inaccuracies. The operational bandwidths of the antenna are 602.1MHz and 1.52
GHz in the bands of 6.6GHz~7.21GHz and 8.84GHz ~10.36GHz respectively. The resonant

frequencies are further studied with the help of current distributions.
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Fig.2.9. Return losses of the designed antenna
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Figure.2.10 presents the current densities at resonant frequencies. It is seen that current density
is confined on the radiating lines and ground plane at 6.8GHz. At 9.51GHz, surface current is
diverted towards serpentine segment and the magnitude of current on the ground layer is

decreased. At 9.89GHz, the surface current is concentrated on the strip line.
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Fig.2.10. Surface current densities over the antenna (left) and ground plane (right)

(). 6.8 GHz. (b).9.51 GHz (c). 9.89 GHz

Figure.2.11 presents the efficiencies of the designed antenna. Efficiencies are observed to be
varying between 81.6% to 88.4%. Efficiency is constant across the frequency bands of

operation.
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Fig.2.11. Efficiencies of the patch antenna

Figure.2.12 presents the plots of peak gains of the designed antenna. The gains are observed to
be ranging from 3.34dBi to 5.6dBi with the peak gains ranging from 3.2dBi to 5.56dBi across
the frequency bands of operation.
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Fig.2.12. Gains of the patch antenna
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The antenna patterns corresponding to all the radiating planes are simulated in CST-Microwave
Studio and measurement is accomplished using double-ridge horn as the testing antenna.
Antenna patterns in E- and H-planes at 6.8GHz, 9.51GHz, and 9.89GHz are presented in
figures 2.13.(a), 2.13.(b), and 2.13.(c) respectively. The antenna patterns in E- and H-planes at
6.82GHz are unidirectional. At 9.51GHz, the radiation patterns in E-plane are unidirectional
and the antenna patterns in H-plane are omnidirectional. The antenna patterns are unidirectional
in both the radiating planes at 9.89GHz. The cross-polarization levels of -8dB and -8.78dB are
observed at 6.8GHz. Higher values of cross-polarization at 6.8GHz is due to the propagation
of spurious modes in the patch. At 9.51GHz, cross-polarization levels of -13.2dB and -14.38dB
are observed in the E- and H-planes. At 9.89GHz, cross-polarization levels of -14.6dB and -
14.08dB are observed in the E- and H-planes. The difference in simulated and measured results

is due to human and measurement equipment errors.
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Fig.2.13. Co- and cross-polarization plots of the designed antenna at (a).6.8GHz (b).9.51GHz. (c).9.89GHz

The present design is weighed up with the antennas in the existing literature resonating in C-

and X-bands. Table 2.2 presents the detailed contrast between the present design and the

preceding designs. This possesses improved performance parameters compared to that of

existing antennas. The volume proposed antenna structure is 198.12mm? with an active area of

70.74mm?.
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Table 2.3. Weighing up the patch antenna with some existing at C, and X-band

Ref | Dimension | Volume | Active | Frequencies | Gain | Bandwidth | Efficiency | Application
(mm?3) (mm?3) | area of (GHz) (dBi) | (MHz) (%) (s)
the
patch
(mm?)
[29] 27.31 X 1625.4 | 1021.3 | 3.9&8.9 8.15 Not Not C-and X-
37.4x1.58 94 Mentioned | Mentioned bands
[30] 20 x 15 x 450 300 5.8 2.78 621 Not C-band
1.5 Mentioned
[31] 16 x 18 x 460.8 77 747 & 5.46 | 400 & 190 Not C- and X-
1.6 11.01 &4.6 Mentioned bands
5
[32] 32.015 x 1639.93 | 1024.9 9 6.5 2500 Not X-band
32.015 x 6 Mentioned
1.6
[33] | 14.3x14.3 | 408.98 56.8 8.96, 14.4, | 6.32, | 650, 800, 80.91, C-and X-
X2 & 18.97 6.32, & 1420 80.91, & bands
& 80.91
6.32
[34] 25.6 X 967.88 | 466.17 9.19, & 1.44, 540, & 68.9, & X-band
23.63x 1.6 6 10.82 & 1600 71.2
2.03
[35] 40.29 x 111359 | 1414.1 | 7.75,9.72 & | 5.59, | 180, 270 & 84.14, C-and X-
35.1x0.78 79 11.92 6.67 300 85.6 & band
& 86.3
3.72
[36] | 30x30x3 2700 400 9.5 4.46 1560 81.1 X-band
[37] 35x 30 1680 450 10.3 7.62 2110 83.2 X-band
x1.6
[38] 28.33 X 1420.57 | 793.21 | 9.96, 10.81, | 3.32, | 470, 590, Not X-band
31.34x1.6 & 11.56 2.84, & 420 Mentioned
&
1.16
[39] 20 x 20 x 80 80 7.5 0.59 1500 Not C-band
0.2 Mentioned
[40] 20x 17.2 550.4 344 8.95,11.06 | 4.45, | 450, 1010 90.90, X-band
x1.6 & 11.85 3.99, & 450 87.89 &
& 88.32
4.17
[41] 40 x 40 x 2650 1600 10.25 & 4.31 1590 78.8 X-band
1.6 11.54
This 10x 13 198.12 | 70.74 | 6.8,951& | 3.2, | 660.2and | 82.1,86.3 | C-and X-
work x1.524 9.89 5.41 1600 & 88.1 bands
&
5.56
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2.3. Design of a stub loaded oval ring patch antenna

Figure.2.14.(a) shows the design of the proposed patch antenna. The patch is printed on one
side of RT/Duroid-6202 substrate (er = 2.94) and having thickness of 1.524 mm. Initially, a
basic oval ring patch antenna is excited through a microstrip feed line having an impedance of
50Q. The impedance bandwidth is observed after the patch is excited. The patch resonates at
30GHz. The bandwidth obtained in this structure is as high as 2.2GHz but the required
miniaturization is not achieved in this design. An enlarged bandwidth is achieved by attaching
two L-stubs and folded meander line of quarter wavelength to the oval ring patch. The required
multi-band and wide-bandwidth features are achieved by attaching the stubs to oval ring patch
antenna. L- shaped stub lines radiate at operational frequency of 6.12GHz and 9.42GHz. Folded
meander line stub resonates at 15.6GHz. The developed structure possesses a total volume of
10 x 12 x 0.035mm?,

[l,
Wig
<>
A RT/duroid-6202
y
lls Irs
v X

Fig.2.14.(a). Structure of the designed antenna

Figure.2.14.(b) shows the fabricated prototype.
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Fig.2.14.(b). Fabricated prototype

Table.2.4 presents the optimized design values of the proposed antenna structure.

Table 2.4. Detailed design values of the designed antenna

Dimension La Wa ln ln ln
Value(mm) 6 4 3.25 2 0.75
Dimension L Wi W Wrg Wiy
Value(mm) 0.5 0.5 1 1 1
Dimension L,y w, Wi Wi s
Value(mm) 12 10 1 1 55
Dimension [, s l w Wy
Value(mm) 7.75 25 2.5 1 0.5
Dimension w, L, Win

Value(mm) 1 1 1.5

The proposed patch antenna resonates at four frequencies (f1, f2, f3, and f4). First, second,
third, and fourth frequencies are 6.12GHz, 9.42GHz, 15.6GHz, and 25GHz respectively.

The resonant frequency of the radiating stub line is calculated by:

- ¢
fl_ 4(lys)\/€eff (24)

e L./ isthe length of the right stub

Similarly, the resonant frequency of the radiating stub section is calculated by:
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c
= ¢ 2.5
f2 4(115)\/ Eeff ( )
The frequency of the radiating meander line is calculated by:
fi= = (2.6)
3 4(lm) [€eff '
The frequency of the oval ring is calculated by:
fis (2.7)
Y no)ersEerf '
Where ‘1, is the perimeter of the oval ring
1
2
logsy = Lo l1 + (5 [In (5) + (1416, + 1.77) + (0265, + 1.65)” (2.8)
Antenna#l Antenna#2 Antenna#3 Antenna#4 Proposed Antenna

(@)
Figure.2.15.(a) Stages of development of the patch antenna. Figure.2.15.(b) represents the
impedance bandwidth plots of development stages of the antenna. Initially, an oval shaped
patch antenna as denoted by antenna#1 is designed and simulated. This antenna resonates at
25.5GHz and 30GHz as plotted in red. Impedance bandwidths of 1.1GHz and 1.52GHz are
seen in the frequency ranges of (25GHz~26.1GHz) and (28.52GHz~30GHz).
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Antenna#2 is evolved by etching the inner circumference of the antenna presented in the first
stage. The antenna evolved resonates at 30GHz with the impedance bandwidth of 2.2GHz
Antenna#3 is evolved by attaching folded meander line stub to the antenna presented in stage-
2. This antenna resonates at 21.63GHz and 26.5GHz with the impedance bandwidths of
4.1GHz (18.53GHz~22.63GHz) and 3.23GHz (25GHz~28.23GHz). Next stage of antenna is
formed by attaching stub to the left side of the design as presented in stage 3. The antenna thus
formed is named as antenna#4. This antenna resonates at 18.6GHz, 27.1GHz and 30GHz. This
exhibit operational bandwidths of 2.23GHz (17.5GHz~19.7GHz) and 8.1GHz
(21.9GHz~30GHz). Proposed antenna is evolved by attaching another L-shaped stub to the
right side to the structure as presented in stage-4. The antenna operates at 6.12GHz, 9.42GHz,
15.6GHz and 25GHz. It possesses impedance bandwidths of 321MHz (5.97GHz~6.29GHz),
684MHz  (9.32GHz~9.98GHz), 430MHz  (15.71GHz~16.01GHz) and 3.3GHz
(23.5GHz~26.8GHz). Figure. 2.15.(c) shows the variations of input impedance of the designed
antenna structure with the frequency. The input impedance is observed through simulations
and measured after the fabrication. The values of the resistive part of input impedance are close
to 50Q2 in the frequency ranges 5.57GHz~6.29GHz, 9.32GHz~9.98GHz, 15.71GHz~16.01GHz
and 23.5GHz~26.8GHz respectively. Thus showing that the required reflectionless matching
is achieved in the band of interest. The values of reactance part of input impedance are close
to zero in the frequency ranges of 5.57GHz~6.29GHz, 9.32GHz~9.98GHz,
15.71GHz~16.01GHz, and 23.5GHz~26.8GHz. The simulated and measured values of input
impedance are in close agreement. Electrical models are helpful in analysing the multiband

feature in antennas [42-43]. The values of lumped elements as shown in figure 2.15.(d) are
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obtained from input impedance plots. The resistive impedance of electrical model is
approximately 50Q in the frequency ranges 5.57GHz~6.29GHz, 9.32GHz~9.98GHz,
15.71GHz~16.01GHz and 23.5GHz~26.8GHz. Whereas, the reactive impedance is in close
proximity to zero in the desired frequency ranges. The impedance plots of lumped element

equivalent are in close proximity with that of impedance plots of the designed antenna

structure.
1515 = =-Real part of input impedance in
CST(simulated)
. - Imagir_lary part of input impedance in
1010 + CST(simulated)
[ )
= l: ‘ = = -Real part of input impedance of the
' :. [ lumped element model in ADS
505 : 1 = _ I
\ = =-Imaginary part of input impedance of
g |‘ the lumped element model in ADS
<
@] 0 A ., AR} = = -Real part of input impedance
i — (measured)
¥ Frdg uenhﬁ
; ¢ q ' = =-|maginary part of input impedance
505 ', 4 .: Y (measured)
[
! \
H '
-1010 !
(©
R, Im Lm Ly Ly
_/\%
Cis c

Lf — Feedline mmped element section

Folded meander line lmumped element section
= ———  Riglt stub line lumped element section

Left stub line lumped element section

(d)
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Figure 2.15.(d) represents the electrical model of the proposed antenna structure. The electrical
elements (Ro, Lo, & Co) represent oval portion. The electrical elements (Ris, Lj,Ljs, Cs,C/s, and
Cjs') represent stub-line portion attached to the left side of the oval ring and the electrical
elements (Rys, Ly, LY, Crs,Cls, and C)Y) represent right stub-line section. (Ry, Lf, & Cy)
corresponds to feed line section. The section (Rm, Ly, Lm,Lm, Ly Cm,Cm,Cri' @and Cy,'")
represent the meander stub. Figure 2.15.(e) presents the operational bandwidth plot of the
electrical model as presented in figure 2.15.(d). Table 2.5 presents the values of R-L-C
elements in the electrical model. The intial values of the electrical elements are acquired from
the input impedance plots simulated in CST-microwave studio. The electrical model is

simulated in ADS after optimizing the lumped element values using ADS schematic tuner.

0 7 =
\
i [ ] v\
V1ol I i
e Vo 4 '
TR \ Vi
~ W i 1 il
3 o ¥ "
= ! [ "
: I !
2-10 4 '|| 0]
£ h ' ]
= 4 i '
D
o
-15 }
-20
0 5 10 15 20 25 30
Frequency(GHz)

(€
Fig.2.15.(a). Stages of development of the patch antenna. (b). Impedance bandwidth plots of development stages

of the antenna. (c). Input impedance of the antenna and its electrical model. (d). An equivalent electrical model
of the patch antenna (e). Impedance bandwidth of the electrical model in ADS.

In the plot shown in the figure 2.15.(e), resonant frequencies are observed at 6.21GHz,
9.61GHz, 15.73GHz and 25.63GHz with the impedance bandwidths of 313.1MHz, 423MHz,
419MHz and 1.31GHz respectively. Table 2.5 shows the values of elements of electrical model
of the design.

Table.2.5 Values of electrical elements in the electrical model.
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Electrical R#(€2) Ro(2) | Ris(®2) | Rrs(2) | Rm(Q) | Le(nH) Ct(pF)
element

Value 0.1 10 150 30 4 3.6 0.24
Electrical | Lo(nH) | Co(pF) | Lis(nH) | Lis(nH) | Cx(pF) | Cis(PF) | Cis' (PF)
element

Value 10 50 5 0.8 1.22 6 0.13
Electrical | Lys(nH) | Lis(nH) | Crs(PF) | Crs(PF) | Crs (PF) | Lin(nH) | Liy(nH)
element

Value 5 1.34 0.36 0.94 0.576 0.422 0.408
Electrical | Liy(nH) | Lin'(nH) | CL(pF) | Cm(PF) | Ci (PF) | Crt' (PF)

element

Value 0.5 0.69 0.1 0.1 0.5 0.24

2.3.1 Parametric analysis

The multiband feature in the developed design is affected by the dimensions of the stubs
especially their lengths (lis & Irs) and the meander line (Im). Figure 2.16.(a), 2.16.(b) and 2.16.(c)
shows the variation of operational bandwidth of the designed antenna with the change in the
design aspects of the antenna. The variation in the impedance bandwidth is observed by varying
resonant length of the meander line from 3mm to 7mm. The proposed patch antenna resonates
at 14.92GHz for the length of 3mm. The patch antenna resonates at 15.31GHz if the length is
5mm. The patch exhibits reflection co-efficient of -20.2dB at the said frequency. If length of
the meander stub line is further increased to 6mm, the developed antenna operates at 15.52GHz.
The patch antenna possesses return loss of -18.62dB at the resonant frequency. The patch
resonates at 15.66GHz for the meander line length of 7mm. The patch possesses return loss of

-18.12dB at the operational frequency.

0 -
10 -Meander line length = 3mm
g
\g -Meander line length = 5mm
4
£ -20
2 -Meander line length = 6mm
o
-Meander line length = 7mm
-30
-40
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= =-Left Stub length = 5mm

= =-Left Stub length = 6mm

Return Loss(dB)

-20

==-Left Stub length =7mm

-30

Frequency(GHz)

(b)
Figure.2.16.(b) presents the influence of stub length ({;;) on the operational bandwidth of the
structure. The left stub length is tuned from 4mm to 7mm. With the left stub dimension fixed
at 4mm, the proposed patch resonates at 10.1GHz. This possesses reflection co-efficient of -
12.58dB at the operational frequency. With the left stub dimension fixed at 5mm, the proposed
patch resonates at 9.89GHz. With the left stub dimension fixed at 6mm, the proposed patch
resonates at 8.2GHz. With the left stub dimension fixed at 7mm, the proposed patch resonates
at 8.01GHz. From the above analysis, it can be inferred for [;; of 5.5 mm, better results are
obtained. Moreover, the fluctuation in the stub length deviates resonant frequencies namely
6.12GHz, 15.6GHz and 25GHz because of high capacitive loading between [, 1,15, and 1.
Figure 2.16.(c) presents the impedance bandwidth plots of antenna for various L,.; values from
6 to 8mm. With the stub length (,.) fixed at 6mm, the antenna radiates at 7.35GHz and having
reflection coefficient of -32.58dB. With the stub length (l,) fixed at 7mm, the designed
structure radiates at 6.31GHz with the reflection co-efficient of -18.52dB. With the stub length
(L-¢) fixed at 8mm, the antenna radiates at 6.03GHz with the reflection co-efficient of -22.72dB.
The deviation in the operational frequencies is because of high capacitive loading between ,,,

Ly, and .
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Fig.2.16.(a). Impact of length of the meander line on the impedance bandwidth of the antenna. (b). Impact of
length of the left stub on the impedance bandwidth of the antenna (c). Impact of length of the right stub on the
impedance bandwidth of the antenna

2.3.2. Outcomes and Disquisitions

The proposed prototype is devised in CST Microwave Studio and fabricated with parameters
obtained in table.2.4. Figure 2.8 presents the fabricated antenna. Figure.2.9 presents the results
of the impedance bandwidth. Both the results simulated and measured are in acceptable
proximity. However, the variation in the simulated and measured results is because of
fabrication, connector and substrate disruptions. The proposed patch resonates at 6.21GHz,
9.42GHz, 16.78GHz, and 25.4GHz. The designed antenna exhibits bandwidths of 315MHz
(6.06GHz~6.31GHz), 671MHz (9.12GHz~9.79GHz), 441MHz (16.62GHz~17.29GHz), and
3.21GHz (24.4GHz~27.6GHz).
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Fig.2.17. Impedance bandwidths of the stub loaded oval ring patch antenna

Figure 2.18 presents the surface current densities at 6.12GHz, 9.4GHz, 15.6GHz and 25GHz.
At 6.12GHz, maximum current is directed along the right stub and a part is directed towards
the oval ring and the ground layer. It is seen that current density is diverted towards the bent
radiating stub at 6.8GHz and a significant magnitude of surface current is diverted towards the
ground layer. At 9.4GHz, surface current is diverted towards the right stub and some part is
directed towards ground layer. At 15.6GHz, the current in the right radiating stub is diverted

towards meander line. At 25GHz, the surface current is distributed along the circumference of

oval ring.
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Fig.2.18. Surface current distributions of the proposed patch antenna at 6.12GHz, 9.4GHz, 15.6GHz and 25GHz
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Fig.2.19. Simulated and measured efficiencies of the proposed patch antenna
Figure.2.19 presents the efficiency plots of stub loaded oval ring patch antenna. Efficiency is
measured using antenna measurement set-up. Radiation efficiencies ranging from 60.14% to
78.6% are obtained at 6.21GHz, 9.4GHz, and 16.78GHz. Efficiency of 83.64% is obtained at
25GHz.
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Fig.2.20. Gains of the stub loaded oval ring patch antenna.

The proposed antenna possesses peak gains in the operating bands as presented in figure.2.20.
The gains vary from 1.1dBi to 8.09dBi at the operational frequencies. The simulated and

measured gains are in close proximity with little deviation.
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Fig.2.21. Simulated and measured axial ratios of the proposed patch antenna
The plots of axial ratio are presented in figure.2.21. At 6.21GHz, 9.4GHz, and 16.78GHz,
measured axial ratio values are obtained as 11.02dB, 8.22dB, and 2.1dB. At 25GHz, simulated
axial ratio of 13.65dB is observed. Axial ratio bandwidth of 1.82GHz is measured in the band
of 15GHz~16.82GHz. In the remaining frequency ranges of operation, the proposed patch

antenna possesses linear polarization. The patch possesses Right Hand Circular Polarization

(RHCP) in the operational band of 15GHz~16.82GHz.
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Antenna measurement system comprises of double-ridged horn antenna. Figure.2.22.(a)
presents the measured antenna patterns in radiating planes at 6.21GHz. The radiation patterns
in these planes are unidirectional. Figure.2.22.(b) presents the measured antenna patterns in
radiating planes at 9.4GHz. The radiation patterns are unidirectional in both the planes. The
antenna patterns of the antenna at 9.4GHz are presented in figure.2.22.(b). Both the radiating
planes possesses antenna patterns of unidirectional type at 9.4GHz. Figure.2.22.(c) presents the
measured antenna patterns in the radiating planes at 16.78GHz. The radiation patterns are
unidirectional in shaped in E- and H-planes. Figure.2.22.(d) presents the antenna patterns at
25GHz. The measured antenna patterns are not shown due to the unavailability of anechoic
chamber beyond 20GHz. E- and H-planes at this frequency possess unidirectional radiation
patterns. Simulated and measured antenna patterns are in close proximity with high tolerance

in measurement equipment.
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Fig.2.22. The antenna patterns at (a).6.21GHz (b).9.4GHz. (c).16.78GHz (d).25GHz
The increase in the cross-polarization levels is due to the propagation of undesired modes in
the antenna structure. These spurious modes are responsible for the radiation leakages and
distortions in the radiation patterns. At higher frequencies, the magnitude of cross-polarization
levels is high in the antenna boresight as patch supports high frequency excitations in the form
of higher propagation modes. The antenna is rested in the x-y plane and pointing towards z-
axis shorts Transverse Electric modes (TE) and thereby supporting only TM modes. The
supportive Transverse magnetic modes (TM) are obtained from the cavity model analysis as
described in the preceding chapter. The higher order TM modes are solely responsible for
radiation in unwanted directions. Resonance plots of the designed antenna are presented in
figure.2.23. These higher order modes distort radiation patterns and increase cross-polarization

levels. At the same time, higher order modes enhance performance parameters like bandwidth
in the desired frequency range.
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Fig.2.23. Resonant peaks of the designed antenna
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Figure.2.24 presents the different propagation modes supported by the designed patch antenna.
The supporting modes are obtained in CST-MW studio using Eigen mode solver. These modes

are in close proximity with that of the modes presented in the resonance plots.
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Fig.2.24. Modes observed using Eigen mode solver in CST MW-Studio.

The performance designed antenna are compared with that of preceding radiators at C-, X-,
Ku-, and K-bands. From table.2.6, it is inferred that the developed structure shows superior
performance than the antennas with good degree of miniaturization in the recent literatures.
The design is miniaturized and has a total volume of 182.88mm?. Further, the radiating area on

the antenna is reduced to 70mm?(excluding feed line) and 90mm?(including feed line).
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Table.2.6. Weighing up the proposed antenna with the existing ones

Ref Dimensions | Volume | Area Peak Frequencies Applications
(mm?3) (mmd) | ofthe | Gain(s) (GHz2)
patch | (dBi/dBic)
(mm?)
[44] 8x8x2702 | 172.8 64 8 16 & 30 K- and K-band
[45] 8x16x1.6 204.8 128 | 3.8,83& 8.7,164 & X-, Ky- and K-band
8.4 19.6
[46] 20x 20 630 400 187 & 15.56 & 20.41 K- and K-band
x1.575 3.87
[47] 24x18x 1.6 | 691.2 168 |2.033-7.7 491, 7.76, WiIMAX, WLAN, 5
12.72 & 29.3 | GHz U-NII, C-band,
X-band, Ky-band,
K-band and Ka-
band
[48] 18 x 20 x1.58 | 568.8 77 4.91 115& 125 X- and Ky-band
[49] 40 x 35 X 2667 1400 203 & 13&18.1 Ky- and K-band
1.905 3.65
[50] 20 x 20 x 314.8 400 6.96 45,7,9,12,15 | C-, WLAN, X- and
0.787 & 18 Ky-band
[51] 37.21x28.89 | 1719.9 | 1074.9 9.2 11.37,12.13, X-and Ky-band
X 1.6 9 9 13.14 & 14.66
[52] 15x15x 1.6 360 225 1.56 8.8, 10.8, 13.02 X-and Ky-band
& 15.23
[53] 80x90x 1.6 | 11520 | 1430 | Not 11.44,13.178, | X-, Ky- and K-band
mentioned | 15.482, 19.902
& 23.529
[54] 24.6 x 22.15 | 1089.7 | 544.89 9.6 8.5, 17.7, 20, GPS, WLAN and
X2 8 23.7 & 30 military
[55] 11x15x1.6 264 165 | 1.65,1.26, | 6.3,7.1,7.5, C-, X-, Ky- and K-
2.4,3.2, 8.7,12.8, band
4.57,4.03 17&21.3
[56] 95x796x | 143.67 | 7562 | 4.8,6.42 | 15.33,17.61& K- and Ky-band
1.9 8 & 3.9 18.9
[57] 28.8x28.8x | 663.55 | 92.16 6.60 & 9.56 & 14.46 X-and Ku-band
0.8 2 5.80
[58] 20x20x 1.6 640 100 1.6-4.2 12.38 & 14.40 Ku-band
[59] 20x20x 1.6 640 400 Not 6.18, 8.52, 14.7 Mobile, Fixed-
mentioned &17.71 Satellite (Earth-to-
space),
Radiolocation
[60] 20x14x 1.5 420 80 6.2 16.8 K- and Ky-band
[61] 20x20x 1.6 640 400 8.5 15.4 K- and Ky-band
[62] 14 x20x 1.6 448 280 7.8 17.75 Ky-band
This work 10 x 12 x 182.88 70 1.1,1.23, 6.21,9.42, C-, X-, Ku- and K-
1.524 581 &8.1 16.78 & 25 band
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2.4. Conclusion

In this chapter, two types of antennas namely stub loaded serpentine patch antenna and stub
loaded oval ring patch antenna are designed and analysed. These antennas are compact and

possesses enhanced performance parameters.

The serpentine antenna with folded stubs possesses the simulated bandwidths of 662MHz,
1.6GHz and measured bandwidths of 660MHz and 1.52GHz. Measured gains of 3.2dBi,
5.42dBi and 5.56dBi along with the efficiencies of 82.1%, 86.3% and 88.1% are obtained at
the resonant frequencies. The radiation patterns in all the planes are unidirectional at 6.8GHz.
At 9.51GHz, omni-directional patterns are noticed in H-plane and unidirectional in E-plane. At
9.89GHz, unidirectional antenna patterns are noticed in all the radiating planes.

Stub loaded oval ring patch antenna resonates at 6.21GHz, 9.4GHz, 16.78GHz and 25GHz.
Gains ranging from 1.01dBi to 8.1dBi are observed in the frequencies of resonance. The
efficiencies ranging from 60.12% to 78.56% are obtained at the frequencies of operation. An
efficiency of 83.64% is noticed at 25GHz. The antenna patterns are unidirectional in all the
radiating planes at 6.21GHz, 9.4GHz, 16.78GHz and 25GHz. The designed structure is

circularly polarized at 16.78GHz and linearly polarized at other frequencies of operation.

The performance parameters of the stub loaded antennas are further improved by using High

Impedance Surfaces (HIS) which are discussed in the next chapter.
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CHAPTER 3

Study and analysis of different dumbbell shaped high impedance
surfaces

3.1. Introduction

In the last chapter, different stub-loaded patch antennas are discussed for obtaining reasonable
gain, high bandwidth, and efficiency. These antennas possessed less active area with improved
directionality. In the same chapter, higher modes which contribute to the enhancement of gain

are analysed using modal analysis as discussed in chapter-1.

Stub-loaded antennas in the previous chapter suffered from low gains and high cross
polarization levels. Stub-loaded in oval ring patch antenna supports higher order modes. These
unwanted modes merge with the frequency of operation and a strong coupling occurs between
these two. Due to which, power is coupled between the frequencies. This coupling reduces
gains at the desired frequencies with the magnitude of cross-polarization being high. To
overcome these problems, patch and/ or ground plane are loaded with Artificial Magnetic
Conductor (AMC) [63]-[65]. In this chapter, a study on dumbbell shaped High Impedance
Surfaces (HIS)/ AMC is conducted. oval-shaped antenna with radiating stubs is loaded with
dumbbell-shaped metamaterials (MTM), electromagnetic bandgap structures (EBG), and
defective ground structures and the effect of the latter on the earlier is discussed. The effect
area of the ground layer on the metamaterial inspired structure is discussed. The selection of

particular HIS based on the application’s requirement is discussed.

Literature survey reveals, based on different HIS loaded antennas for improving antenna’s

performance parameters [66-81].
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3.2. Literature survey

Debajyoti Chatterjee et.al. in [66] — presents an antenna loaded with slot and 3 x 3 SRR
metamaterial for gain enhancement. The gain is highly improved with the implementation of

metamaterial surface.

Parul Dawar et.al. in [67] — presents a miniaturized patch antenna loaded with 2-segment SRR
metamaterial and operates at 4GHz. A miniaturization of 600% is achieved with the proposed

metamaterial.

Parul Dawar et.al. in [68] — presents a meander strip line metamaterial loaded patch antenna
resonating at 3.85GHz with degree of miniaturization of 84%. The designed patch antenna

possesses a gain of 3dB.

Parul Dawar et.al. in [69] — presents a ‘S’-shaped metamaterial loaded rectangular microstrip
patch antenna having bandwidth of 4.7THz and peak gain of 3.79dBi.

Parul Dawar et.al. in [70] — presents a fractal antenna loaded with 4 x 4 ‘U-T’ shaped
metamaterial array. The antenna resonates at 7.5GHz with gain and directivity enhancement of

18% and 24% respectively.

Parul Dawar et.al. in [71] —presents a swastika metamaterial loaded patch antenna resonating
at 3.85 THz. A miniaturization degree of 44% is achieved along with the proposed antenna
resonating at 2.5THz and 1.9THz. The proposed patch exhibits bandwidth enhancement by
400%.

N.S.Raghava et.al. in [72] — presents a rectangular microstrip antenna printed on a square
slotted EBG surface. This antenna resonates at 2.45GHz and possesses gain and efficiency of
4.63dBi and 96.53% respectively.

N.S.Raghava et.al. in [73] — presents a patch antenna mounted on cross-slotted EBG structure.

This antenna resonates at 2.586GHz. This further possesses efficiency of 99.06%.

Anand Kumar et.al. in [74] — presents a metamaterial antenna loaded with multi-layered EBG
surface comprising of metallic grids. This structure resonates at 11GHz. The gain is improved
from gain to 5.64dBi to 9.21dBi.
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Raimi Dewan et.al. in [75] — presents an antenna array loaded with EBG surface and exhibiting
dual band feature. The characteristic of reconfigurability is achieved with the help EBG and
the switching in the antenna pattern is observed. The antenna is reconfigurable in the first band
I.e. 2.4GHz while keeping the second band i.e. 5.8GHz intact.

Kirti Inamdar et.al. in [76] — presents a patch antenna loaded with 3 x 3 criss-cross shaped
metamaterial array. This structure resonates at 6GHz and its bandwidth is improved by 86.6%.

The structure possesses gain of 4.61dBi.

A.Chaudary et.al. in [77] — presents a hexagonal shaped EBG surface loaded patch antenna.
An airgap of 10.5mm is introduced between the patch and the ground layer. An improvement
of 74% is achieved in the efficiency when compared to conventional microstrip patch antenna.
Along with the efficiency, gain and directivity also improved by 10.5dB and 2dB respectively.

N.S.Raghava et.al. in [78] — presents a multilayer E-shaped antenna possessing improved
efficiency and directivity. Aa 16% improvement in the gain and efficiency is observed with
the proposed antenna. Both gain and efficiency of this modified antenna is increased by 16%.
An enhancement in the bandwidth by 10.5% is obtained after the introduction oef EBG

structure.

N.S.Raghava et.al. in [79] — presents a patch antenna stacked with the help of shorting pins and
loaded on electromagnetic bandgap surface (EBG) which plays the role of a high impedance
surface. The EBG surface comprises of square slots etched on the ground plane. The gain is
enhanced by introducing reflector surface at a height of 8.5mm below the ground plane. The
structure resonates at 2.57GHz and possesses gain and directivity of 3.46dBi and 4.64dBi
respectively.

Karteek Viswanadha et.al. [80] — presents a multiband patch antenna loaded with radiating
stubs. The designed antenna possesses operational bandwidth at the resonant frequency of
6.21GHz(315MHz), 9.4GHz(671MHz), 16.78GHz(441MHz), and 25GHz(3.21GHz) from the
accomplished measurements. It is an apt candidate for various advanced and existing
communications like C-band (4GHz-8GHz), X-band communications (8GHz-10GHz), K-
band communications (16GHz-17GHz), and higher band communications especially K-band
(24GHz-27.3GHz).

59



Rothwell, E. J. et.al in [81] — presents a Nicolson—Ross—Weir method to study S-parameters of

different High Impedance Surfaces. This further presents the correlation of the complex part

with the real part of refractive index, when the media impedance is either resistive or reactive.

The literature survey presented above on different HIS loaded patch antennas provided

motivation to conduct study on oval shaped patch antenna loaded with dumbbell shaped HIS.
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Fig.3. Design and study of antennas proposed in chapter-3
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3.3.  Oval shaped patch antenna loaded with stubs

The oval ring patch antenna designed in the preceding chapter is used as a reference to study
its performance parameters when loaded with different High Impedance surfaces (HIS).

Figure.3.1 shows the stub loaded oval shaped patch antenna.

Fig.3.1. The geometry of the proposed patch antenna
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3.3.1. Proposed high impedance surfaces

1mm
0.2Zmm + >
[}
m 2man

2.5mm

(b)

©

Fig.3.2.Proposed a. Metamaterials. b. EBG slots .c. DGS

Figure.3.2 shows the proposed structures. The antenna is loaded on a ground layer with the
total volume of 10 x 6 x 0.035mm?. The proposed oval patch antenna is loaded with 24
metamaterial cells. The reason for choosing 24 metamaterial cells is discussed in the parametric
analysis section. Table.3.1 shows the design aspects of the designed unit metamaterial cell
along with the vertical and horizontal spacings between two cells. The introduction of
metamaterials not only miniaturizes the patch antenna but also introduces the multi-band

feature.
Table.3.1 Dimensions of the proposed unit metamaterial cell
Parameter d, d, L, W, a a, Un W
Value(mm) 0.2 1.2 2 1 0.75 0.2 1.5 0.5

An oval patch antenna is loaded with EBG surface (full ground plane with the dimensions of
10 x 12 x 0.035mm?) to study its performance characteristics. Final design is arrived by etching
14 EBG slots on the ground layer. The reason for etching 14 EBG cells is discussed in the

parametric analysis section. To further study the change in the performance parameters, stub
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loaded patch antenna is mounted on a dumbbell-shaped Defective Ground Structure (DGS)
(full ground plane with the total volume of 10 x 12 x 0.035mm?3). The change in the return loss

is studied by varying the total area of a DGS slot.
3.4. Study of different design aspects

This segment deals with the variation of impedance bandwidth and operational frequencies of
the oval shaped antenna with the metamaterial cells, EBG slots and the dimensions of a DGS
slot. Figure.3.3.(a) presents the variation in the impedance bandwidth with the number of
metamaterials. A decrease in the number of metamaterials decreases bandwidths in two bands
circled with brown and black dotted ovals. The decrease in the number of metamaterial cells
not only deteriorates bandwidth in the desired frequency bands but also shifts operational
frequencies. Additional resonant frequencies are introduced if 8 metamaterial cells are
introduced (as circled with a green dotted oval). Therefore, the number of metamaterial cells
are optimized to 24 to achieve better results.
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Fig.3.3.(a). Variation of return loss with the number of metamaterials

Figure.3.3.(b) presents the variation in the operational bandwidth with the EBG slots. With the
decrease in the EBG cells, the operational frequency shifts towards higher frequencies.
Therefore, the EBG slots are optimized to 14.
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Fig.3.3.(b). Variation of return loss with the number of EBG slots
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Fig.3.3.(c). Variation of return loss with the dimensions of the DGS slot.

Fig.3.3.(c). presents the variation in the impedance bandwidth with the dimensions of the DGS
slot. Reducing the dimensions of the DGS slot not only decreases degree of miniaturization but
also diminishes the multiband feature of the oval patch antenna. Hence, the dimensions of the
DGS slot are optimized to 9mm x 5mm
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3.5. Performance analysis of the proposed antenna structures

l_ .
)| ==- Metamaterials
(Partial ground)

Return Loss(dB)

. ==-<Metamaterials

| (Full ground)

Frequency(GHz)

Fig.3.4. Return losses of the oval patch antenna with the proposed high impedance surfaces.

Figure.3.4 presents the operational bandwidths of the designed prototype loaded with
metamaterials, EBG and DGS surfaces. When the oval patch is loaded with metamaterials, the
structure resonates at 4.92GHz, 7.7GHz, 13.88GHz, 16.78GHz and 18.18GHz. The patch
antenna not only retained its multiband characteristics but also enhanced its bandwidth in the
frequency ranges of 12.72GHz — 14.23GHz (1.51GHz) and 16.52GHz — 18.71GHz (2.19GHz).
When antenna is loaded with the EBG ground plane, it resonates at 4.74GHz, 9.62GHz, and
16.59GHz. Miniaturization of the patch antenna is improved. A basic stub loaded oval patch
antenna with the dimensions of 7.5 x 9mm? has a lower resonant frequency of 6.12GHz and
the same antenna when loaded with the designed EBG surface possesses the lower resonant
frequency of 4.74GHz. Miniaturization of 74% is achieved with the basic patch antenna.
Miniaturization is further improved to 84% after loading EBG surface. DGS loaded structure
operates at 6.83GHz, 8.85GHz, and 15.01GHz. Bandwidth is highly reduced in the
corresponding frequency bands. Conventional patch antenna resonates at 9.1GHz and
16.23GHz. The full ground plane shifts the resonant frequencies to a higher frequency range
and reduces the gain. Therefore, the results are not presented in this chapter. Figure.3.5 presents

the surface currents of metamaterial loaded, DGS and EBG mounted patch antenna. For
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metamaterial antenna, the current is confined to the antenna, partial ground, and a part of the
current is diverted towards metamaterials. As the frequency increases, the current is fully
concentrated in metamaterials. When the EBG ground is loaded, the current is confined to the
antenna and the EBG layer at a lower frequency. As the frequency increases, the current is
confined to the stubs and center of the EBG ground layer. For the DGS mounted antenna, the

current is concentrated on the stubs. With the increase in the frequency, the current is maximum
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Fig.3.5. Surface currents with metamaterials at a. 4.92GHz. b. 7.7GHz. c. 13.88GHz. d. 16.78GHz. e. 18.18GHz.
Surface currents with EBG ground plane at f. 4.74GHz. g. 9.62GHz. h. 16.59GHz. Surface currents with DGS
ground plane at i. 6.83GHz. j. 8.85GHz. k. 15.01GHz.

Figure.3.6 presents the real and complex parts of permittivity and permeability which act as
propagating parameters to calculate phase velocity. The propagating paranmeters are calculated
with the help of Nicolson-Ross-Weir technque. The above technique is implemented in such a
way that S-parameters are extracted from CST software and further,the calculations are carried
out in MATLAB [81]. Permittivity is negative at 4.91GHz, 7.61GHz, 13.1GHz, 16.43GHz,
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and 19.1GHz. Similarly, permeability is negative at 4.81GHz, 7.71GHz, 13.1GHz, and
Epsilon Negative (ENG) at higher frequencies.

16.38GHz. The proposed dumbbell metamaterial converts from Double Negative (DNG) to

Fig.3.6. Real and imaginary parts of permittivity and permeability
67

] e
~ ] £
L g 7 &
: o @ 5
1 I " B
1 I I I
R o
R T S - Y R T A -
s i P
”f.? : | |
I T T T N R T ”
: S o
R T R R A e e s _ :
BT SOV T e
T A A h.1..,..._..-#...._ | 1] gk
oL W S S g
....r.-_ ~aL ER o 8
PR SR N A S AL, _Nglwl!
R I Bt PN e - R R -
RN L g |
L O R S S A A A g
|1 | _sgg=pm-FoerEs stzzbachas | CTToTeesessIsfnacen—
~wwsssssiag==tosmo=r==s | I
el I H- : . : : .
I N IR S A L
A T O e O O O T o
Y B
S T —
—tt et 2 g S g
7 8 8 8 8 2 B m_ m_“ m.__. m_“ Amquenre,j



40 N _,“‘_.‘ ....... o g -
PR N | |
||\ ‘o l':“ 'I:\
no A i i
30 - — V4o —— L T T N P :
1'1\ \T _!‘\ -'rl:ﬂ‘i‘- :!Tvl'\ ! | = =Metamaterials
— ' . '. . .
g R il Ty Vo | - -EBG
g 20 '—"--‘—--"‘---—I.--\—--_ﬂf_m.u_ef]ky(GF&.fi_| ..... “.._I...'[A.‘ ...... .i
= 1\ l‘ Vo Y b |"\ D\ :
= AN S
g Vot !’,\‘(',' AN ;A\! ,,l\ WA | -=-DGS
\
o Lad o L v Hosy fM N
“q1 T P : -
UG RTINS
b A \ é
\{ Y ‘I | I\ ! !\\:/\\’/!
v ) . .
0 | < | | | |
0 4 8 12 16 20

Fig.3.7. Axial ratios of oval patch antenna loaded/mounted with/on different structures

Figure.3.7 presents the axial ratio plots of different structures. Metamaterial inspired oval patch
antenna is right-handed circularly polarized (Axial Ratio < 2dB) at 4.36GHz and 13.88GHz. It
is elliptically polarized at 7.87GHz and 17.21GHz and linearly polarized at remaining
frequencies. EBG ground plane is loaded to the antenna, it possesses circular polarization at
16.43GHz. When DGS slot is introduced on the ground layer, antenna exhibits elliptical

polarization.
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Fig.3.8. Radiation patterns of proposed antenna structures

Figure.3.8 presents the antenna patterns of Metamaterial-, EBG- and DGS-oval shaped patch
antennas at their corresponding resonant frequencies. Metamaterial antenna resonates at
4.92GHz, 7.7GHz, 13.88GHz, 16.78GHz and 18.18GHz with the gains of 1.4dBic, 1.42dBi,
2.65dBic, 2.31dBi and 2.89dBi respectively. EBG-antenna resonates at 4.74GHz, 9.62GHz,
and 16.59GHz with gains of 1.45dBi, 2.6dBi, and 2.85dBic respectively. DGS-antenna
resonates at 6.83GHz, 8.85GHz, and 15.01GHz with the gains of 3.21dBi, 3.3.1dBi, and

4.38dBi respectively. Radiation patterns are unidirectional in all the planes.

Table.3.2 presents a weighing up of performance parameters of the designed antenna with the
preceding. A suitable structure is chosen depending on the specifications of an application.

Metamaterial antenna is chosen if high bandwidth and the multi-band is required for an
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application. EBG-antenna is chosen if any further miniaturization of the oval patch antenna is

required. DGS-antenna is chosen if a high gain is required for an application.

Table.3.2 Detailed contrast between the performance specifications of the designed antenna
and preceding antenna

Type of antenna Miniaturization | Resonant frequencies Peak Gain Bandwidth
(%) (GHz) (dBi/dBic) (GHz)
[2] 25 4 4.99 2
[3] 25 3.85 3 Not mentioned
[5] 81 4.3 7.2 1
[6] 75 7 9.1 0.761
[7] 35 75 0.67 Not mentioned
[8] 72 8.5,17.7,20,23.7 & 9.6 3
30
[18] 74 6.12,9.4,16.75& 25 | 1.1,1.34,5.7278.1 | 0.315,0.671, 0.441
&3.21
Metamaterial 81.2 4.92,7.7,13.88,16.78 | 1.42,1.48, 2.8, 2.45 02,031,151 &
loaded & 18.18 &3 2.19
EBG-mounted 84 4.74,9.62 & 16.59 15,27&29 0.12,0.29 & 0.36
DGS-mounted 71.6 6.83,8.85 & 15.01 3.3,345&45 0.19,1.2&0.43

3.6. Conclusion

Performance characteristics of various patch antennas are studied. Dumbbell shapes structures
(Metamaterials, EBG, and DGS) are promising enough to achieve miniaturization, high
bandwidth, and gain. These structures are used along with the oval ring patch antenna loaded
with radiating stubs to further enhance the performance parameters. Metamaterial antenna
possesses high bandwidths in the frequency ranges 12.72GHz — 14.23GHz (1.51GHz) and
16.52GHz — 18.71GHz (2.19GHz). EBG mounted patch antenna is used to achieve further
miniaturization and DGS mounted patch antenna is used to achieve high gain at all its resonant
frequencies. These structures are used in various applications of satellite applications ranging
from C-band to K-band. Further, the study of HIS in the present chapter is used as basis to

design the antennas described in the fourth chapter.
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CHAPTER 4

Design and analysis of different ultra-wide bandwidth
Electromagnetic Bandgap structures mounted antennas

4.1. Introduction

In the last chapter, study on various dumbbell HIS was conducted to observe the variation in
the different performance aspects of the oval ring antenna loaded with stubs. The study drew a
brief comparison between various dumbbell HIS. Apart from the comparison, the study briefly
presented the impact of these structures on different performance aspects of the oval ring
antenna loaded with stubs. This study furthers provides flexibility to the designer to choose the

appropriate structure to meet the application’s specifications.

Conventional planar monopole antennas have low gain and efficiency and might not be suitable
due to these limitations. To overcome these limitations, electromagnetic bandgap (EBG)
structures act as an alternative to enhance throughput of antennas. Electromagnetic Bandgap

structures are one of the high impedance surfaces which improve bandwidth of antennas.

Use of large number of EBG slots on the ground layer limits the bandwidth. This low
bandwidth problem was approached in a systematic manner. Hence, to achieve high bandwidth
without degradation in gain the antennas in [82-86] are designed to remove all these
shortcomings. Literature survey reveals, there are several research attempts to enhance

bandwidth using EBG structures in different types of antennas [87-96].

This chapter discusses about the enhancement of bandwidth of antennas using different EBG

structures. This chapter discusses two different types of antennas.

% Design of a EBG loaded ultra-wideband dual feed dumb-bell patch antenna.
%+ Design of a EBG loaded double split ring slotted antenna.
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Fig.4. Design methodology of the proposed antennas in chapter-4.
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4.2. Design of a EBG loaded ultra-wideband dual feed dumb-bell patch
antenna

The evolution stages of the developed prototype are presented in figure.4.1. The evolution

stages present the proposal procedure of the designed antenna.

T

Evolution stage#1  Evolution stage#2 Evolution stage#3

Fig.4.1. Development stages of the designed antenna

The operational bandwidth of the developed antenna is improved over the antennas presented
in development stage-1 and development stage-2. The improvement is discussed through the
impedance bandwidth curves presented in figure.4.2. Further addition of feed to the dumbbell
patch yields undesired results. Hence, the triple feed design and its results are not presented in

this chapter.
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Fig. 4.2. Return loss curves of the evolution stages of the proposed patch

The development of the proposed antenna is studied through impedance bandwidth plots as
presented in figure.4.2. The single dumbbell antenna as presented in the 1% development stage

operates at 13.27GHz, 23.89GHz and 30GHz as presented in curve represented in purple. The
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impedance bandwidths of 102.2MHz, 212.62MHz and 1.89GHz are noticed in the operational
frequency bands. The antenna in the 2" development stage resonates at 12.01GHz, 18GHz and
30GHz with the operational bandwidths of 2.62GHz, 4.72GHz and 2.14GHz in the operational
frequency ranges as represented in dotted red graph. The designed antenna operates at
11.78GHz, 15.3GHz, 21GHz and 29GHz. It possesses an impedance bandwidth of 20.2GHz in
the frequencies ranging from 10.8GHz to 31GHz. The whole structure is printed on a foam
substrate (¢,,=1.01) with the total volume of 25mm x 30mm x 0.762mm?3. The antenna printed
on the foam substrate is further loaded on the RT-Rogers-6202(lossy) substrate (e,.=2.94)
having height of 0.762mm. The area of the patch is 12 x 16mm? with the overall volume of
ground plane being 25 x 30 x 0.035mm?®. The antenna is mounted on foam substrate (& = 1.01)
and RT-6202 (r = 2.94). The multilayer substrates are used in this design to achieve the desired
ultra-wide bandwidth along with the enhanced gain without distorting the radiation patterns.
The detailed design of the proposed patch antenna is presented in figure.4.3. The two dumbbells
on designed to radiate at two different frequencies. The right patch is devised to be functional
at 15.2GHz and left patch is devised to be functional at 11.5GHz. The equivalent dielectric

2 Efoam*ERT—-6202

constant (g, = ( )) is 1.49. Subsequently, the effective permittivity is obtained

Efoam+ERT-6202
as 1.1. The antenna is fed with quarter wavelength microstrip lines with dual feed to achieve
circular polarization in the proposed antenna structure [97]. Hair pin line structure is used as a
basis to implement the proposed splattered ring EBG structure. 132 EBG slots are etched on
the ground plane with the portion beneath the patch remaining unetched. The dimensions of
the ring and the spacing between the EBG cells is proportional to the performance

specifications of the proposed antenna structure. Overall dimensions of the EBG cell are a

fraction of operational wavelength. Horizontal and vertical spacings between the rings are %

and % respectively. The number of EBG cells used on the ground plane has to be limited to

suppress the surface waves and avoid the degradation of impedance bandwidth. Reduction in
the EBG cells degrades efficiency and gain. This yields undesired results and therefore, these

results are not presented in this chapter.
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Fig.4.4. Electrical model of the proposed EBG structure.

The electrical model of the implemented EBG cell is presented in figure.4.4. Gap capacitance
of the upper ring is modelled as Ccoupled. The lumped elements Li-Ls, L -Lj, C1-Cs and C;-Cs

are efficacious in the operation frequency band. The purpose of Ls-Cs, Le-Cs, L3-C5 and Li-Cs
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is to reduce radiation leakages and improve the antenna’s bandwidth. Periodic placement of

the equivalent circuits reduces surface waves and improves bandwidth.

4.2.1 Outcomes and disquisitions

The impedance bandwidths of the proposed patch antenna before and after loading of EBG

structure is presented in figure.4.5.
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Fig.4.5. Plot of reflection co-efficient with and without EBG

Basic antenna radiates at 11.78GHz and 18.1GHz. It is characterised by the bandwidths of
112MHz and 1.92GHz in the frequencies ranging from 11.724GHz~11.836GHz and
16.6GHz~18.52GHz respectively. The designed antenna operates at 11.78GHz, 15.3GHz,
21GHz and 29GHz. The antenna is further characterised by a wide-bandwidth of 20.2GHz in

the operational frequency ranges. By loading the antenna with the proposed EBG, the
bandwidth is enhanced.
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Fig.4.6. Impact of EBG structure on the efficiency.

The efficiencies of the EBG mounted antenna and the basic antenna are presented in figure.4.6.
Without EBG, the efficiencies are nearly constant with the peak efficiency of 93% and having
the deviation of +2.2% in the bands of 11.724GHz to 11.836GHz and 16.6GHz to 18.52GHz.
When the dumbbell patch is loaded on the EBG ground plane, the efficiencies fluctuate with
the deviation of +6.6% and having peak efficiency of 92.1% in the operation frequency range.

The efficiency deteriorates with the enhancement in the impedance bandwidth.
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Fig.4.7. Impact of EBG structure on the gain.

The gains of EBG loaded dumbbell patch antenna and basic dumbbell patch antenna are
presented in figure.4.7. Basic dumbbell patch antenna possesses the gain ranging from 7.75dB
to 9.19dB and 6.59dB to 7.22dB at the frequencies of operation as that of the developed
antenna. The gain of the designed antenna ranges from 6.18dB to 9dB in the operational
frequency range. The decrease in the efficiency degrades the gain. Figure.4.8 presents the
variation in the axial ratio before and after loading the EBG structure. Basic dumbbell patch
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antenna is linearly polarized. The antenna possesses elliptical and linear polarizations in the
frequencies of operation. The introduction of EBG structure makes the dumbbell antenna

circularly polarized with the axial ratios of 2.1dB at 11.78GHz. The antenna possesses circular,
elliptical and linear polarizations at the designed frequencies.
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Fig.4.8. Impact of EBG structure on the axial ratio.

The antenna patterns in the radiating planes are simulated and presented. The antenna patterns
in all the radiating planes at 11.78GHz are presented in figure.4.9.(a). The patterns are
unidirectional in all the planes. The antenna patterns at 15.3GHz are illustrated using
figure.4.9.(b). The antenna patterns are unidirectional in all the radiating planes. The antenna
patterns in all the planes at 21GHz is illustrated using figure.4.9.(c). The antenna radiates
unidirectionally in all the radiating planes. The antenna patterns at 29GHz are presented in

figure.4.9.(d). These are unidirectional in all the radiating planes. The developed antenna
exhibits stable antenna patterns of radiation at frequencies of operation.
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Fig.4.10. Distribution of surface current densities at (a).11.78GHz. (b).15.3GHz. (c).21GHz. (d).29GHz

The surface current distributions at all the operational frequencies are presented in
figure.4.10(a), 4.10.(b), 4.10.(c), and 4.10.(d). At 11.78GHz, the current is directed towards the

dumbbells and some part of current is confined to feed lines and ground layer. At 15.3GHz,

current is mostly confined to the EBG ground plane. At 21GHz and 29GHz, current is directed

towards ground plane due to propagation of higher order modes. Hence, EBG ground plane

plays a pivotal role in the band of 20GHz~31GHz.
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The detailed contrast between the developed prototype and the preceding ultra-wideband

antennas is presented in table.4.1. From the comparison, we can infer that the developed

antenna is superior in all the performance aspects.

Table.4.1. Weighing up the present work with the existing ultra-wideband antennas

Ref Area Peak Gain Bandwidth Peak
(mm?) (dB) (GHz) Efficiency
(%)
[98] 300 4.5 21.52 68
[99] 300 4.1 10.57 711
[100] 500 4.9 14.2 74
[101] 750 5.2 11.9 Not
Mentioned
[102] 900 5.6 10.1 Not
Mentioned
[103] 625 12 17.1 91.6
Proposed antenna 192 9.01 20.2 91.06
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4.3. Design of a EBG loaded double split ring slotted antenna

A patch antenna with five split rings i.e. four at the corners and one at the centre has been
designed. Figure 4.11.(a) shows the dimensions of the ring which are obtained as 0.11mm and
0.01mm respectively. The spacing (s;) of two rings is 0.127mm and the spacing (s) between
the ring and the base is 0.127mm. The height of the rings (h) from the base is taken as 0.2mm.
The slot acts as a band pass filter since the spacing between the rings is equivalent to an inductor
and the width of the slot is equivalent to a capacitor. The dimensions of the patch are obtained
as 7.7 mm and 11.81 mm. The inset feed of length (I,;) 6mm is attached to the antenna. Figure
1(b) shows the designed double split ring slotted antenna. The whole device is mounted on the
ground plane on RT Rogers 5880 (&,.=2.2) with the height of 2.5 mm. The developed prototype
possesses and electrical length of 0.88811,x 0.72981,,. Double split ring slotted patch antenna
presented in the figure 4.11.(b) is designed to operate at 24.4 GHz.
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Fig.4.11.(a). Double split ring slot. (b). Double split ring slotted patch
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Fig.4.12.(a).Double split ring slotted antenna with swastika EBG.(b).Swastika slot

Figure.4.12.(a) shows the double spilt ring slotted antenna mounted on the ground plane etched
with swastika shape slots commonly known as Electromagnetic Bandgap Structures (EBG).
The proposed EBG structure is designed with total of 20 slots leaving the portion below the
unetched portion. The dimensions of the ground plane are obtained as 29.525mm and 19.25mm
respectively. As shown in figure.4.12 (b), the dimensions of the whole swastika slot are
obtained as 2.5mm and 3.5mm respectively. Gap (X, z) between the vertically parallel arms are
obtained as 0.4mm and 0.6mm respectively. Width (s") of all the arms of the slot is taken as
0.5mm. Spacing (y, u) between the horizontally parallel arms is chosen to be Imm and 1mm
respectively. Spacing (s,) between two swastikas is taken as 0.75mm. Slotted patch is loaded
exactly above the unetched portion of the EBG structure for the best results.

The electric model of a swastika slot is presented in figure.4.13.
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Fig.4.13. Electrical model of swastika slot

The system function of the model shown in figure.4.13 is given by:

2LL1$4(C(C1+C2)+C1C2)+52 (Ll(C1+C2)+LC)+1 (4 1)

H(s) =
( ) (LCL1C154+SZ(LC+L1C1)+1)C25

The approximate resonant frequencies of the slot are obtained as:

’ 1 "o_ 1

Wo = Tic & wo = JI:Cy
Resonant frequencies are calculated by assuming that swastika is symmetrical. As the proposed

swastika is asymmetrical, the two resonant frequencies will coincide and thus making the EBG

structure highly selective.
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4.3.1. Outcomes and disquisitions

The antenna structure is developed through the simulations accomplished in ADS-2016

momentum and figure.4.14 presents the structure of the designed structure in radiating mode.

Fig.4.14. 3-D model of the proposed antenna.

Figure.4.15 presents the magnitude and phase plots of return losses.
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Fig.4.15. Magnitude and phase plots of reflection coefficient

Figure.4.16 shows the 2-D pattern of gain, directivity, electric and magnetic far fields.
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Fig.4.16. 2-D pattern of all the parameters of the proposed antenna

Figure.4.17 presents antenna patterns of the developed antenna structure and dual switched
beams with dough-nut shaped pattern are observed
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(' Antenna Parameters

Frequency (GHz) 1%
Input power (Watts) 0.00584795
Radiated power (Watts) 0,00584795
Directivity(dB) 119278
(Gain (dBi) 119278
Radition efficiency (%) 100
Maximum intensity (Watts/Steradian) 0,00725398
Effective angle (Steradians) 0.806172
Angle of U Max (theta, phi) 63 146

E(theta) max (mag,phase) 230511 91,457
E(ph) max (mag,phase) 0.389955 +14.8655
E(x) max (mag,phase) 0.942374 101,562
E(y) max (mag,phase) 0,599293 -123,095
E(2) max (mag,phase) 20587 88,5543

Fig.4.17. 3-D radiation pattern of the antenna

The slot dimensions are varied using ADS-2016 momentum to layout converter cum tuner. The
performance parameters are deteriorated with the 1% variations in the dimensions of the

swastika slot. Table.4.2 presents the performance aspects of the developed prototype.

Table.4.2. Performance parameters of the proposed antenna

Gain Bandwidth Directivity Efficiency
(dB) (GH2) (dB) (%)
11.92 3.2 11.92 100
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4.4. Conclusions

In this chapter, two types of patch antennas loaded with splattered ring EBG structure and

swastika shape EBG structure are designed and studied.

Overall volume of dumbbell is antenna is 25 x 30 x 1.524 mm?. The antenna exhibits a wide
impedance bandwidth with the frequencies ranging from 10.8GHz to 31GHz. The antenna
patterns are steady throughout the operational frequency range. A peak radiation efficiency of
91.06% is noticed in the operational frequency band. The developed antenna is an apt candidate
for high bandwidth and data rate purposes especially for 5G applications.

Overall dimensions of swastika EBG loaded split ring slotted patch antenna are 29.525 x 19.5
x 2.5mm?3. By introducing swastika EBG, it is observed that bandwidth of 3.2GHz with the
gain of 11.92dB is observed in the designed antenna structure. The developed prototype can be
suitably used for point-to-point applications. In the future the structure is expected to be
modified for Nantenna using ADS-2016 software.

Though this chapter presents the implementation of different types of EBG structures like
swastika and double splattered ring, the miniaturization at lower gigahertz frequencies (2GHz
— 6GHZz) is not attained by the antennas designed in this chapter. Therefore, miniaturization at
the lower gigahertz frequency range is achieved by the antenna presented in the fifth chapter.
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CHAPTER 5

The design and analysis of metamaterial and DGS loaded patch
antenna

5.1. Introduction

In the last two chapters, the concept of high impedance surfaces was proposed and discussed.
Based on these concepts, high gain has been achieved in different antennas i.e. rectangular,
circular and dumbbell antennas. Miniaturization cannot be achieved in conventional patch
antennas. Miniaturization in the previous chapters were achieved using radiating stubs, high
impedance surfaces/AMCs like defective ground structure, electromagnetic bandgap structure,
metamaterials. In the third chapter, different HIS and their contribution to the antenna’s
performance parameters were briefly discussed. These structures highly contribute to the
miniaturization if their size is very less compared to the incident EM wave.

Literature reveals, based on patch antennas and structures to achieved the desired
miniaturization at lower gigahertz frequency range. In [104], an antenna with Meander-Koch
DGS operating at 5GHz is presented. The designed antenna is miniaturized by 61.83%, thereby
making it electrically small. The slotted antenna in [105] operates at 2.45GHz. etching of slots
increases electrical length of the surface current on the patch and thereby making the antenna
resonate at lower gigahertz frequency range. This longer path of surface current facilitates the
structure to resonate at 2.45GHz. The proposed patch antenna in [106] operates at 2.5GHz,
3.47GHz, and 5.75 GH. Miniaturization is achieved in the design by loading it on the cascaded
E-type Defective ground plane in amalgamation with F-shaped slot. Other types of slots like
‘U’ and “H’ are loaded on the radiating monopole to achieve multiband characteristic. Degrees
of miniaturization of 82.4% and 73.5% are achieved with the structure in [106] when compared
to the conventional multiband antenna.

In this chapter, we explore the development of the metamaterial and DGS loaded patch antenna.
The patch is operational at 5.2GHz and 8.25GHz. The loading of high impedance surfaces
enhances the throughput of the developed structure as discussed in the third chapter. The

designed antenna exhibits efficiencies of 61% and 69.7% at 5.2GHz and 8.25GHz respectively.
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Figure.5 presents the design methodology of designed antenna.

=

Fig.5. Designed methodology of the antenna proposed in chapter-5
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5.2. Detailed design of the proposed patch antenna

The designed structure is printed on FR-4(lossy) substrate (e.=4.4) with the height of 1.524mm.
The frequencies of operations are 8.25GHz and 5.2GHz. For f.'= 8.15GHz, the effective radius
corresponding to 8.15GHz is obtained from eq.(1.2) and eq.(1.3).

Using the above design equations, effective radius is evaluated as 8.25mm and the
corresponding radius (r) is evaluated as 7.5mm. Similarly, for f.”’=5.15GHz, the radii of the

design are evaluated as:

1.8412xc

£/ = —/— 2 5.1

r 2m(rze+rie)Ver ( )
_ 2h (ri+r3) h %

Fie +Toe = (1 +12) [1+ . {In ("£2220) 4 (1416, + 1.77) + o (02685, + 1.65)}| (5.2)

Where, r, r; and r, is the radii of the middle and external patches and h the thickness of the
dielectric. The design of the developed antenna is derived from basic geometric theorem called

“Kissing circle’s theorem” which states that if three circles of radii r,r; and r, (wherer >

1 1 1
MR
obtained from equation (5.2), the diameter (2r,) of the small patch is 3mm. Figure.5.1.(a)

r; > r,) touch externally then By fixing r;=2.5mm and substituting r=7.5mm

presents the prototype of designed antenna. The antenna is a fed with microstrip lines with the
dimensions (1,1;, I, and I3) 4mm, 5mm, 11mm and 6mm respectively. The widths (w, w;, w,
and w) of the feed lines are 2mm, 2mm, 3mm and 3mm respectively. The whole patch is
printed on the ground plane having total area of 30mm x 30mm and with DGS cell. A layer of
foam with (g,=1.07) and overall volume of 10 x 23 x 2mm? is sandwiched between the antenna
and the FR-4 substrate. Figure.5.2.(b) shows the fabricated patch antenna. Parametric analysis
on the impact of width of foam dielectric over the operational bandwidth is carried out and

studied in the further sections.
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Patch

FR-4

Ground FR-4

Fig.5.1.(b). Top and bottom views of the fabricated antenna

The required design aspects are obtained at the desired frequencies by optimizations and
by carrying out parametric analysis on the structural features of the antenna that effects its
performance. Table.5.1 presents the design specifications of the proposed structure.

Table.5.1 Parameters of the proposed antenna (see Fig.5.1.(a))

Parameters r 7 Ty l L l, l5 w wy | Wy, | ws

Values(mm) | 7.5 | 25 1 4 5 11 6 2 2 3 3
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Fig.5.2. (a). Development stages of the antenna. (b). Impedance bandwidth plots of development stages of the

antenna.

Figure.5.2.(a) presents the evolution stages of the developed structure. Figure.5.2.(b) presents
the impedance bandwidth curves of the antennas presented in the evolution stages. The design
developed in 1% development stage of figure.5.2.(a) is a basic circular patch antenna. From
figure.5.2.(b) (thick blue line), the antenna in stage#1 resonates at 9.62GHz and the impedance
bandwidth (S1:1<-10dB) is about 110MHz. The addition of small circular patches on the

(b)
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circumference of the antenna in the 1% development stage makes the resultant structure
operational at 4.1GHz, 7.34GHz and 8.1GHz. The impedance bandwidths are observed to be
242MHz, 125MHz and 620MHz respectively, as presented in figure.5.2.(b) and represented in
red curve. When larger radii radiators are printed on the exterior surface of the patch presented
in 1% development stage, the resultant patch antenna resonates at 4.57GHz, 6.25GHz and
8.82GHz with the operational bandwidths of 112MHz, 223MHz and 312MHz respectively, as
presented in figure.5.2.(b) and represented in green curve. The smaller and bigger radiators are
attached on the exterior boundaries of the antenna in the 1% development stage to form the
antenna presented in 4™ development stage. The resultant antenna resonates at 5.52GHz and
9.15GHz with the operational bandwidths of 100MHz and 405MHz respectively, as presented
in figure.5.2.(b) as represented by dotted purple curve. In the last stage, the developed and final
antenna is obtained by feeding the antenna in 4" development stage in a two-way through
microstrip feed. This possesses operational frequencies namely 4.57GHz and 5.15GHz with
the operational bandwidths of 1.25GHz and 2.2GHz respectively, as presented in figure.5.2.(b)
and represented in red dotted curve. Jerusalem slot is assumed as two dumbbells placed
perpendicularly. Parallel L-C tank circuit is considered as the electrical equivalent of a
dumbbell. When a slot is created on a ground plane, the electrical length increases by
introducing additional resistance, inductance and capacitance and thereby increasing effective
inductance and capacitance. Due to this, the operational frequency shifts towards lower
gigahertz frequencies. Apart from the frequency shift, return loss and harmonics are reduced.
Figure.5.3 presents the designed DGS slot. The overall area of the slot is obtained as 15mm x
15mm after the optimization. The dimensions of the outer arms are obtained as 10mm and
widths (w") of these arms are obtained as 5mm each. The dimensions of the ends of horizontal

cross are 7mm and 2.5mm.

+ W, »

Fig.5.3. Proposed Jerusalem cross shape DGS
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The proposed and implemented CSRR metamaterial cell is presented in figure.5.4. The lengths
of the concentric rings are 3mm, 2mm and 1.5mm respectively. The dimension(s) of the outer
ring is/are 0.25mm and dimensions of the cuts (d,, d; and d,) of the rings are 1mm, 0.75mm

and 0.5mm respectively.

Fig.5.4. A unit cell of the triple CSRR metamaterial

The spacings (both horizontal and vertical) between the metamaterial cells are optimized to
5mm each. The cell dimensions and spacings are carefully chosen and optimized as
performance specifications of the patch depend on the overall volume of the cell and spacing
between the cells. A total of 25 metamaterial cells are embedded inside the substrate to obtain
the best results. These are loaded inside the dielectric at a height of 0.762mm and parametric
analysis is done to optimize the design and to achieve satisfactory results. All the iterations are
not presented in this chapter as they produce undesired results. The brief study on the variation
in the structural features of the patch antenna, DGS cell and metamaterial cells on the antenna’s
performance is accomplished in the further sections in this chapter.

5.3. Mathematical analysis

Green’s function (G) plays an important role to obtain the radiating fields in a patch antenna.
Laplace functions serve as a basis to compute Green’s functions. To start with the proposed
patch antenna, the surface on which the Green’s function is to be computed is a cylinder with

the thickness of ‘t’um.

2~ __ 10 ( 0G 192G |, 9%G
VG (p) +kEG (p1o) =>8(p)3(8)8(2) (5.4)
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G(p) = ] f f f 8(k) e*Pdk,dk,dk,
0
Where G (p) and g(k) form Fourier transform pairs

Py
f] g(p)( pZ)el(pCOSl]JpCOSG+pSIrll]JI' sin@) pddelJ

2 —_—
VeG (p) = ¢

V2G (p) + k&G (p) =

LIy VB (—rryelor st i dyy +

4m2t
ke PV 5(p)elPr cosW=0) 1 qr’ dys (5.5)
412t 770
B0) = [lf; > 8(p)8(6) e7iPr'<osW=Or'dr'dodz = 1 (5:6)
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5 = o

Therefore,
r'
G- - ff L oy
412 k2 — r'2
G(p) = o fy ool r'dr’ = o [P la(pr )] + e (5.7)
G(p) = [COS(DBC) + sin(pBc) (5.8)
G () = Zialn (2p) Biie oo Am + Zi oI (F2-p) Bie oo A (5.9)
Ay, = : + ! (5.10)
m 2%:—00 ]{n(%p) 2g=_°°];n(rf-}-(11”2p)
— ' Px1 Pkl 1 1
G(p) = Xh=-wo []n( - p) + ]y (r1+r2 P)] [Z$=—ooﬁn(%0) + Zﬁ:—oo]{n(rkaizp)l (5.11)

Where, r, r1and r, are the radii of the central and outer sections attached to the circumference
of the proposed patch

The radiating fields in the antenna structure obtained and studied with the help of cavity model
as discussed in chapter-1. The structure is considered as cylindrical cavity and the mathematical
computations are accomplished by considering the designed structure as a stack of different
cylindrical cavities with discrete dimensions. The ends of the patch are treated as open circuit
and open boundary conditions are considered to compute the fields. The patch acts as capacitor

with the charges distributed on its bottom and top layers. The charges are responsible for the

95



cancellation of tangential fields on all the walls of the enclosed antenna structure. The electric
lines are radiated upwards.

Electric field in z-direction is the root of below presented equation:

(V2 +B3E = 0. (5.12)
Where B=m\/ﬁ is a propagation constant of the structure. E is the electric field directed
towards z-axis and V2 is the Laplacian operator.

E = EyJn(p)cos(nd)

Hy = o Ja(p)cos(nd)

Where, ‘B " is the propagation constant and ¢ varies from 0 to 2m. Boundary conditions are
applied on magnetic field Hy,.

Hylr & (r,+r,) = 0. Different modes propagating supported by the antenna are obtained from
the roots of the equation. The surface currents are obtained from the respective equivalence
principles.

M = 2E,$

Electric vector potential (F) is obtained by:

-~ _ Ee ~JBor
F= ffMe’BO”dS

'r' is the position of the source and ‘B, is the propagation constant.

The electric fields in the space are computed as follows:

By = £e —jBor N []n (p;d p) +Jn (rf)-l:i‘z p)] lZ%:—w;{n(%p) *

1

0 1 Pkl
Ym=—co ]m(r1+r2p

)l [[Jn+1(BorSine) - ]n—l(BorSine)] + Un+1(Bo(r1 + I'Z)Sine) -

Jn-1(Bo(r1 + r2)sin®)]]cos(nd) (5.13)
¢ e~ jBor - W 1

b= g (20 40 (220

%__w]m (B l[]n+1(Bor51n6) Jno1(Borsin®)] + [Jns1(Bo(ry + 15)sind) —

Jno1(Bo(ry + 12)sin6)]]cosbsin(ne) (5.14)
Figure.5.5 shows the variation of Green’s function with the distance from the radiator.
From the plot presented in the figure.5.5, it can be inferred that the function is maximum at

near to the source and decreases if the observation point moves away from the source.
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Fig. 5.5. Plotted Green’s function of the proposed patch antenna
5.4. Design analysis

The throughput of the structure depends on its various structural features like dimensions of
DGS, number of metamaterial cells, thickness of the foam substrate. These structural features
effect operational bandwidth of the patch. The impact of the structural features on the
operational bandwidth is investigated and discussed in this section. Fig.5.6.(a) presents the
fluctuation in the impedance bandwidth by changing the number of metamaterial cells. The
resonant frequency shifts towards right side (towards upper gigahertz range) with the decrease
in the number of metamaterial cells. This fluctuation in the frequency degrades the gain at the
operational frequency. With 9 metamaterial cells, the patch possesses operating frequencies at
3.2GHz, 4.01GHz and 8.1GHz. The impedance bandwidths at these frequency ranges are
101Mz, 189MHz and 301MHz. The gains at these resonant frequencies are 2.1dBi, 3.21dBi
and 4.8dBi as presented in figure.5.6.(d) and represented in dashed green line. A single
metamaterial cell introduces two resonant frequencies at 3.85GHz and 8.02GHz with the
impedance bandwidths being 262MHz and 980MHz at these frequency ranges. The gains at
these resonant frequencies are 3.2dBi and 2.6dBi as presented in figure.5.6.(d) and represented
in dashed red curve. A basic flower shaped patch antenna resonates at 7.8GHz and 9.56GHz
with the impedance bandwidths being 78MHz and 52MHz respectively. The gains at these
resonant frequencies are 1.09dBi and 1.99dBi as presented in figure.5.6.(d) as represented blue

dotted curve.
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The proposed antenna becomes multi-frequency with the variation in the height of the foam
layer. Figure.5.6.(b) presents the impact of height of the foam over the operational frequency
range. For the foam thickness of 1mm, the developed structure resonates at 4.25GHz, 4.52GHz
and 8.15GHz with the impedance bandwidths being 1.1GHz and 612MHz respectively. The
patch resonates at 2.52GHz, 6.72GHz and 8.12GHz with the foam thickness of 0.5mm. The
impedance bandwidths at these frequency ranges are reduced to 115MHz, 560MHz and
430MHz. When the foam substrate is not introduced, the proposed structure resonates at
2.61GHz, 7.72GHz and 9.81GHz respectively with the impedance bandwidths being 120MHz,
542MHz and 631MHz respectively. The decrease in the foam thickness deteriorates the
antenna patterns and increasing in its height increases overall dimensions of the antenna.
Hence, a trade-off must be maintained to meet the design requirements. Increase in the foam
thickness beyond 2mm will yield undesirable outcomes and therefore, they are not presented
in this chapter.
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The variation in the area of Jerusalem DGS does not shift the operational frequencies but it
degrades the operational bandwidth of the patch antenna. Figure.5.6.(c) presents the variation
in the impedance bandwidth with the variation in the area of the DGS cell. At ‘L’ =12mm, the
patch resonates at 2.67GHz, 4.57GHz and 8.36GHz with the impedance bandwidths being
112MHz, 201MHz, and 156MHz respectively. With the decrease in the ‘L’ to 9mm, antenna
operates at 4.62GHz and 8.43GHz with the operational bandwidths being 1.01GHz and
762GHz at the frequency ranges. The variation in the ‘L’ below 9mm has little impact on the
impedance bandwidth. Hence, the parametric analysis for length of DGS cell below 9mm is

not presented in this chapter.
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A trade-off should be maintained between number of metamaterial cells, area of DGS cell and
thickness of foam substrate to avoid the degradation of performance specifications of the
designed structure. The increase in the area of the Jerusalem cell enhances gain with the
deterioration in the operational frequency range. Increase in the area of DGS cell beyond
certain value degrades gain, impedance bandwidth and distorts radiation patterns.
Figure.5.6.(d) presents the variation in the gain with the metamaterial cells. With 9
metamaterial cells, gain values of -3.2dBi and 1.2dBi are obtained at 5.2GHz and 8.25GHz as
represented in dashed green curve. With one metamaterial cell, gain values of -2.8dBi and
1.2dBi are obtained at 5.2GHz as represented in dashed red curve. A basic flower shaped patch
antenna without metamaterial possesses gains of -5dBi and -2.1dBi at 5.2GHz and 8.25GHz

represented in dotted blue curve.
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Fig.5.6. (a). Effect of the metamaterial cells on the impedance bandwidth of the designed antenna. (b). Effect of
the foam thickness over the impedance bandwidth of the designed antenna. (c). Impact of the dimensions of
Jerusalem DGS on the impedance bandwidth of the designed antenna. (d). Impact of number of metamaterial cells
on the gain of flower patch antenna.
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5.5. Outcomes and disquisitions

The optimized dimensions of Jerusalem DGS are obtained as 15mm x 15mm. By introducing
the foam of 2mm, the antenna gives best results.
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Fig.5.7. Return loss of the designed antenna

The proposed prototype is fabricated and measured. Figure.5.7 presents the simulated and
measured impedance bandwidths of the developed antenna. Measured impedance bandwidths
of 1.18GHz and 2.17GHz are obtained in the bands of 4.95GHz-6.15GHz and 7.1GHz-9.3GHz
respectively. The measured results are in close proximity with that of simulated. The proposed
antenna possesses radiation efficiencies of 61% and 69.7% at 5.25GHz and 8.25GHz as
presented in figure.5.8.
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Fig.5.8. The simulated and measured efficiency of the proposed antenna
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Initially, antenna patterns of the prototype are simulated in CST-microwave studio and the
measurements are accomplished using an anechoic chamber using measurement apparatus
comprising of double ridge horn antenna acting as test antenna. Figure.5.9 presents the
measured and simulated co-polar radiation patterns at 5.2GHz. A gain of 3.93dBi is obtained
in radiation planes through simulations carried out in CST. The measured gains of 3.75dBi
and 3.8dBi are obtained at 5.2GHz. Simulated gain values of 4.92dBi and 5.03dBi are observed
in E (¢=90°) and H (¢=0°) planes at 8.25GHz. The measured gains of 5.02dBi and 4.56dBi

are obtained at 8.25GHz. The measured plots are in close agreement with that of simulated.
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Fig.5.9. Radiation patterns of the patch antenna
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Fig.5.10. Gains of the patch antenna

Figure.5.10 presents the gains of the designed and fabricated antennas. A gain of 3.75dBi is
measured at 5.2GHz and 5.02dBi at 8.25GHz. The properties of metamaterial are studied with
the help of Nicolson-Ross-Weir method. This method is used to extract s-parameters The
method is accomplished by deriving scattering parameters and further mathematical
computations are done in MATLAB. Figure.5.11.(a) and figure.5.11.(b) show the magnitude
and phase plots of Si11 and So1 for CSRR unit cell which obtained in CST microwave studio.

Permittivity and permeability plots are obtained in MATLAB.
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Real permittivity and permeability

real refractiveindex and impedence
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Fig.5.11. (a). Magnitude plot of the insertion loss and return loss of a unit metamaterial cell

(b). Phase plot of the insertion loss and return
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Fig.5.12.(a). The real part of permittivity and permeability. (b). The imaginary part of permittivity and

permeability. (c). The real part of refractive index and impedance. (d). Imaginary part of refractive index.
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From the figure.5.12.(a), the permeability and permittivity are negative at 5.2GHz and
8.25GHz. From the plots, it is noticed that the implemented metamaterial possesses Double
Negative (DNG) property. The permittivity and permeability plots are nearly periodic in the
frequency range of 5GHz-9GHz. Figure.5.12.(b) presents the complex permittivity represented
in thick curve and permeability represented in dotted curve. Figures 5.12.(c) and 5.12.(d)
presents the plots of real part of index of refraction, real part of impedance, complex part of
index of refraction, and complex part of impedance. The current confinement in the proposed
structure at 5.2GHz, and 8.25GHz are presented in figure.5.13. From the figure, it is noticed
that the current is confined on Jerusalem DGS slot and the metamaterial array especially on the

edges of the metamaterial cells.

Fig.5.13. Surface current distribution in the proposed patch antenna

The detailed contrast of the developed and the preceding antennas is presented in table.5.2.
From the tabular data, it can be noticed that the designed antenna is superior with regard to

gain, bandwidth and overall active area.
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Table.5.2. Comparison of present work with various developed antennas

Dimensions of Centre Bandwidth Gain
Reference the patch Area(mm?) | Frequency | (GHz) (dBi) | Application
(mm?) (GHz) (s)
[107] 30x 30 900 2.4/5.5 0.08/0.51 Not Not
mentioned | mentioned
[108] 70 x 50 3500 1.71/2.28/ 2.78 2.85/2.98/ L- and S-
3.03/ 4.04/4.73 band
3.84 applications
S-and C-
[109] 14 x 18 212 2.28/6.74 0.07/0.09 1/5.8 band
applications
6.62/7.52/ 0.27/0.33 3.25/3.35/
[110] 10x12.5 125 8.96/12.37 | /0.353 | 3.53/4.45/ 4G
112.8/ /0.46/0.48/0 8.7 applications
13.75/14.1 .56
5 1
3.18/4.31/ | 0.108/0.10/ | 2.32/1.25/ | Space and
[111] 60 x 60 3600 6.42/ | 0.142/0.112 | 3.89/4.1/6. | military
7.58/11.28 /0.008/ 74/ applications
/ 0.036 7.2
12.64
[112] 46.4 x 46.4 2152.96 | 2.55/5.25 Not 6/7.2 | WiIMAX/W
mentioned LAN
[113] 12x13.5 162 2.9/4.2 1.6/1 5-6 WLAN
[114] 25x 35 875 2.45/3.55 1.6/0.5 8.9 Bluetooth/I
OoT/
5G
[115] 32.7x39.5 1291.65 2.42.6 Not 3.65/4.71 | Bluetooth
mentioned
Not L-/S-/C-
[116] 46 x 44 2024 1.07/ Not mentioned band
3.119/ mentioned applications
4.089/
5.683/6.51
4
WLAN/
[117] 48 x 41 1968 25/351 | 0.25/0.37 |4.08/5.024 | Bluetooth/
ZigBee/Wi-
Max/ IMT
band
applications
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Air-to-
[118] 27x 10 270 14.25 3.7 6.2 Ground
Communica
tions
[119] 25X 25 625 3.23/4.93/ 4.99 1.1/0.8/1.0 | S-/C-band
7.09 2 applications
WIMAX,
[120] 30x24.8 744 3.3/5.5/7.3 | 0.11/0.28/1. | 0.7/0.65/1. and
/9.9 01/ 1/ X-band
0.56 1.7 applications
WIMAX,
[121] 17x23 391 4.416.8/9.6 4.35 75 and
X-band
applications
[122] 20x 16 320 2.4/5.2 0.31/0.21 2.7/2.5 WLAN
[123] 0.5/1/1.57/ 2.55 0.1/0.8/- | GPS/Blueto
15x15 225 1.7/ 0.5/1.9/- | oth/WiFi
2.43/2.8/3. 1/1.2/0.9
05
UWB
[124] 50.9 x 33 1679.7 | 2.9/3.4/75| 0.2/42 2.1/1.3 | applications
Proposed 23.5x 16 376 5.25/ 8.25 1.2/2.2 3.75/5.2 | WLAN/Wi
Antenna MAX

5.6. Conclusion

In this chapter, metamaterial loaded antenna mounted on the DGS ground plane is developed.
The present study concludes that the specifications of the designed antenna are controlled by
implementing multilayer substrate, introducing metamaterial cells, Jerusalem shaped DGS slot
on the ground layer, dual feed. Overall volume of the design is reduced with the impedance
bandwidth being 1.2GHz and 2.2GHz in the frequency ranges of 4.9GHz~6.1GHz and
7.1GHz~9.3GHz respectively. The designed antenna is suitable for WLAN/WiIMAX

applications.

Beam switching/sweeping plays a vital role in the modern-day communications. Beam-
switching is desirable with high gain with low cross-polarization levels. This feature cannot be
achieved with the antenna proposed in this chapter. Hence, slotted waveguide antenna
discussed in the sixth chapter is a suitable candidate for high gain beam switching/sweeping

applications.
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CHAPTER 6

Design and analysis of a double broken ring meta post loaded
slotted waveguide antenna array

6.1. Introduction

Extending the work performed in the fifth chapter, a slotted waveguide antenna array loaded
with metamaterial posts for beam-switching is addressed here. Patch antennas have many
limitations when they are deployed in beam-forming and beam-switching applications. Beam
forming is a challenging objective to meet in electrically small antennas. To obtain better

results, slotted array waveguide antenna is opted.
In this chapter, meta-post loaded slotted waveguide antenna is explored.

The second design (broken ring slotted patch antenna) in the chapter-2 is wrapped along with
ground layer. The broken ring slots on the radiator are converted to meta posts to form a
rectangular cavity. This yields simple meta-post loaded waveguide. This structure acts as a
simple bandpass filter. When the slots are etched on the waveguide with appropriate
dimensions, meta-post loaded slotted waveguide antenna array is formed. This antenna is
devised to operate in the frequency band ranging from 3GHz to 4.5GHz. In India, high data
rate systems are slowly shifting towards sub-6GHz window. Sub-6GHz window includes the
frequency ranging from 3GHz to 4.5GHz. 5G technology has been introduced by the
Government of India by allotting frequency band ranging from 3GHz- 4.5GHz. This frequency
allotment has paved way to the research in 5G technology in direction of its features which
include MIMO, beam-sweeping/switching etc. devices. Beam-sweeping/switching feature

occupies a vital place in enhancing data rates in the 5G communication systems.
In literature, various structures are presented to achieve beam-switching and high gain.

In [125], a slot loaded circular waveguide antenna resonating at 2.8GHz is presented. The
proposed is omnidirectional in the E-plane, and exhibits approximately “8” radiation pattern in
H-plane. Beam-switching is achieved in [126] by rotating the dielectric slabs. A deflection of
14° degrees is achieved at 9.35GHz. A beam-steerable slotted waveguide antenna in [127]
possesses beam sweeping feature with beams swept from 17 ° to 73 °. The beam sweeping is
accomplished by varying the voltage of the antenna from 11 Volts to 2.8 Volts. The variation
in the voltage is reflected through the fluctuation in the capacitances of varactors from 0.2 pF
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to 0.5 pF.

In this chapter, detailed design methodology of meta-post loaded slotted waveguide antenna
array is presented. Figure.6. presents the design methodology of the antenna presented in

chapter-6.

Design
Methodology

L J

[ Identifv the frequency of interest

L 4

[ Wrap the patch and ground plane in

design-2 presented in chapter-2 in the form
of rectangular cavity

Convert the slots on patch to posts

[Lﬂﬂthep-lslsilthrutngl]aruﬁt}*ui

broaden the dimensions and length of the
cavity

Eich the slots of appropriate dimensions on
the top of the cavity

Excite the cavity and observe the change in
the frequency until the whole structure
resonates at the frequency of interest

Conduct parametric analysis and study the
performance parameters of the proposed
antenna

Figure.6. Design methodology of the antenna presented in chapter-6
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6.2. Detailed design of the proposed antenna

Fig.6.1.(a). Slotted waveguide antenna

W,
«— 8
L

F Y
v

Gng

Fig.6.1. (b). Dimensions of the slots

The designed slotted waveguide antenna are having dimensions (a x b) of 24” x 12”. TEio
mode is used to excite the antenna. Waveguide has a total length of 6A¢. Waveguide is etched
with 14 slots on its top as presented in figure.6.1.(a). The designed slotted waveguide antenna
resonates in the frequency window of 3GHz~ 4.5GHz. The structural aspects of the designed
antenna are presented with the help of figure.6.1.(b). The radiating frequency of each slot is
obtained as 4GHz and length of the slot (L) is 48mm. Slot width is of quarter wavelength and
is obtained as 24mm. The slots are etched in such a way that they are at a distance of A¢/4 from
the both the ends. The meta posts are shorted to the walls of waveguide. The structure of the
designed meta-post cell is presented in figure.6.2. The width (d) of the broken rings is 4mm.
The dimension of the meta-post cell is of quarter wavelength and is obtained as 48mm. The
breadth (U) is of the post is fraction of guided wavelength and is obtained as 24mm. To achieve

the beam-switching/sweeping feature, 33 meta-posts are shorted inside the waveguide. The
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spacings (So, S1, S2, Wo & W1) are Ag/48, Ag/32, Ag/48, Ag/48 and Ag/48 respectively. The posts are

placed with a spacing of 28mm.

v

L
Fig.6.2. Proposed meta post cell.
Figure.6.3 presents the electrical model of the designed metapostcell.
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Fig.6.3. Electrical model of the unit cell.

6.3. Optimization and design analysis

The impact of meta-posts over the impedance bandwidth depends on the number of meta-posts
loaded inside the waveguide. The change in the bandwidth with the meta-posts is presented in
the figure.6.4. The fluctuation in the bandwidth is noticed by changing the quantity of meta-
posts from 12 to 24. When 12 meta-posts are embedded inside the waveguide, the proposed
antenna operates at 3GHz, 3.1GHz, 3.21GHz and 3.64GHz with the impedance bandwidths of
110MHz, 213MHz, 178MHz, and 123MHz respectively. When 24 meta-posts are shorted
inside the waveguide, it operates at 3GHz and 4.5GHz with the impedance bandwidths of
112MHz, 312MHz respectively. When 30 meta-posts are deployed, the antenna operates at
3.32GHz with the operational bandwidth of 212MHz. The enhancement of number of meta-
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posts beyond 30 enhances the impedance bandwidth in the desired frequency window.
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Fig.6.4. Variation in the impedance bandwidth with the number of meta-posts.
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Fig.6.5. Impact of dimensions of the slot on the impedance bandwidth.

The impact of dimensions of the radiating slot over the operational or impedance bandwidth is

presented in the figure.6.5. If the slot length is changed from its conventional length, the

waveguide antenna exhibits multi-frequency characteristic and the same time, the fluctuation

in the slot length reduces operational bandwidth.
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Fig.6.6. Impact of the slot width over the impedance bandwidth of the designed antenna
The impact of the radiating slot width over the operational frequency range is illustrated using
figure.6.6. The operational bandwidth increases drastically when width of the slot is tuned to

20mm. Unacceptable results are observed if the width of slot is increased beyond 20mm.
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Fig.6.7. Variation of impedance bandwidth with the inclination of meta-posts
The fluctuation of return loss with the variation in the angle of tilt of meta-post is presented in
figure.6.7. The degradation in the bandwidth is notice with the step-wise increment in the tilt
of post. The increase in the tilt not only degrades the bandwidth but also shifts the resonant
frequency. To achieve the best results, meta-posts are shorted perpendicularly to the inner axis
of the antenna. With the increase in the inclination beyond 60 degrees, the feature beam
sweeping cannot be accomplished. Hence, the parametric analysis is restricted to the inclination

of meta-post of 60 degrees.
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6.4. Results and Discussions
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Fig.6.8. Impedance bandwidth of the designed antenna

The operational bandwidth of the basic slotted waveguide antenna array and the designed
antenna is presented in figure.6.8. The designed antenna is designed to operate at three different
sub-bands namely 3.1GHz, 3.32GHz and 4.1GHz.
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Fig.6.9. Gains of the antenna with and without meta-posts
The gains of designed structure and basic slotted waveguide antenna are shown in figure.6.9.
An improvement in the gain is observed in the meta-post loaded antenna. The gains vary from

12.1dBi — 14.5dBi in the frequency range of 3.32GHz — 4.1GHz respectively.
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Fig.6.10. Efficiencies of slotted waveguide antenna with and without meta posts

The efficiencies of the designed structure before and after insertion of meta-posts are presented
in figure.6.10. The efficiencies vary from 94% to 99% in the frequency range of 3GHz —
4.2GHz. Meta-post loaded antenna is highly efficient than slotted waveguide antenna without

meta-post.
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Fig.6.11.a. Cross polarization in E-plane
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Fig.6.11.b. Cross polarization in H-plane
Cross-polarization levels of designed structure are illustrated using figure.6.11.(a) and 6.11.(b).
It is observed that the cross-polarization levels are below -60dB at the frequencies of operation

when the antenna is loaded with meta-posts.
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240 7 Y120

180

Fig.6.12.(a). Radiation patterns in E- plane.
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——H-plane pattern at 3.1GHz
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| 90 H-plane pattern at4.1GHz

270 |
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240 7 120

Fig.6.12.(b). Radiation patterns in H-plane.
The antenna patterns of the designed in all the planes at the radiating frequencies are illustrated
using figure.6.12.(a) and 6.12.(b). In E-plane, the antenna exhibits flower-shaped radiation

pattern. In H-plane, it exhibits dumbbell shaped radiation pattern

Real permittivity and permeability

_1[] 1 1 L 1 L L 1 1 1
3 32 34 36 38 4 42 44 46 48 5

Frequency(GHz)

Fig.6.13.(a). Real part of permittivity and permeability of an unit cell meta-posts.
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Fig.6.13.(b). Imaginary part of permittivity and permeability of an unit cell meta post
Nicholson-Ross-Weir method is used to compute permittivity and permeability. This method
is implemented for obtaining S-parameters from CST-microwave studio. Mathematical
calculations are done in MATLAB for obtaining permittivity and permeability plots. It is
observed that the proposed meta-post possesses double negative (DNG) characteristics in the
frequencies ranging from 3GHz to 4.5GHz as shown in figure.6.13.(a). It is inferred that the
meta-post is Double Negative (DNG). Imaginary permittivity and permeability plots are
presented in figure.6.13.(b). The DNG feature in the meta-post makes the proposed antenna
radiate in all the directions especially in the reverse directions. This feature helps the antenna
to acquire beam-sweeping/switching characteristic which is essential in 5™ generation systems.

Table.1 shows the comparison of designed antennas with the developed waveguide antennas.

Table. 6.1 Comparison of designed antennas with the developed waveguide antennas

Reference Frequency Bandwidth Gain
Bands (GHz) (dBi)
(GHz2)
[128] 2.25 & 4.91 | Not mentioned 146 & 17.1
[129] 3 Not mentioned 17
[130] 2.5~4.9 Not mentioned 11.12 & 18.9
[131] 3 Not mentioned 16.6
This work 31,332& 0.11,0.24 & 11.3,14.1&12.6
4.2 0.54
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6.5. Conclusion

The designed slotted waveguide antenna array is devised and analyzed in this chapter. This
exhibits the beam switching (sweeping the beam across all the angles) characteristic which is
an essential feature for 5" generation systems and C-band communications. If the meta-post is
further broken and evolved into quadruple broken post then the radiation beams can be
increased to sweep across all the angles. A wide bandwidth, multifrequency feature, enhanced
gain and improved efficiency set the designed antenna apt for 5" generation and C-band
satellite communications.

Meta post loaded slotted array waveguide antenna is apt for high gain applications. But
complex and bulky nature of this antenna makes it prone to high ohmic losses and radiation
deflections. Hence, stable radiation patterns cannot be achieved with these types of structures.
The solution to these problems is to design concatenated antennas as discussed in the seventh

chapter.
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CHAPTER 7

Concatenated Antennas

7.1. Introduction

In the preceding chapters, the importance of gain enhancement and miniaturization were
discussed. The reduction the active area is an important specification in the patch antennas. To
meet this specification, different types of EBG structures were presented in the previous
chapters.

PBG and EBG structures facilitate antennas to radiate at multi-frequencies with a reasonable
guard band between the frequencies of interest. These structures eliminate spurious radiations
due to surface waves and improve antenna’s performance [133]-[136]. These structures possess
the reconfigurable characteristic which is an essential feature in the upcoming generations of
wireless communications.

Apart from the multiband switching in 5G, gain improvement is required and it is challenging
to achieve enhanced gain along with the compatibility. EBG and PBG structures are suitable
candidates in achieving enhanced performance parameters with reasonable compatibility
[137]-[138]. These structures further introduce multi-frequency feature in the patch antenna
and thereby making the resultant prototype suitable candidate for advanced communications
[139]-[140].

This chapter presents the concept of concatenated antennas by mounting the oval ring patch
antenna discussed in the second chapter on the ground plane with serpentine patch antenna

discussed in second chapter serving as EBG structure.
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Fig.7. Design methodology of antenna in chapter-7.
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7.2. Detailed design of the antenna

The oval patch antenna loaded with stubs presented in chapter-2 is chosen as radiating element.
This antenna is printed on RT/duroid-5880 (&r = 2.2) having the height of 0.8mm. The designed
structure has a volume of 18 x 18 x 0.8mm?3. The proposed is loaded on the ground plane etched
with serpetine shaped EBG slots. The shape of the EBG cell is derived from the stub loaded
serpentine shaped patch antenna discussed in chapter-2. As disccused in chapter-2, this antenna
antenna operates at lower giga-hertz frequencies. Thus, this antenna is used as a basis to
achieve the required degree of miniaturization. The ground plane consists of 12 EBG cells to
achieve desired results. Parametric analysis is carried out in the further sections to study the
impact of number of EBG slots over the operational bandwidth of the designed antenna. The
proposed EBG cell is presented in the figure.7.1. The analysis has also been carried out on
serpentine patch antenna with stub loaded oval ring as HIS ground plane. But the design has

not yielded desired results.

Wy

Ig

I>

5

Fig.7.1. Proposed serpentine cell.

L)
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The comprehensive dimensions of EBG are retrieved from chapter-2. The design aspects of the

proposed EBG cell are disclosed in the table.7.1.

Table.7.1 Detailed dimensions of serpentine EBG cell

Dimension Iy I2 I3 l4
Value(mm) 1 0.4 0.2 0.3
Dimension Is ls W1 W2
Value(mm) 0.1 1.1 0.3 0.15
Dimension W3 W4 Ws

Value(mm) 0.2 0.25 0.15

The designed antenna along with the EBG ground layer are presented in figure.7.2. The detailed

spacings between the EBG cells are also disclosed.

' |RT/Duroid-5880 |

Fig.7.2. Proposed structure of the designed antenna.
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Fig.7.3. Return and insertion losses of unit EBG cell.
The return and insertion losses of a unit EBG cell are presented in figure.7.3. It is observed
that EBG cell resonates at the operational frequencies as that of the patch. This favours in
shifting the resonant frequency in the antenna towards lower gigahertz range. The fluctuation
in the impedance bandwidth with the EBG cells is presented in figure.7.4. The decrease in the
EBG cells lowers the degree of miniaturization. Therefore, 12 EBG cells are chosen to get the
better results. Resonant frequencies are tuned either by varying the number of EBG cells on
the ground plane or by varying the area of the cells. Increase in the number of EBG cells beyond

12 yields undesired results and hence, they are not disclosed in the present chapter.

o

L

3 :

9. == 4 EBG cells
§ | == 6EBGcells
°

(14

i = =8 EBG cells

Frequency(GHz)

Fig.7.4. Impact of EBG cells on the reflection coefficient of the antenna.
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7.3. Outcomes and Disquisitions

The impedance bandwidths of the antenna with and without EBG are presented in figure.7.5.

By mounting on EBG ground, the patch is miniaturized by 89.1%.
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Fig.7.5. Impedance bandwidths with EBG structure and without EBG structure.
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Fig.7.6. Peak gain of the designed antenna
The maximum gains of the developed patch are presented in figure.7.6. The gains ranging from
1.1dBi to 2.8dBi are noticed at all the operational frequencies. It is observed that the gain is
stable at all the operational frequencies. As presented in figure.7.7.(a), the current is guided

towards the radiating stubs and some current is confined to the ground layer. Current is
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confined on the circumference of the oval at 6.15GHz as presented in figure.7.7.(b). From the
figure.7.7.(c), it is seen that the current-density at 6.78GHz is diverted towards the ground
plane and the current on the patch decreases drastically. Current is equally concentrated on
ground plane and the patch at 12.15GHz as presented in figure.7.7.(d). The electrical length of
the design is increased by introducing meander lines which will divert the surface currents

through a longer path and thereby shifting the frequencies towards the lower gigahertz range.
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Fig.7.7. Distribution of current densities at (a).4.28GHz. (b).6.15GHz. (¢).6.78GHz. (d).12.15GHz
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180°
(d)
Fig.7.8. Radiation patterns at 4.28GHz, 6.15GHz, 6.78GHz and 12.15GHz.

The antenna patterns in both the radiating planes are observed in CST-MWS package. The
radiation patterns in E-planes are presented in figure.7.8.(a) and figure.7.8.(c). The designed
structure possesses bidirectional radiation patterns in E-plane at all the resonant frequencies.
The radiation patterns in H-planes are presented in figure.7.8.(b) and figure.7.8.(d). The
radiation patterns are bidirectional in shape in H-planes at all the frequencies of operation. As
the frequency increases, the patch supports common mode currents which will distort the
antenna patterns. For the same reason, these patterns are slightly distorted at 12.15GHz. Cross-
polarization component is below -10dB at all the resonant frequencies.

A weigh up between the present work and the existing EBG antennas is presented in table.7.2.
The designed structure is superior in terms of active area, gain and is suitable for multi-

frequency applications.
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Table.7.2 Weighing up the designed antenna with the preceding PBG/EBG antennas

Reference Area Frequency(ies) Peak Gain(s)
(mm?) (GHz) (dBi)
[141] 800 2.45 4.48
[142] 3600 4.57 and 5.06 1.87 and 1.56
[143] 3354 3.76, 7.5 and 11.84 8,9.5and 9.7
[144] 896 4,6,8,10,14 and 17 4-6
[145] 81.37 9.7 7.7
Proposed antenna 70 4.28, 6.15, 6.78 1.1,1.3,2.8and 2
and 12.15

7.4. Conclusion

This chapter presents the concept, design and parametric analysis of concatenated antennas.
The oval ring patch radiator discussed in the 2" chapter is mounted on the EBG structure
wherein the EBG slot is etched in the shape of stub loaded serpentine patch antenna. Overall
volume of designed antenna is 18 x 18 x 0.8mm?. The antenna operates at 4.28GHz, 6.15GHz,
6.78GHz and 12.15GHz. The designed antenna is miniaturized by 89.1% by using the
suggested EBG structure. The antenna patterns and the gain of antenna are almost steady and
constant at frequencies of operation. The antenna is an apt candidate for C- and Ky-band

communications.
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CHAPTER 8

Conclusion

This chapter is mainly separated into two segments: (i) conclusions of the complete research
work, which have been discussed in the presented thesis, and (ii) the impending purview of the

given research work.

This thesis mainly concentrated on the miniaturization, high gain, stable gain high bandwidth,

stable radiation patterns and beam sweeping/ switching.
8.1 Conclusion of the Presented Work

In the first chapter, a brief introduction different conventional microstrip patch antennas and
their limitations were discussed. Next, a brief literature survey was conducted about the
improvised patch antennas. Next, the modal analysis was studied in to identify the higher order
propagation modes in the patch antennas which were described in the further chapters. In the
end, different types of models like transmission model and cavity model were discussed to
study the radiating fields in the patch antennas. This introduction laid the foundation that is

essential to appreciate the work performed in this thesis.

In the second chapter, we started with two conventional rectangular patch antenna and oval
patch antenna. But it was found that gain and efficiencies are low in these designs. To counter
these problems, the gain enhancement was achieved using quarter wavelength stubs. Two types
of antennas i.e. serpentine patch antenna loaded with stubs (Design-1) and oval ring patch
antenna loaded with stubs (Design-2) were developed. On the other hand, bandwidth degrades
with the increase in the gain. This counter this problem, partial ground plane is deployed in
design-1. The variation in the bandwidth and the gain were studied using parametric analysis
and design-1 and 2 were optimized accordingly.

In the third chapter, we introduced dumbbell shaped high impedance surfaces (HIS) are
designed and studied. Stub-loaded antennas lack essential features like high gain, stable gain
and might not be useful for many applications due to it. The antenna’s throughput is improved

by mounting it on the high impedance surfaces such as DGS, EBG and metamaterials. The oval
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ring antenna discussed in 2" chapter is mounted on dumbbell-shaped high impedance surfaces.

The impact of these surfaces over the antenna’s throughput is discussed.

In the fourth chapter, we explored two types of EBG loaded patch antennas after getting
motivation from second chapter. These antennas are designed to achieve high bandwidth
without degradation in gain and efficiency. In the first design (dumbbell patch antenna mounted
on splattered ring EBG), a wide bandwidth of 20.2GHz is observed. A peak gain and efficiency
0f 9.01dB and 91.2% are observed across the operational bands. In the second design (Swastika
shaped EBG bandwidth of 3.2GHz is observed. A peak gain of 11.92dBi is observed at
21.29GHz. These antennas are highly useful for high data rate communications.

In the fifth chapter, we explored a flower shaped patch antenna mounted Jerusalem cross
shaped DGS and loaded with CSRR metamaterials. This antenna is designed to meet the
requirements of miniaturization at lower gigahertz frequency range. The proposed structure
with and without DGS and metamaterials is analysed to see whether antenna’s performance
parameters micht be improved. We showed that by using DGS and metamaterial together, the
overall active area of antenna is significantly reduced with the improved impedance bandwidth
of 26.50%.

Extending the work performed in the fifth chapter, we designed a meta-post loaded slotted
waveguide antenna array in the sixth chapter. This antenna is designed by wrapping design-2
in chapter-4 in such a way that it forms a rectangular waveguide antenna. The slots on the patch
are converted into meta-posts and loaded inside the waveguide. Extending its dimensions
enhances performance specifications of the proposed antenna. The developed antenna
possesses high gain and beam-switching property. This antenna fulfils the beam-switching

requirements not only for 5G technology but also for latest wireless communications.

In the seventh chapter, we designed concatenated antennas. High impedance surfaces enhance
the performance parameters and at the same time, these surfaces often induce ohmic losses.
Proper dimensions of HIS cell must be chosen to get desired results. To circumvent this
problem, concatenated antennas are introduced. The basic methodology to design this antenna
is to deploy the 1% design chapter-2 as EBG and design-2 in chapter-2 as radiator. The features
of two antennas are amalgamated to achieve improved performance of the proposed antenna.
The volume of antenna is 18 x 18 x 0.8mm?®. The designed antenna radiates at 4.28GHz,

6.15GHz, 6.78GHz and 12.15GHz. The antenna is miniaturized by 89.1% loading it on the
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EBG ground with serpentine shaped slots. The antenna patterns and the gain of antenna are

almost steady and constant at frequencies of operation.
8.2. Subsequent ambit of the thesis

This thesis gives the concepts of various stub-loaded patch antennas, and high impedance
surfaces for achieving miniaturization, high gain, high efficiency, high bandwidth, stable
radiation patterns, and beam-switching. A new concept of concatenated antennas is introduced
in this thesis. This thesis conducted study on different dumbbell shaped high impedance
surfaces and their impact on stub loaded oval ring patch antenna. This thesis also concentrated
on basic designs of antennas, so these designs can further be developed to accomplish hyper
wide-bandwidth. In miniaturized antennas, it is difficult to maintain high gain up to higher
frequencies and at the same time it is difficult to maintain stable radiation patterns. Artificial
intelligence devices must be used to direct the radiation leakages towards the antennas. These
artificial devices direct the current on the patch with improved power gain and reduce the eddy
current losses. Further, many techniques can be developed to improve the quality of
communication from one place to another by introducing MIMO, fractal antennas, superstrates,

Substrate Integrated Waveguide etc.
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