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Abstract

This thesis is devoted to the design of substrate integrated waveguide (SIW) fed dielectric
resonator antennas (DRAs) for D-band applications. These antennas are necessary to
establish high-speed communication links in wireless communication networks so as to
support the emerging broadband applications such as the internet of things (IoTs), smart
cities, virtual reality among others. Some of these applications demand for networks that
can support high data rates and low latencies that exceed the capabilities of 5G networks.
Consequently, communication systems are projected to operate in the millimeter wave

(mm-wave) and terahertz (THz) frequencies.

The D-band frequency spectrum is attractive for utilization in 6G communication
systems owing to its vast bandwidths and is capable of very high data rates up to terabits
per second (Tbps). However, this band suffers the limitations of short propagation
distances due to the increased path losses at high frequencies. These effects can be
mitigated by efficient antenna designs characterized by broad bandwidths and high-gains
with low-loss interconnect networks. In addition, antenna structures with low profiles are

attractive for ease of integration with other front-end devices.

In this work, the substrate integrated waveguide fed dielectric resonator antenna is
the preferred topology for the antenna design. Three different wideband antenna designs
are presented and analyzed. The wideband operation of the presented designs is achieved
through the higher-order mode (HOM) excitation of the dielectric resonator (DR) element
to achieve multiple resonances in this frequency band. Adjacent resonances are merged
together using various impedance matching techniques to enhance the antenna bandwidth.
These designs investigate on different impedance matching techniques such as the use of
defected ground structures (DGS), inductive metal vias (posts), cross-slots among others
for antenna bandwidth enhancement and gain improvement. This work extends further
the design of single element antenna to multiple-input multiple-output (MIMO) antenna
design. A technique for mutual coupling reduction in closely packed antenna elements,
which is based on metamaterial polarization rotation is presented and investigated. The
investigation on the performance of the antennas is carried out using the commercial CST
Microwave Studio full-wave electromagnetic simulator. The simulation results are analyzed

in terms of the bandwidth, gain, radiation efficiency and radiation characteristics.

The first design presents a SIW-DRA operating between 122.58 GHz and 139.51 GHz.
The antenna exhibits multiple resonances at 123.64 GHz, 125.76 GHz, 127.4 GHz, 129.9
GHz, 134.9 GHz and 137.7 GHz. The design investigates the use of DGS and iris-
type discontinuity techniques for impedance matching improvement of a multi-resonant
antenna. Simulation results show that the applied techniques are effective in merging
together the adjacent bands of a multiband antenna for bandwidth enhancement. The

antenna achieves a -10 dB impedance bandwidth of 13.4%, a peak gain of 12.3 dBi,



maximum directivity of 13.14 dBi and a high radiation efficiency of 84%. In addition,
the antenna possesses stable broadband radiation patterns across the frequency band of

operation.

The second design presents a novel approach for the transformation of a dual-band
SIW-DRA to a broadband antenna design. The design proposes systematic and sequential
application of impedance matching techniques to improve the impedance matching in
the stop band of the dual-band antenna without deterioration of its performance in the
passbands. In the development of this approach, two preliminary designs are presented and
investigated. The first preliminary design investigates the use of inductive metal vias in the
SIW feeding structure for bandwidth enhancement. The effects of incorporating inductive
via and DGS on the SIW feed structure of a dual-band antenna operating between 140.82
GHz - 145.24 GHz and 147.27 GHz - 151.02 GHz with a relatively narrow stop band of
2.03 GHz are investigated. The simulated results show that the inductive via and DGS
effectively merge together the passbands of a dual-band antenna to achieve a wideband
response of 138.27 GHz - 150.95 GHz. The second preliminary design presents a dual-band
antenna operating between 126.95 GHz - 136.5 GHz and 139.67 GHz - 149.48 GHz in the
lower and upper-frequency bands. The antenna is optimized for dual-band operation
through the modification of the feeding slot to an I-shape to achieve a bandwidth 9.55
GHz and 9.81 GHz, representing fractional bandwidths of 7.2% and 6.78% in the lower
and upper-frequency bands respectively. The impedance matching in the relatively wide
stop band can be improved to merge together the passbands of the dual-band antenna
to achieve a wideband response. This transformation is achieved through the use of
inductive via, matching stub and DRA offset techniques in the dual-band antenna design.
These techniques are systematically applied to the dual-band design and the parameters
optimized to achieve a high-gain and wide bandwidth SIW-DRA. The antenna operates
between 123.97 GHz and 152.13 GHz, with a -10 dB impedance bandwidth of 20.39% at
the center frequency of 138.05 GHz, exhibiting a high gain of 11.67 dBi, directivity of
13.36 dBi and maximum total radiation efficiency of 79%. The radiation characteristics of
the higher-order resonances excited at 124.38 GHz, 125.22 GHz, 130.28 GHz, 140.72 GHz,
141.59 GHz, 143.47 GHz, 149.7 GHz and 151.17 GHz show broadside radiation patterns.

The research also focuses on the design of a wideband and low-isolation 2 x 2 STW-
DRA based MIMO antenna. Initially, a single-element SIW-DRA is designed based on
higher-order mode excitation with the antenna exhibiting multiple resonances. Different
impedance matching techniques involving the embedding of inductive metal vias in the
SIW feed, cross-slot feed and stepped-impedance sections are employed to minimize
reflections and to achieve a good impedance matching between 136.68 GHz — 166.28 GHz.
A -10 dB bandwidth performance of 19.5%, a gain of 11.06 dBi and a high radiation
efficiency of 84% is achieved. Two antenna elements are linearly arranged with zero inter-
element distance in a 2 x 2 MIMO configuration to achieve high integration of antenna
elements in a given space. A metamaterial-based decoupling network is investigated for
isolation enhancement in the 2 x 2 MIMO configuration. The decoupling network is

designed as a metamaterial polarization rotator (MTMPR) wall to rotate the polarization

vi



state of the electromagnetic wave transmitting through it. The MTMPR wall is integrated
with the MIMO antenna for mutual coupling reduction. The Simulation results show that
the MTMPR wall does not degrade the bandwidth performance of the MIMO antenna, and
the presented design achieves an isolation performance greater than 21.16 dB across the
entire bandwidth of operation. Besides the isolation, the antenna is analyzed by evaluating
its diversity metrics. MIMO diversity metrics such as the envelope correlation coefficient
(ECC), diversity gain (DG), mean effective gain (MEG), channel capacity loss (CCL) and
the total active reflection coefficient (TARC) are evaluated. The MIMO design achieves
an ECC of 0.008, DG > 9.9 between the two ports, MEG < 3 dB, TARC close to -10 dB
for different phase angles of the input excitation and a CCL below 0.4 bits/s/Hz.

The performances of the presented SIW-DRA designs are compared with published
results and confirmed to meet the established minimum criteria for the appraisal of the
presented designs. The results show that the presented designs are suitable for application

in future 6G wireless systems.
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Chapter 1

INTRODUCTION

1.1 Background information

Over the last two decades, there has been an increase in demand for reliable high-speed
wireless communication systems and networks. These are required to provide high-speed
data links necessary to support the emerging broadband wireless applications and services.
These applications which constitute the internet of things (IoT), smart cities, machine-
to-machine communication, virtual reality, smart healthcare systems, etc. are becoming
integral to daily human life [1]. These demands which are occasioned by the emerging 5G
applications have stimulated rapid advances in innovations and technology. As a result,
there has been a sharp increase in the number of interconnected mobile equipment that

seeks to integrate all these applications into a single platform.

The high connection densities due to the massive number of interconnected devices
pose the challenges of congestion in mobile access networks and backhaul systems.
In anticipation of these challenges, the Third Generation Partnership Project (3GPP)
identified and enumerated key scenarios for the fulfillment of the requirements for
emerging applications as: enhanced Mobile Broadband (eMBB), massive Machine Type
Communications (mMTC) and Ultra-Reliable Low-Latency Communications (WuRLLC) [1],
[2]. Despite these scenarios defining different performance requirements, they point to the
need for more spectrum [3]. This spectrum demand is expected to push the communication
carrier frequencies to the unlicensed 5G millimeter (mm) waves band and beyond.
The need to fulfill these requirements demands for several network revolutions. These
revolutions include signal transmission in the mm-wave frequencies, signal modulation to
conserve bandwidth, frame structure arrangement of data, flexible channel multiplexing,
network function virtualization (NFV), network slicing and 5G massive MIMO antennas
[4].

5G is currently being commercially deployed in the FR1 (sub-6 GHz) as well as the FR2
(mm-wave) NR bands. The mm-wave band (24 GHz - 52 GHz) is expected to deliver higher
data rates, with a peak rate projection of up to 20 Gbps. Despite 5G offering significant
improvements compared to 4G, it still has limitations in terms of seamless coverage.
Applications and services such as global coverage, ultra-high data rate transmission, ultra-
dense connections, high precision positioning etc. require communication performances
that is beyond the capabilities of 5G [5]. It is envisaged that these limitations will be
addressed by future wireless communication systems. These systems, dubbed 6G, are

still in its initial stages of exploration. Exploitation of higher frequencies is necessary to



provide the global coverage in 6G communication. The terahertz (THz) band is defined for
100 GHz - 10 THz and is potential for utilization in 6G communication systems because
of the enormous bandwidths required for ultra-high data rate services. The THz band
lies between the mm-waves and optical frequencies and remains the largely unexplored
frequency ’gap’. This spectrum is characterized by large bandwidths, high path loss as

well as high molecular absorption.

The THz technology remains potential as a key enabler for future wireless commu-
nication systems. However, this band has traditionally not been considered for wireless
communications owing to lack of compact THz signal sources and efficient transceivers
[6], [7]. Recent advances in electronic and photonic THz transceiver designs have enabled
efficient generation and modulation of THz signals. The electronic solutions are based on
the extension of the mm-wave silicon-based device technologies to the THz band. However,
there exists a maximum operating frequency which is dictated by the transistor frequency
characteristics. For silicon-based BiCMOS/CMOS transistors, the maximum operation
frequency lies between 110 GHz - 250 GHz [7]. The initial deployment of 6G is expected
to be in the sub-THz band between the frequencies of 100 GHz and 300 GHz. This is
because the technology in this frequency range is more mature [8]. On the contrary, the
THz frequencies in the infrared spectrum (above 300 GHz) introduce additional challenges

of spreading losses and short propagation distances due to low-power THz transmitters [9].

The D-band spectrum constitutes part of the sub-THz frequencies ranging from 110
GHz to 170 GHz. This spectrum is characterized by low signal attenuation due to
atmospheric absorption and is becoming attractive as a frontier for 6G communications.
This band has been gaining attention in the recent years for possible exploitation in
high-speed communication systems that are capable of transferring data up to terabit
per second (Tbps). This is evident from the number of emerging publications on the
characterizations of the D-band channel as well as design of accessories such as transceivers,
amplifiers, modulators, filters, antennas, power dividers etc. One limitation of the D-band
frequencies is the increased path loss. At high frequencies, attenuation due to atmospheric
absorption, rain-induced fading and foliage cannot be neglected [10]. These effects limit the
range of communication leading to short propagation distances. To compensate for these
path losses and the effects of reduced power generation ability of active electronic devices
at higher frequencies, antenna systems with high effective radiated power are desirable.
Therefore, there is need for high-gain, efficient and broadband antenna designs at these

high frequencies to mitigate the high path loss and maintain a reliable communication.

Different types of antenna structures have been proposed for D-band applications.
They include horn antennas [11], microstrip patches [12], substrate integrated waveguide
(SIW) slot antennas [13], dielectric resonator antennas (DRAs) [14], magneto-electric (ME)
dipole antennas [15] etc. At high frequencies, the physical size of the antenna is greatly
reduced because of the short wavelengths. This makes it feasible to design miniaturized
and compact antennas which may be realized using low-profile planar structures. The

microstrip patch antenna (MPA) is a low-cost, planar antenna that is easy to design and



fabricate. However, they are based on metallic patches, which suffer the drawbacks of
narrow bandwidths and increased ohmic losses [16]. Besides, the effects of surface waves
cause poor radiation efficiency and introduces distortion in the radiation pattern [17].
Dielectric resonators (DRs) is a class of high permittivity and low-loss ceramic materials
that is suitable for application as antenna elements at high frequencies. The bandwidth
performance and radiation efficiency of a DRA is superior to that of a MPA. Moreover, its
attributes of light-weight, low-profile and small size make them possible for miniaturization

[18] for the purposes of integration.

A low-loss feed is necessary for high-gain antenna performance. At high frequencies,
the losses associated with the microstrip feeding is considerably high. The SIW is a
low-loss interconnect that is capable of minimizing the radiation losses associated with
the microstrip feeding. Its low-profile and ease of fabrication using printed circuit board
(PCB) technology makes it versatile for integration with other circuit elements. This
makes it attractive for construction of antenna feed networks at high frequencies. Besides,

it provides a convenient way for integration of the antenna with other front-end devices.

1.2 Motivation

The D-band spectrum is suitable for exploitation for 6G wireless communication networks
because it can support large bandwidths and high data rates without additional spectral
efficiency enhancement techniques. However, there are challenges associated with the
design and implementation of D-band links. D-band frequencies suffer the disadvantage
of short propagation distances because of the high path losses associated with high

frequencies.

There is need for designs of broadband wireless communication systems that are
capable of overcoming these limitations. This requires that a wireless system should
possess sufficient effective isotropic radiated power (EIRP). At high frequencies, there
is limitation on the amount of power generated by the electronic devices. This low-power
handling capability remains a significant hurdle in achieving sufficient EIRP. Therefore,
the key challenge for wireless communication systems lie in the design of high-performance

antennas and the associated feed networks.

1.3 Objectives

The main aim of this thesis is to design wideband and high-gain antennas for application
in the D-band frequency spectrum. D-band antennas should possess high gains and high
radiation efficiencies to mitigate the high free-space path losses. In addition, they should
have broad bandwidths in order to realize the high data rate potential of the D-band
frequencies. Some the critical parameters to consider in the design of the antennas are the

antenna topology and its associated feed method, material properties and tolerances in



antenna fabrication. It is also desirable to integrate the antenna elements with other front

end devices for the development of integrated communication components. This requires

that antenna elements be of low profile and compact size for ease of integration. This

lead to close packing of antenna elements in designs that require multiple antenna systems

such as MIMO technology. This poses the potential problem of increased mutual coupling.

The need to satisfy these requirements presents the design challenges for D-band antennas.

The specific objectives in the design D-band antennas are as follows:

ii.

iii.

iv.

1.4

Carry out a literature survey on the requirements of high-frequency antennas and
the different antenna structures proposed for applications in the millimeter wave and

D-band frequencies.

Design and simulation of wideband and high-gain substrate integrated waveguide

fed dielectric resonator antennas for D-band frequency applications.

Design and simulation of a metamaterial based decoupling network for isolation

improvement in MIMO antennas.

Design and simulation of a high-isolation SIW-DRA based MIMO antenna with

closely packed elements.

Scope of the thesis

This thesis investigates on the design of SIW fed DRAs for D-band frequency band. The

scope of this thesis include the following:

e Review of performance requirements of antenna elements for high frequency

applications. The review involves extensive studies on different antenna structures
and associated feed networks proposed for D-band frequencies to establish their
suitability for application in future wireless communication systems. The review
also investigates on the various techniques applied for mutual coupling reduction in

closely spaced antennas.

Design, simulation and analysis of different SIW-DRA designs in the D-band
spectrum. This involves the selection of materials for the antenna and feed
elements and the determination of antenna dimensional parameters. The modeling,
simulation, parameter optimization and performance analysis of the SIW-DRA
designs is carried out using CST MWS and HFSS software.

Comparative analysis of the performances of the SIW-DRA designs with other
published works comprising of different designs, topologies, feed configurations

among others.



1.5 Research contributions

The contribution of this research is in the design of wideband antennas for future
generation wireless communication systems. The specific contributions may be outlined

as follows:

e The first contribution is the investigation of different techniques involving the
modifications of the SIW feeding structure for bandwidth enhancement of DRAs.
The excitation of higher-order modes (HOMs) in DRAs and the use of techniques
that involve modifications of the DR elements have been demonstrated in low-
frequency antennas. This research explains the difficulty posed by the fabrication
technologies on the tolerances and precision of DR elements at high frequencies,

rendering techniques on the modifications of the SIW feed to be attractive.

e The second contribution is the design of wideband SIW-DRAs from dual-band
designs. This contribution demonstrates the feasibility of the transformation of a
dual-band or multiband DRA to a wideband DRA and also suggests an approach for
the transformation. It further demonstrates that it is possible to target improvement
of impedance matching in the stop band without deteriorating the performance in

the passbands.

e Another contribution is the finding that a SIW structure offers a robust feed structure
for MIMO applications. The SIW confines electromagnetic energy within itself which
minimizes circulating currents between different antenna elements that cause low
isolation. This enables the individual MIMO elements to be spaced very close to

each other to achieve high integration of antenna elements.

e The fourth contribution of this research is the minimization of the mutual coupling
in closely packed MIMO antenna elements. This research work demonstrates that a
metamaterial (MTM) wall structure can be used to minimize the spatial interactions

of electromagnetic fields between adjacent DRs for isolation improvement.

1.6 Thesis layout

This thesis is organized into six chapters as follows:

Chapter one is the introduction to the study. The motivation for the design of high-
performance antennas for high-frequency applications is outlined. The contributions of

this research is also presented.

Chapter two presents a brief literature review on the previous works reported on
D-band antennas. A brief description of the fundamental parameters used in the
characterization of the performance of antennas is presented. This chapter reviews the

different antenna structures and topologies for applications in this frequency regime. The



theoretical principles of the DRA radiators and SIW feeds are also outlined. The concept

of MIMO antennas and metamaterial structures are also presented.

Chapter three presents a wideband SIW-DRA D-band antenna design. The design is
based on the use of a defected ground structure (DGS) and via offset impedance matching

techniques for the realization of a wideband antenna design.

In chapter four, a wideband and high-gain SIW-DRA antenna is presented. The
wideband design is based on the merging together the passbands of a dual-band antenna.
Initially, the embedding of inductive shorting vias in the SIW feeding structure is
investigated for DRA bandwidth performance enhancement. This inductive via technique
is applied to a dual-band antenna design to achieve impedance matching in the relatively
wide stop band for bandwidth broadening. As a result, a method of conversion of a
dual-band antenna to a wideband antenna design, through the systematic application of

different impedance matching techniques is presented.

Chapter five presents a SIW-DRA based MIMO antenna design. The design allows for
close packing together of antenna elements to achieve high integration. A metamaterial
polarization rotator shield with a high polarization conversion rate is also designed. This
shield is integrated with the MIMO antenna to rotate the polarization of the spatially

interacting fields so as to minimize the effects of mutual coupling of the MIMO elements.

Chapter six presents the summary and conclusion of these research works. Suggestion

for future works is also presented.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

The development of D-band antennas for future wireless communication systems began
in earnest in the last four decades. To date, there exist vast amounts of literature on the
different antenna topologies and designs for communication and sensing applications. The
physically-small sizes of these antennas make it possible for integration with other front-
end electronics as single modules or packages. This offers two advantages. First, there
is minimization of interconnection losses leading to improved antenna radiation efficiency.
The second advantage is that the integrated antenna is smaller and cheaper in comparison
to a system of separate components [19]. Different packaging technologies have been
developed to meet the demands for integrated low-cost devices. In this section, we highlight
the different antenna designs and the integration technologies reported in literature for this

frequency regime.

Printed circuit board based MPAs and waveguide aperture antennas are attractive
choices for a wide range of applications. However, waveguide based antennas are bulky
and hence not amenable to integration. The MPA is the most popular antenna structure
for a wide range of frequency applications due to its planarity and ease of fabrication. The
different D-band antennas based on microstrip patches include the MPA [12], microstrip
fed patch arrays [20], SIW-fed patch arrays [21], magneto-electric dipole antennas [15]
etc. A microstrip patch antenna proposed on quartz glass substrate [12] is shown in Fig.
2.1. The quartz glass substrate is chosen to minimize the effects of surface waves and the
antenna is designed to resonate at 146 GHz with a frequency of operation between 138.70
GHz - 147.80 GHz (6.4%) and a gain of 6.6 dBi. The single element antenna is extended to
the design of a 1 x4 array depicted in Figs. 2.1 (b) and (c), to enhance its gain performance
to 11.4 dBi at the cost of bandwidth reduction to 5.9%. In [21], a 4 x 4 patch antenna
array is designed and investigated. The antenna is fed via a corporate SIW feed network.
The antenna is realized using multi-layered substrates using LTCC technology and its
structure is shown in Fig. 2.2. The radiating patch is printed on the top substrate and is
loaded with a crossed slot and two metallized vias for improved impedance matching. The
SIW on substrate 2 feeds the patch through a coupling slot. Layers 2 and 3 constitute the
SIW power divider network for feeding the 16-element array. A bandwidth performance
of 12.5% and a gain of 16.8 dBi is achieved. Fig. 2.3 shows a ME dipole antenna studied
in [15]. This structure is realized through the combination of an electric dipole and a

patch that forms two symmetrical mushroom structures. The antenna is excited from a
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Figure 2.1: Microstrip patch antenna on a quartz glass substrate (a) single patch and (b)
& (c) 3D and top view of the 1 x 4 patch array [12]

SIW cavity through a rectangular and H-shaped slot, in a multi-layer structure. A wide
bandwidth of 12.8% and a gain of 19.3 dBi is realized. The limitation associated with
these types of microstrip patch based antennas is narrow bandwidths and increased ohmic
losses at high frequencies. Another class of antennas based on PCB technology is the
SIW slotted antennas and arrays shown in Figs. 2.4 and 2.5. A wideband SIW-fed slot
antenna is presented in [13]. The antenna is designed to exhibit multiple resonances for the
different modes excited in the cavity. A wideband response of 42.86% is achieved, with a
peak gain of 10.8 dBi. A low temperature co-fired ceramic (LTCC) based dual-band cavity-
backed slot antenna is proposed in [22]. Fig. 2.5 shows the configuration of the different
layers of the antenna. Four radiating slots are fed from a resonant substrate integrated
cavity through an hour-glass shaped slot. Higher-order modes is used to excite dual-
band radiation at 146.6 GHz and 167.2 GHz, with bandwidth performances of 3.89% and
3.95% respectively. Slot based antennas exhibit wide impedance bandwidths compared to
MPAs. At high frequencies, the disadvantage associated with standard PCBs is the surface
roughness losses in feed lines and distribution networks. These may be minimized by use
of advanced PCB technologies capable of achieving high manufacturing tolerances such as
the high density interconnect (HDI) technology [19]. Other antenna structures based on
microstrip patches implemented using the PCB process include the transmit arrays [23]
and the leaky-wave antenna (LWA) [24].

Metallic horn antennas have also been proposed for point-to-point communication

in this frequency band. These types of antennas possess wideband and high gain
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Figure 2.3: Magneto-electric dipole antenna (a) exploded view of a single element antenna
(b) 3D & top views of a 4 x 4 antenna array configuration [15]

characteristics. A SIW integrated horn antenna based on the PCB process is presented

in [11] for short-distance communications. The horn is excited through a planar SIW to
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rectangular waveguide (RWQ) transition as shown in Fig. 2.6, to achieve a bandwidth of
18.9% and a gain of 15.46 dBi. The gain performance of a horn antenna can be improved by
loading the antenna with a dielectric lens. This has been demonstrated in [25], whereby
the incorporation of a focusing dielectric lens achieves a gain of 32 dB with increased
directivity. Fig. 2.7 shows the proposed dielectric lens-loaded horn antenna. The effect
of the lens is to narrow the antenna main lobe width to 5° for increased directivity.
The use of arrays has also been proposed for the improvement of the performance of
horn antennas in [26]. The researchers therein propose an array of 8 x 8 stepped horn
elements implemented in a single metal block. The exploded and cross-sectional views
of the proposed array is shown in Fig. 2.8. The antennas are machined on a metal
block and placed on top of a power divider feed network to minimize losses. The array
configuration achieves a fractional bandwidth of 29.5% and a maximum gain of 32 dBi.
The metallic horn antennas have a higher gain and radiation efficiency. However, they are
bulky and complex three-dimensional structures that are not suitable for integration with

other front-end planar devices.
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Figure 2.8: (a) Exploded 3D view and (b) cross-sectional view of the 8 x 8 slotted antenna
array in [26].
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Another main challenge that lies in the design of metallic horn antennas is the difficulty
of fabrication at high frequencies. Dielectric-based antennas can be manufactured with
ease using existing technologies. They may be fabricated in various forms such as dielectric
rods, dielectric resonators, dielectric lenses etc. A tapered dielectric rod shown in Fig. 2.9
is proposed for operation between 135 GHz — 145 GHz [27]. The dielectric rod possesses
excellent directional capabilities in the end-fire direction with a beamwidth of 34° in both
E- and H- planes and a gain of 19 dB. This tapering effect causes low side-lobe levels.
A compact and high-gain DRA is designed for operation between 168 GHz - 178 GHz
[28]. The radiating element is a 2-element array of square dielectric frustrums fed from
a coplanar waveguide. Fig. 2.10 shows the configuration of the proposed design. The
apex of the square pyramid DRA is truncated to form a frustrum for increased antenna
performance. The proposed DRA exhibits a gain of 12.24 dBi with a high radiation
efficiency of 82%.

Figure 2.9: Sketch of the tapering dielectric rod antenna [27].

Figure 2.10: Schematic of the proposed DRA and the coplanar feeding network [28].

The demand for single-chip devices has seen the development of different packaging
architectures which integrates single or multiple antennas together with other circuit
components in a single package. The package-based antennas are broadly categorized
into two types: antenna on-chip (AoC) and antenna in-package (AiP) antennas. AiPs are
mainly fabricated using the LTCC, HDI and wafer-level package (WLP) technologies. The
LTCC technology enables multilayer structures to design three-dimensional radiators. This
allows for stacking, design of cavity-backed antennas as well as the use of aperture feeding
techniques in highly integrated AiP designs. The HDI technology offers an advantage over
the traditional PCB because the high resolution can realize smaller vias, thinner traces,
multiple layers as well as smaller components [29]. In WLP technology, the components
are packaged on the wafer level. Based on these technologies, a number of AoC package-

based antennas have been reported. A compact, differentially fed, AoC patch antenna is
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reported in [30] for radar measurement applications. The patch is excited using microstrip
coupled feed and is integrated with a radar transmitter on-chip as shown in Fig. 2.11.
A peak gain of 7 dB is achieved over a frequency of 156 GHz - 166 GHz. The design
of an AoC dipole antenna is described in [31]. The dipole antenna is designed using the
standard Bi-CMOS process for 165 GHz radar applications. The layout of the design is
depicted in Fig. 2.12. The antenna achieves a maximum gain of 6 dBi at 160 GHz. A
half-mode SIW (HMSIW) cavity-backed DRA on-chip antenna is proposed in [14]. The
configuration of the proposed on-chip DRA using standard CMOS technology with six
layers is illustrated in Fig. 2.13. The DRA is excited for higher-order mode operation to
achieve a bandwidth of 7% and gain of 7.5 dBi. AoC slot based antennas have also been
studied. A microstrip-fed slot antenna is designed in [32]. The structure of the proposed
AoC slot antenna is shown in Fig. 2.14. The hybrid structure of the slot antenna and the
PCB packaging causes an improvement in the radiation performance of the antenna. A
gain performance of 4.9 dBi and a radiation efficiency of 41% is reported, with no mention
of the bandwidth.

Figure 2.11: Layout of the differentially fed AoC integrated with radar circuits for radar
applications [30].
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Figure 2.12: (a) Stack-up view and (b) micrograph of the folded dipole antenna described
in [31).

On-chip antennas allow for high level of integration. However, their application is
limited by low directivities and poor radiation efficiencies due to the poor resistivity of
silicon. This is because waves are dissipated as heat as a result of this low resistivity. The

AiP technology offers better directivity and radiation efficiency performance. An E-shaped
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Figure 2.13: Proposed on-chip DRA showing (a) top view and (b) sectional view [14].
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Figure 2.14: Structure of the proposed AoC slot antenna showing (a) 3D view (b) side
view (c) top view and (d) sectional side view of the chip [32].

patch for AiP application is designed on a low permittivity quartz substrate shown in Fig.
2.15 [33]. The patch is fed from a microstrip line with two open stubs providing for direct
connection of the patch to the monolithic microwave integrated circuit (MMIC) as well as
a means of controlling the antenna impedance. The antenna exhibits a 15.2% impedance
bandwidth and a gain of about 6 dBi. Another design proposed is a 2 x 2 patch array
implemented using AiP technology [34]. The patch elements are designed on an Alumina
substrate and fed from a coplanar waveguide as shown in Fig. 2.16. The proposed design
resonates at 122 GHz with a gain of 9.9 dBi and a usable bandwidth of 4%. A DRA on
package has also been demonstrated based on the HDI PCB technology. A cubic-shaped
DRA made of alumina dielectric excited using a microstrip line is presented in [35]. The
configuration of the proposed DRA implemented using the AiP technology is shown in
Fig. 2.17. The impedance bandwidth of the proposed antenna ranges from 115 GHz to
162 GHz with a gain of 5.5 dBi. Another AiP antenna structure consists of the 4 x 4

array of MPA with a monopole feeder reported in [36]. The antenna is implemented using
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multilayer PCB technology depicted in Fig. 2.18. The proposed array uses the multimode
resonances of the patch and the feeder to realize a wide bandwidth of 53%, gain of 18.1
dBi and a high radiation efficiency of 80%. A D-band ME dipole antenna is also proposed
in [37]. The antenna whose structure is shown in Fig. 2.19 is composed of two planar ME
dipoles, a center patch and a cavity-backed aperture fed from a low-loss SIW through the
slot coupling. A 4 x 2 array is designed from a 2 x 2 subarray of ME dipole elements for
gain enhancement. The design achieves a bandwidth from 135.4 to 158.8 GHz (23.4 GHz)
with a peak gain of 14.1 dBi at 150 GHz.

Figure 2.15: Geometry of the E-shaped patch antenna using AiP technology designed
in [33].

A radiation direction

g
L]
interconnect\‘ antenna
D e
+ .
lead frame die pad plastic base |gad frame

(@) (b)

Figure 2.16: Layout of the (a) AiP system and (b) 2 x 2 antenna patch arrays presented
in [34].
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Figure 2.17: Configuration of the AiP DRA proposed in [35].

The packaging materials are also important for antenna system performance. At higher

frequencies, the loss tangent (tand) and the surface roughness of the substrates is critical
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Figure 2.18: Structure of the proposed wideband patch antenna with monopole feed (a)
3D view showing the different layers (b) top view (c) 4 x 4 antenna array [36]
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Figure 2.19: Configuration of the proposed ME dipole antenna (a) exploded view showing
the different antenna structural layers and (b) 4 x 2 ME antenna array [37]
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Figure 2.20: Illustrations of (a) Configuration of the material stack-up for the antenna-
integrated module (b) layout of the series-fed 1 x 8 proposed MPA array [38]

in order to avoid the degradation of the antenna performance. Silicon interposers are less

popular at high frequencies because of its high dielectric constant. Glass is emerging as

a substrate of choice for mm-wave interposers. This is due to its low surface roughness
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which can support fine feature sizes and its good mechanical properties. The different
antenna structures based on glass interposers include the 1 x 8 series-fed MPA array [38],
4 x 4 parallel and series-fed MPA array [39], SIW-fed vivaldi antenna [40] and the quasi-
yagi antenna [41]. Fig. 2.20 shows the stack-up design and the layout of the 1 x 8
MPA array described in [38]. The proposed interposer design allows for the compact
integration of the die and the antenna array to achieve a gain of 11.6 dB in the 134 GHz
- 141 GHz band. Several antennas based on other techniques such as micromachining
[42], integrated passive device (IPD) process [43] and 3-D printed antennas [44] have also
been reported. A summary of the various D-band antenna topologies reported and their
associated fabrication technologies is shown in Table 2.1. These designs are compared
in terms of their radiation performances and structural geometries for the realization of

compact and integrated designs.

In designing D-band antennas, the design topology needs to address the good
performance requirements of broad bandwidths, high gains as well as high efficiencies.
Moreover, the antenna technology should be compatible with front-end circuitry for ease
of integration. Metallic horn antennas offer excellent bandwidth and gain performance.
However, they are bulky and cannot be readily integrated with other front-end modules.
From the low-profile point of view, AoC and AiP package-based designs are attractive.
However, the performance of these fully integrated antennas suffer from limited gains
and low radiation efficiencies. Improved gain performances has been realized through the
use of arrays. The extensive use of interconnections for array feed networks may also
introduce additional losses. An efficient radiator such as the DRA is highly desirable
at high frequencies. DRAs have been demonstrated to exhibit high efficiencies when
implemented in AoC using CMOS technology [14] or when integrated in standard PCB
and LTCC technologies [45], [46]. The designs presented in [45] and [46] are implemented
in the millimeter-wave band at 60 GHz. These radiator designs may be downscaled to
realize efficient antenna designs in the D-band and THz frequencies with the main task

being the design of low-loss feeding network.
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Table 2.1: Summary of the different antenna structures reported for D-band applications

Ref.

Type

Technology

fo,(GHz)

Bandwidth

Gain

Efficiency

Remarks

[12]

MPA

CNC Machine

146

5.9%

11.4 dBi

simple structure, low
profile, narrow BW,
high ohmic (metallic)
and feed losses

[21]

MPA

LTCC

166

12.5%

16.8 dBi

Low profile, 4 x 4
array for high gain,
narrow BW, metallic
losses

ME dipole

LTCC

159

12.8%

19.3 dBi

Low profile, 4 x 4
array for high gain,
narrow BW, metallic
losses

SIW slot

PCB

110-170

42.86%

10.8 dBi

Simple structure, low
profile, wide BW

CBS

LTCC

146.6 & 167.2

>3.89%

8.73 dBi

Low profile, low gain,
narrow BW

Horn

PCB

129.5-156.5

18.9%

15.46 dBi

Relatively high BW
and gain, bulky

Horn

NM

140-150

32 dB

High gain, high direc-
tivity, bulky

Horn

Machining

130-175

29.5%

32 dBi

Wide BW, high gain,
bulky

Dielectric rod

NM

135-145

7.14%

19 dB

High gain, narrow

BW, bulky

DRA

Wet etching

176

5.78%

12.24 dB

82%

Low profile, narrow
BW, low gain, high
efficiency

MPA

AoC

156-166

6.21%

7 dBi

60%

Ease of integration,
BW,
gain, low efficiency

narrow low

31]

Dipole

AoC

160

6 dBi

60%

Ease of integration,
low gain, low effi-
ciency

[14]

DRA

AoC

135

™%

7.5 dBi

42%

Ease of integration,
BW,
gain, low efficiency

narrow low

[32]

Slot

AoC

140

7.14%

4.9 dBi

41%

FEase of integration,
BW, low
gain, low efficiency

narrow

[33]

MPA

AiP

131

15.2%

6 dBi

Ease of integration,
narrow BW, low gain

[34]

MPA

AiP

122

4%

9.9 dBi

80%

Ease of integration,
narrow BW, low
gain, high efficiency

[35]

DRA

AiP

154

33.9%

5.5 dBi

85%

Ease of integration,
wide BW, low gain,
high efficiency

[36]

MPA

AiP

140

53%

18.1 dBi

80%

Ease of integration,
wide BW, 4 x 4 for
high gain, high effi-
ciency

[37]

ME dipole

AiP

150

15.9%

14.1 dBi

Ease of integration,
narrow BW, low gain

[38]

MPA

Glass sub

138

5.1%

11.6 dB

Ease of integration,
narrow BW, low gain

BW - impedance bandwidth, efficiency - radiation efficiency, NM - not mentioned
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2.2 Antenna system-level performance specifications

Antennas are used in wireless communication systems to convert electrical signals to
free-space electromagnetic waves and vice-versa in their transmitting and receiving
modes respectively. The performance of these antennas may be described by various
parameters. This section discusses some of the parameters and figures-of-merit used in
the characterization of the performance of antennas such as the antenna radiation pattern,

impedance bandwidth, antenna gain and radiation efficiency.

2.2.1 Antenna radiation pattern

The radiation pattern of an antenna is a graphical representation of the far-field radiation
characteristics of the antenna as a function of the spherical spatial dimensions, (6, ¢)
[47]. This is usually given as amplitude patterns of the electric and magnetic fields.
However, it is possible to have patterns of other radiation properties such as power, phase

or polarization. The radiation patterns of antennas may be broadly categorized as:

(i) Isotropic pattern which radiate equally in all directions.

(ii) Directional pattern which radiate or receive electromagnetic energy more effectively

in certain particular directions than in others.

(iii) Omnidirectional pattern which is characterized by a non-directional pattern in a

certain plane and a directional pattern in an orthogonal plane.

Fig. 2.21 shows the illustration of omnidirectional and directional radiation patterns.

The antenna field pattern is obtained by evaluating the trace of the electric (or
magnetic) field at constant radius from the center of the coordinate system, which gives rise
to a three-dimensional field pattern distribution. However, the most important sectional
views that contain the useful information needed are those that correspond to the principal
E-plane (¢ = 0°) and H-plane (¢ = 90°). Therefore, it is common to represent the radiation
performance in terms of two-dimensional normalized cartesian or polar plots of the E- and
H-planes. The radiation patterns provide additional antenna parameters such as main lobe
direction (MLD), beamwidth (BMW), sidelobe levels (SLLs) among others. In addition,

information on the directive properties of the antenna can easily be obtained.

2.2.2 Antenna impedance bandwidth

The input impedance of an antenna is the impedance seen looking into the input terminals
of an antenna. An antenna can be modelled by its Thevenin equivalent circuit, and its
input impedance given by [47], [48]:

ZAnt = Rrad + Rloss + jXAnt (21)
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Figure 2.21: Polar plots showing (a) omnidirectional and (b) directional radiation patterns
showing the main lobe and the side lobes

R,qq is the radiation resistance which represents the power scattered or radiated by
the antenna, R;,ss is the loss resistance accounting for the conduction and dielectric losses

and X 4,,; is the antenna reactance.

The input impedance and the antenna matching vary as a function of frequency. This
means that the antenna will be matched to the transmission line within a certain frequency
range. The frequency interval within which the input reflection coefficient is below -10
dB is referred to as the antenna impedance bandwidth or simply as antenna bandwidth.
In this band, the antenna operates more efficiently. For relatively small bandwidths,
the impedance bandwidth is often expressed as a percentage with respect to the center

frequency fj as [48]:

Bw = L= 009 (2.2)

fo

where f; and f,, are the lower and upper boundaries of the antenna operating frequency,

respectively.

2.2.3 Antenna directivity

The directivity of an antenna is defined as the ratio of the radiation intensity in a given

direction to the average radiation intensity in all directions. This is given by [47]:

U, o)
Uo

D= (2.3)

U(0, ¢) represents the radiation intensity in the (6, ¢) direction and Uy is the average

radiation intensity. For total power radiated by an antenna P,,4, the average radiation

intensity is given by [47]:
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Prad
Uy = 24
0 4 (2:4)

The direction is always taken as that corresponding to maximum radiation intensity

and the maximum radiation is obtained from [47]:

Umax

rad

D[) =4m (25)

Upaz = maximum [U(6, ¢)]

Equation (2.4) represents the radiation intensity of a hypothetical isotropic radiator.
Equation (2.5) can be interpreted as a comparison of the maximum radiation intensity
of an antenna to that of a reference isotropic radiator, and it provides a basis for the

comparison of the directive properties of different antennas.

2.2.4 Antenna radiation efficiency

Antennas experience losses that may arise from reflections due to impedance mismatches
and conductor and dielectric material losses. These losses cause the total input power not
to be radiated. The total radiation efficiency accounts for all these different types of losses
and is calculated from the total power radiated divided by the total power accepted at the

input terminals of an antenna [47], [48]:

Prad
= 2.6
n="p (2.6)

P;, is the total input power. Because of the losses, 7 is always less than unity.

2.2.5 Antenna gain

Gain is the ratio of radiation intensity of an antenna in a given direction to that of a
lossless isotropic antenna, for the same power input. The direction is always taken as that

corresponding to maximum radiation intensity. This is expressed mathematically as [47]:

U, ¢)

G =d4r
Pin

(2.7)

The gain and directivity of an antenna are closely related except that while the
directivity is based on the radiated power, the gain is based on power input to the
antenna and accounts for the antenna losses. The relationship between antenna gain

and its directivity is given by [47]:
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2.3 Dielectric resonator antennas (DRAs)

DRAs are made from high-permittivity and low-loss dielectric materials. The typical
values of the dielectric constant range between 10 and 100 [18]. The early works on
DRs date back to 1939, whereby Richtmyer discovered that a high-permittivity block of
dielectric material can radiate into free space [49]. However, the early applications of
these DRs was in shielded microwave cavities where they were used to design filters and
oscillators owing to their high Q-factor. It was not until 1983 when Long et al proposed
a coaxial-fed cylindrical DRA (CDRA). In their investigations, they reported that a DRA
is capable of radiating efficiently in the broadside direction [50]. In the last three decades,
there has been an increased momentum in investigations on DRAs focusing on different
applications, designs, performance improvements and optimization. These investigations
have demonstrated that DRAs are efficient radiators with comparative advantages over
the traditional low-gain antenna elements such as MPAs, monopoles and dipoles. DRs
possess attractive physical and radiation characteristics such as small size, relatively wide
bandwidth, high radiation efficiency and ease of excitation using the common transmission
lines. Besides, different radiation characteristics can be obtained depending on the excited
modes of the DR [18].

The radiation characteristics of a DRA is dependent on the internal field distributions
of the excited modes. This means that the geometrical shape of the resonator and its
feeding may be selected to obtain different radiation characteristics for various applications.
Investigations show that a DRA of an arbitrary shape operating in its fundamental
mode radiates like a magnetic dipole [51]. The higher-order modes radiate like magnetic
multipoles such as quadrupoles, octupoles etc [18]. The magnetic fields of a rectangular
DRA (RDRA) operating in its fundamental mode is illustrated in Fig. 2.22. DRs of
various shapes have been investigated for utilization as antenna elements across different
frequency bands. However, arbitrary and non-regular shaped DRs have the disadvantage
that their radiation characteristics such as resonance frequency, Q-factor, bandwidth,
radiation pattern etc. cannot be easily predicted. This renders such geometries less
attractive in the design of DRAs. On the contrary, the radiation behaviour of some regular
geometries can be determined without the use of a full-wave electromagnetic simulator.
These shapes have been analyzed and the expressions for predicting their behaviour and
radiation parameters developed. The formulations for the spherical DRAs, CDRAs and
rectangular-shaped DRAs have been developed and are presented in [18]. In terms of
analysis, the spherical DRA offers the simplest structure. It is the only shape for which
analytic solution is possible, unlike the CDRAs and RDRAs where the solutions do not
exist. However, approximate formulars have been developed based on empirical relations
and approximate models. These expressions are fairly accurate in predicting the behaviour
of these DRAs. This is useful in the simplification of the analysis and reduction of the

design time.

The RDRA presents a better choice as an antenna when compared to the spherical
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Figure 2.22: Magnetic field lines of an isolated rectangular DRA oriented along the z—
axis

and CDRAs. It offers the advantages of ease of fabrication as well as flexible design.
There exists inherent degenerate modes in spherical and CDRAs owing to their structural
symmetries [51]. These modes have an unwanted effect of increasing the level of cross-
polarization and degradation of the antenna radiation pattern [52], [53]. The RDRA has
a higher degree of free parameters. By proper choice of the aspect ratios (height-to-length
and width-to-length ratios), the excitation of degenerate modes can be eliminated. The
RDRA is versatile in terms of bandwidth control. The three dimensions of an RDRA
may be independently selected to vary its aspect ratios. This has the effect of varying the
radiation Q-factor of the resonator. The bandwidth of an RDRA is inversely related to
the Q-factor. Consequently, the choice of the aspect ratios leads to flexible designs for the
manipulation of the bandwidth.

2.3.1 Resonant modes of an RDRA

The practical design of an RDRA requires accurate computation of the DRs’ resonant
frequencies and the knowledge of the field pattern distributions inside the DR element.
The latter is used to determine the modes excited by the DRA and to predict the far-
field radiation pattern. Fig. 2.23 (a) shows an analytic model of an isolated DR. A
rectangular DR element of a high permittivity, €.4 is placed at the origin of the coordinate
system. The dimensional parameters of the RDRA are Wy, Lgre and 2Hg,, in the z-
, y- and z-directions respectively. The wall boundaries may be assumed to be perfect
electric conductors (PECs) and perfect magnetic conductors (PMCs). These boundaries

are defined by the following boundary conditions:

For PEC walls,
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Figure 2.23: Geometry for the DRA model (a) isolated DR element and (b) equivalent
DR on an infinite ground plane

For PMC walls,
nxH=0 (2.11)

A-E=0 (2.12)

The conventional dielectric waveguide model (DWM) is used to determine the
expressions of the fields inside the DR. This formular assumes that an isolated DR is
a truncation of an infinite dielectric waveguide. The fields can be approximated from the
electric vector potential and the boundary conditions for the DWM [54]. The rectangular
DR can support only transverse electric (TE) and transverse magnetic (TM) modes. From
Van Bladel’s asymptotic theory, the modes of an isolated rectangular DR are of nonconfined
type [52]. These modes satisfy only one of the magnetic wall conditions n - E = 0 at all
boundaries, while the condition, n x H = 0 is not necessarily satisfied. Therefore, DR
boundary walls assumes perfect magnetic walls at © = +Wy,.,/2 and y = £Lg.q/2. The
tangential fields are continuous at the imperfect magnetic boundaries, at z = +Hgpq-
This is referred to as the magnetic wall model (MWM). TM modes do not satisfy the
boundary conditions of the MWM. Therefore, the existence of TM modes cannot be
confirmed [55]. Thus an isolated rectangular DR radiates like a magnetic dipole. The
lowest order modes are given as TE{,,, TE{;; and TE? ;. These modes radiate like z-,
y- and z-directed magnetic dipoles respectively. The mode subscripts refer to the number
of half-wave field variations in the three orthogonal directions. By proper selection of the
DR dimensions and its aspect ratios, higher-order modes can be excited, alongside the
fundamental modes [56]. When mounted on a ground plane, the modes are expressed as
TEf,, or T Egusp; (1 < § < 1) depending on the orientation of the equivalent magnetic
dipole. m,n and p represent the mode indicies. Throughout this text, these modes are

simply denoted T'Ejsy,), or T'Eyysp.

When utilized as an antenna element, the DR is often placed above some metal ground
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plane. The image theory may be used to replace this isolated DR with a grounded DR of
half its size in the z-direction. An infinite sheet of a PEC is placed in the x — y plane at
z = 0, with the DR element height reduced by half, Hg.,. The fields of the grounded DR
and those of the isolated DR in the upper half-space are similar. The effects of the finite
ground plane on the field distribution inside the DR is be assumed to be negligible. This
allows for the approximation of the infinite sheet of PEC ground plane using a finite-size

ground conductor. This is depicted in Fig. 2.23 (b) above.

Within the DRA, the field components associated with the various modes may be

approximated from the expressions given in [57].

E,=0 (2.13)

E, = Ak.cos (kyx) sin (kyy) sin (k.z) (2.14)

E. = Akycos (kyx) cos (kyy) cos (k;z) (2.15)

H, = AkQ, . cos (k) sin (kyy) cos (k;z) (2.16)
JwWho

H, = —Amsin (kyx) cos (kyy) cos (k;z) (2.17)

H, = Afzzz sin (kyx) sin (kyy) sin (k. z2) (2.18)

where A is an arbitrary constant and the wavenumbers k;, k, and k. represent the
half-wave field variations in the different directions. The equation for the wavenumber k,
is formulated from the DWM as:

kdera
k., tan (2> - \/(erd — 1) k2, — K2 (2.19)

The wavenumbers in the y- and z-directions are given by:

mm

ky = Woe (2.20)
k, = QZZM (2.21)

These wavenumbers must satisfy the separation equation:
k2 + k) + k2 = eraki mn (2.22)

The transcendental equation in (2.19) is solved to determine the resonant frequencies

fo,mn for T'Egy,,, modes using equation (2.23):

27Tf0,mn
C

ko,mn = (2.23)

c denotes the speed of light and kg ., the free space wavenumber corresponding to the

resonant frequency fomn. The theoretical resonant frequency obtained from this DWM
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model is very close to the experimental value obtained from experiment [58].

The radiated field patterns in the far-field region is determined from the knowledge
of the field distribution of the DR [59]. The equivalent current densities J, and
M, are determined from these field distributions through the application of Huygens’
field equivalence principle [47]. The radiation patterns of RDRAs operating in both
fundamental and higher-order modes have been investigated both using theoretical
formulation and experimentation. Two major approaches in open literature on the
theoretical prediction of the radiation pattern are the use of magnetic dipole models and
the equivalence principle. It is well known the magnetic field of an isolated DR in its
dominant mode is similar to that of a magnetic dipole. This knowledge has been extended
in [60] to approximate higher-order modes using a set of short magnetic dipoles. The DR is
modelled using an array of magnetic dipoles separated by a short distance of approximately
0.4X. The number of the array elements depend on the mode to be excited. Experimental
verification was carried out to verify the radiation model. The predicted and measured
data were similar, showing a broadside radiation characteristics. Similar patterns were
obtained from the closed-form expressions reported in [61]. The researchers formulate
the approximate solution of the eigenfunction of higher-order modes, and the closed-form
expressions for the far-field radiation pattern formulated using the equivalence principle.
The measured and simulated data showed good agreement, showing consistent broadside

patterns.

The DR element is often mounted on top of a conducting metal plane, for mechanical
support as well as to provide a grounding plane. This ground plane has the effect that
the even modes of the DR are extinguished in the z—direction. Therefore, only the T Es,,),
and TFE,,sp, (p=0dd) modes exist. The excited modes may be identified by observing the
field patterns of the DR at the resonant frequencies. The particular modes excited are
determined from the number of half-wave variations in the F— and H—fields along the
different directions. Fig. 2.24 shows the illustration for the electric field distributions for
TEs11, TEso1, TEs31 and T Eg13 modes.

z

L“ y Ldra

TEy, TEs
Hdra
Ground (a) (b)
TE¢3| @ TEbl3
N
(c) (d)

Figure 2.24: Electric field distribution patterns for (a) T'Esi; (b) TEs21, (¢) TEs3; and
(d) T Es13 modes.
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2.3.2 Feeding techniques

DRAs are easily coupled to different feed mechanisms. The energy from the transmission
line needs to be coupled to the DR efficiently. The different feeding arrangements include
coaxial probes, open microstrip lines, coplanar waveguide feed [62], aperture-coupled feeds,
conformal metal strips [63], among other waveguiding structures. Different modes of the
DR may be excited depending on the feeding arrangement used as well as the position of
the excitation. The use of coaxial probes have been proposed and investigated. Impedance
matching is achieved by varying the length of the probe and its position inside the DR
element. The disadvantage associated with the coaxial probe feeding is that the DR
must be drilled so that the probe can penetrate. Precision drilling is required so as to
minimize the airgap around the probe. This airgap has the undesirable effect of shifting

the resonance frequency to introduce impedance mismatches [64].

The microstrip line is a planar feeding network that is commonly used to excite the
DRA. It has the advantage that it is easy to design and fabricate, which allows for the
direct integration of the antenna with microwave circuits. An open microstrip is often
placed underneath or in close proximity to the DR so as to excite the desired modes.
However, owing to this feedline not being isolated from the radiating element, the radiation
performance of the DRA may be significantly degraded. A microstrip line may also be used
in conjunction with an aperture feed, whereby, it is positioned below the ground plane, for
better radiation performance. The challenge associated with coaxial and microstrip feeds
is the increased transmission losses associated with the feeding network. These affect the

antenna gain and radiation efficiency.

Aperture-coupled feeds are desirable because this isolation is achieved by the use of
the ground plane. This reduces the effects of spurious radiation associated with the feed
network. The slot and the DRA have similar radiation patterns because they both radiate
like magnetic dipoles. This means that the resonant modes of the slot and the DRA may
be coupled for more bandwidth. Consequently, there is minimization of the undesirable
effects of cross-polarized fields [53], [54].

As mentioned, the different modes are defined by the unique internal field distributions.
These field patterns are used to identify the modes that are excited at any given resonance
frequency. This knowledge of the electric and magnetic field patterns is also very important
in choosing the proper excitation arrangements. The electric current probe couple to the
electric field lines, while narrow apertures behave as magnetic current sources and couple
to the magnetic field lines. For strong coupling to the required mode, these probes or the

slot must be located along the field lines where the field strength is greatest [65].

Rectangular waveguides have much lower conduction loss. However, they are not
compatible with MMIC technology for integration with other planar devices. The SIW is
a planar waveguide, which offers the advantage of ease of integration with other devices
using PCB technologies. It presents a better choice for feeding the DRA owing to its

low leakage and high isolation properties as compared with microstrip lines and coplanar
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waveguides.

2.3.3 Bandwidth improvement of DRAs

One major limitation associated with the DRA is the narrow impedance bandwidth. The
bandwidth performance of the DRA is dependent upon its geometry, permittivity of the
DR material and the feeding arrangements. A high permittivity provides the much desired
miniaturization. However, it leads to a narrow bandwidth. The typical bandwidth of an
RDRA is about 6-10%. By using a low-permittivity dielectric material, this bandwidth can
be increased beyond 10%. This achievement comes with an increase in the overall size of
the DR [66]. For a given application, a trade-off between these two key design parameters
has to be made. Several bandwidth enhancement techniques exist in open literature.
These can generally be classified into those involving the modification of the DR element,
application of different feeding techniques, incorporation of additional structures and the

excitation of higher-order modes for multimode operation.

2.3.3.1 Modification of the DR element

The choice of the aspect ratios is significant in the determination of the bandwidth
performance of an RDRA. DRs with large aspect ratios have been employed to reduce the
Q-factor so as to obtain wider impedance bandwidths [59]. The use of different resonator
geometries, such as conical, triangular, H-shape, inverted frustrum etc. have also been
reported for bandwidth enhancement. By modifying the shape of the DR, the electric fields
inside the DR may be controlled to achieve some bandwidth control. Other modifications
involve the reshaping the resonator by way of removal of DR parts to create complex
shapes or cause reduction in the volume to surface area ratio in the radiating structure.
These include the carving out of a notch, well or slots, drilling of holes, multi-segment
DRs, use of fractal geometries among other perforation designs. These techniques involve
the introduction of structural discontinuities within the DR to create airgaps, leading to
reduced effective permittivity of the resonator. They have the effect of lowering the Q-
factor for bandwidth improvement. In addition, the discontinuities cause perturbation
of the fields within the DR, leading to the effective radiation of the antenna. Slots and
grooves may also be introduced in the DR to create an airgap between the ground plane
(feeding slot) and the DR element. Bandwidth broadening is achieved by adjusting the
coupling between the DR and the feeding structure through the variation of the thickness
of this airgap.

2.3.3.2 Use of different feed arrangements

The various feeding mechanisms for DRA excitations have been discussed in section 2.3.2
above. Different modes may be excited through the modification of these aforementioned

feeding arrangements. Omne such possible arrangement is placing the coaxial probe
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adjacent to the DR element, instead of embedding it. However, this leads to reduced
coupling, which affects the radiation characteristics of the antenna [67]. Modification of
the feed line through the addition of parasitic stubs has been reported for performance
enhancement [68]. Further improvement in impedance matching may be achieved through
the modification of the coupling slots such as cross-slot feed [69], Meander slots [70], twin-
apertures [71], arc shaped-apertures [72], multi-layered substrates [73] etc. Another feeding
technique includes the differential feeding. In this arrangement, two microstrip lines with

differential signals are used to excite the DRA so as to excite the desired mode [74].

2.3.3.3 Incorporation of additional structures

The use of composite radiating structures significantly broadens the bandwidth of the
DRA. These composite structures are formed through the integration of additional
elements with the antenna. The additional structures are designed to induce additional
resonance in the overall composite antenna. In its simplest form, the additional elements
may take the form of parasitic elements. Hybrid designs involving the incorporation of
other radiating structures such as the MPAs, monopoles, slot antennas [62], [75], [76]
have been reported. Each radiator is designed to radiate in its own band, and may be
individually tuned for wideband or multiband frequency response. The stacking of different
DRAS of similar or dissimilar dielectric material and geometries have also been designed for
different applications. Superstrates and other techniques commonly employed in MPAs,
such as electronic bandgap structures, metasurfaces [77] and frequency selective surfaces
have also been used in the design of wideband DRAs. Other approaches involve use of
metallic loadings and coatings of other materials such as graphene etc. The limitation
associated with this approach is the increase in the overall size and complexity. Besides,

the induced resonances may make it difficult to tune the antenna.

2.3.3.4 Excitation of higher-order modes (HOMs)

The modes of the DRA that can be excited depend on the feeding source and position
as well as choice of aspect ratio of the radiator [53]. For a single-mode operation, the
bandwidth performance of a DRA is often less that 10%, which is not sufficient for
broadband applications [78]. A DR element can be designed to excite two or more modes
simultaneously so as to exhibit multiple resonances. If these resonances associated with
the fundamental/dominant and higher-order modes are close enough, adjacent bands can
be merged to achieve wideband or multiband operation. An important requirement is
that the radiation patterns of the individual modes to be merged should be similar. This
aims at minimizing the effects of cross-polarized fields and distortion so as to ensure good

antenna performance over the bandwidth of operation [79].

Designs based on combination of two or several techniques have also been proposed. A
low-profile and broadband antenna is proposed in [80] for applications in the sub-6 GHz

spectrum. The authors propose the use of two slots to excite the higher-order modes in an
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RDRA. Different air regions are introduced in the RDRA structure to merge the multiple

modes for bandwidth enhancement. The design achieves a bandwidth of 64%.

2.3.4 DRA gain enhancement

To effectively support the transmission of high data rates, an antenna must guarantee
wide bandwidths and high gains. Different design methods have been proposed for gain
enhancement of DRAs. One effective way to realize a high-gain antenna is to use of
antenna arrays. These arrays usually require designs of power dividers. The extensive
use of these power divider networks may increase the complexity and introduce losses
in the feed network [81]. Some of the techniques employed for bandwidth enhancement
may simultaneously be applied to enhance the gain of a DRA. This means that the DRA
may achieve either enhanced gain, increased bandwidth or both depending on the design.
Incorporation of horns, cavities, parasitic elements, superstrates among other structures
have been proposed. The use of a surface-mounted short horn has been proposed in [82]
to achieve a gain of 9 dBi, with improved side lobe levels. A hybrid DRA is presented
in [83], for application in the 60 GHz frequency range. The gain of the antenna is
enhanced by surrounding the antenna with a metallic dented cavity to achieve a high
gain of 16.5 dB. SIW-backed cavities have also demonstrated higher antenna gains, and
has been applied in [84] to achieve a peak gain of 11.3 dBi. Other techniques applicable
for bandwidth and gain enhancement include stacking [85], excitation of higher-order
modes [60], [86], incorporation of printed of electromagnetic bandgap (EBG) surfaces [87],
use of metamaterial and frequency selective surface (FSS) superstrates [88], [89], parasitic

DR elements [90] amongst other techniques.

2.4 Substrate integrated waveguides (SIW)

At high frequencies, the application of the classical metallic waveguide in the interconnec-
tion of planar circuit components is limited by its weight and volume. Planar interconnects
made from the patch fabrication processes become attractive for the connection and
integration of planar circuits. The conventional planar transmission lines such as the
microstrip line, strip line or coplanar waveguide suffer from high loss, significant cross-
talk and limited power handling capacity. The SIW which is also referred to as post-wall
waveguide or laminated waveguide, is a low-loss waveguide that can be realized on a planar
structure using PCB, LTCC or other planar fabrication processes. The SIW is synthesized
by embedding two rows of metal vias (posts) on a dielectric laminate to form a dielectric-
filled waveguide. Fig. 2.25 illustrates the configuration of the SIW. The two rows of vias
form the lateral walls of the guide, which confine the fields in the lateral direction while
the top and bottom conductors confine the fields in the vertical direction. One advantage
of the SIW is that it can be fabricated alongside other circuit components for high-density

integration.
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Figure 2.25: Configuration of the SIW

The spacing between the rows of via, Wy;,,, the diameter of the via holes, d and the
via pitch, s are the critical parameters necessary for the design of the SIW. The pitch
should be kept small enough to minimize the leakage losses along the walls of the guides.
In designing the SIW, the following rules should be observed to keep the radiation loss at

a minimum level and to avoid the bandgap effect [91]:
s <2d (2.24)
d < \/b (2.25)

where )\, is the guided wavelength. These two rules are sufficient, but not always
necessary. A properly designed SIW exhibits propagation behaviour similar to that of
a conventional RWG. The SIW structure supports the propagation of T'E,,o modes (m,
integer). This is because longitudinal lateral currents cannot flow because of the gaps
created by the separation of the via. The cut-off frequency for the (m,n) propagating
modes in a rectangular waveguide of sides a and b, (a > b), filled with a material of

permittivity €, is given by [92]:

o= (2 ) o2

The via-to-via dimensions of the SIW is obtained by mapping the dimensions of the
RWG to achieve the lowest cut-off frequency for the lowest T'E1g mode, given by:

C

2.27
2verWery (227

fe10 =

The effective width of the SIW, W, is determined from the empirical relation given
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Figure 2.26: Layout of the SIW-fed RDRA
in [93]:

d2 d2
”e = ”siw_l- - 1
ff 08 s 0 Wsiw

(2.28)

An alternative empirical equation based on the method of lines (MOL), for the
determination of the effective width of the SIW is presented in [94].

The SIW can easily be connected together with other planar circuits using simple
transitions such as microstrip-to-SIW or coplanar-to-SIW transitions. These transitions
act as impedance matching networks and also allow for wideband excitation of the SIW.
The SIW is shorted at one end by a row of transverse via to form the feed cavity for the
DRA. Energy from the feed cavity is coupled to the DR element through longitudinal or
transverse slots on the top surface of SIW. The layout of a single element RDRA excited
by a SIW through a rectangular slot is depicted in Fig. 2.26.

The slot dimensions, Ly, and Wy, together with its position, Py, control the
excitation and amount of power coupled to the DR. For maximum coupling, the slot
should be located at the peaks of the standing waves of the electromagnetic fields inside

the cavity.

The design rules presented in equations (2.24) and (2.25) are based on the dominant
T E19 mode of the SIW. As the frequencies increase into the mm-wave and THz frequencies,
scaling up the designs at lower frequencies inevitably encounters difficulties due to
limitations in the fabrication processes [95]. One possible solution is the reduction of the
number of vias while ensuring that the SIW performance is not degraded. The utilization of
higher-order SIW modes has been investigated for various antenna designs and excitations.
Higher-order mode excitations lead to the realization of a simplified SIW structure by way
of reduced number of metal vias, with the advantage of reduced metallic losses and relaxed

fabrication tolerance [96].

2.5 MIMO antennas

Multiple-input multiple-output (MIMO) systems enable transmission of data over multiple
channel paths. This means that the transmitter employs multiple antennas to transmit

multiple information signals in the same frequency band at the same time. Multiple
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antennas are used to detect the correlated signals, which undergo processing in the receiver
to separate the different transmitted data streams, a diversity scheme that is used to
combat the effects of multipath fading [97]. There is need for cellular communication
equipment with enhanced data throughput, increased channel capacity and improved
reliability [98]. To fulfill these requirements, MIMO antennas have found applications in
modern wireless communication systems [99]. Technological advancements have led to the
shrinking in the size of communication equipment thus posing challenges to the embedding
and integration of antenna elements in limited space for MIMO applications. When
antenna elements are closely spaced, they may be tightly coupled to each other leading
to low isolation and reduced radiation efficiency. Decoupling structures together with
diversity techniques have been employed to reduce the mutual coupling and improve the
low level of isolation between the elements to minimize the degradation of the performance
of the antenna [100]. The challenge in the design of MIMO antenna systems lies in the
minimization of the overall MIMO antenna size as well as achieving high isolation between
the antenna elements. The mutual reduction technique employed should not introduce
impedance mismatches in the antenna elements. Moreover, compact antenna designs are

desirable for ease of integration.

2.5.1 Concepts of MIMO technology

As mentioned above, MIMO systems employ multiple transmit and receive antennas
to combat the effects of multipath fading to enhance spectral efficiency in wireless
communication systems. Fig. 2.27 shows a block diagram of a MIMO system comprising
of N transmit and M receive antennas. It is possible to transmit multiple data streams
in parallel simultaneously over the same channel. The transmitted electromagnetic waves
reach the receiving antennas through different propagation paths as directly transmitted
waves as well as those due to reflection, scattering, refraction or diffraction by obstructing
structures. At the receiver, each of the antenna receives the energy from all transmitted
waves. The spatial nature of the channel may be exploited through the use of diversity
and beamforming techniques to increase the spectral efficiency [101], to enable high-speed

data transmission for future generations wireless networks.

Figure 2.27: Block diagram of a MIMO system
There exists NM propagation paths between the N transmit and M receive antennas.
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the discrete-time data model for a MIMO system can be expressed as [102]:

r=Hu+n (2.29)

r = [ri,7r9,---,7ry]7 is the received signal vector, u = [ur,ug, --,un]|’ is the

transmitted signal vector, n is the M-dimensional additive Gaussian noise vector and
the channel is described by the matrix [101].

hn h12 th
ha1  haa -+ hon

mo [ (2:30)
havit hae -+ hun

The complex gains of the channel between the j** transmit antenna and the i
receive antenna are given by the elements of the matrix h;;. Each transmit-antenna
transmits a distinct data stream, leading to an increase in the link capacity provided that
the propagation paths are independent of each other (spatially uncorrelated channels).
The low correlation is achieved by the use of spatial, pattern or polarization diversity

techniques.

2.5.2 Mutual coupling reduction in MIMO antennas

An increase in the number of antenna elements leads to an increase in the level of mutual
coupling between the antenna elements due to the effects of electromagnetic interaction
between them. This poses challenges in the design of MIMO antennas in portable
communication equipment with limited physical space. A number of mutual coupling
reduction techniques and decoupling structures have been reported. These techniques
include the following [103], [104].

(i) Metamaterial structures such as electromagnetic bandgap structures, frequency
selective surfaces, complementary split-ring resonators etc, which minimize the

interference between the radiators.

(ii) Defected ground structures — Incorporation of different shapes of defects and slots
on the ground plane (such as arc, rectangular, T-shape etc) for mutual coupling

suppression
(iii) Slots on the radiating elements
(iv) Stub elements on the ground plane

(v) A neutralization line may be introduced between the antenna elements to counteract

the inherent coupling in the radiating elements

(vii) Parasitic elements
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(x) Polarization diversity

Some of these decoupling methods may not be suitable for SIW-DRAs and other

antenna structures.

2.5.3 MIMO antennas for mm-wave communications

In this section, we review some of the different antenna structures proposed for MIMO
applications. There exist vast amounts of literature reporting on low-frequency MIMO
antenna designs for mutual coupling reduction. The recent past has seen an increase in
research interests in antenna designs for wireless communications at higher frequencies.
This is evident in the number of research publications emerging in the frequency ranges
beyond 5G. Therefore, this section only considers MIMO designs proposed for mm-wave

and sub-terahertz frequencies.

A co-planar waveguide fed MPA is proposed for application in the 60 GHz frequency
regime in [105]. A rectangular stub is inserted at 45° between two orthogonally placed
radiators for isolation enhancement as shown in Fig. 2.28. The rectangular stub which is
placed on the ground plane extends the effective current route, thereby enhancing isolation.
The bandwidth performance of the proposed design is 7.6 GHz (54.5 GHz — 63.1 GHz),
with an isolation So; < -15 dB in the entire band of operation. The use of a neutralization
line is reported in [106] for mutual coupling reduction in a MPA operating between 20
GHz and 80 GHz. This technique has been extensively employed in low-frequency MIMO
antennas and requires connecting a structure between the radiating elements to introduce a
coupling cancellation path. Fig. 2.29 shows the geometry of two L-shaped patches printed
on a substrate and oriented at 180° with respect to each other with a neutralization
line placed in between. Besides the mutual coupling reduction, the neutralization line
is reported to enhance the fractional bandwidth of the antenna. The proposed design
exhibits a bandwidth of 12.3% (57 GHz — 64 GHz) and -15 dB coupling between the
elements. Another MPA based MIMO antenna has been reported by Singh et al in [107].
The authors propose the use of circular slots/ holes on the radiating elements together
with defected ground structures (DGS) for bandwidth and isolation improvements of a
2 x 2 MIMO configuration shown in Fig. 2.30. An impedance bandwidth of 13.14% (60.4
GHz- 68.9 GHz) and isolation less than -15 dB is achieved. The use of artificial magnetic
conductors (AMC) metamaterials have also been investigated for the enhancement of
isolation performance in MPA based MIMO antennas. The researchers in [108] propose
a quad-port linearly arranged elements, incorporating a high impedance surface AMC
for 60 GHz mm-wave applications. The structure of the proposed MIMO antenna is
depicted in Fig. 2.31, showing an AMC background reflector for gain and front-to-back
ratio improvement. The AMC background has the multiple effects of improved gain,
increased front-to-back ratio and an isolation below -20 dB across the antenna operating
bandwidth range (59.3 to 63.6 GHz).

DRAs are increasingly gaining popularity in mm-wave and THz frequency applications.
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Figure 2.28: Configuration of the proposed 2 x 2 MIMO antenna with a rectangular stub
for isolation enhancement [105]

Neutralization line

Figure 2.29: Configuration of the proposed 2 x 2 MIMO antenna using a neutralization
line [106]

Ground Strips of DGS

Circular slots
i

Figure 2.30: Geometry of the proposed MIMO antenna with patch holes and DGS (a)
antenna top view and (b) bottom view [107]

36



port a) Dport

b)
radiating patches
n_ﬁ_nn
AMC Unit cells — : —

Arlon Diclad 8380 (tm)

C) metal plane

Figure 2.31: (a) Geometry of the quad-linearly arranged antenna elements (b) AMC
configuration and (¢) Quad-port MIMO antenna employing AMC [108]

These have been used in conjunction with metamaterial (MTM) structures in the design of
high-isolation MIMO antennas at mm-wave frequencies. A F'SS wall has been proposed for
the minimization of spatial radiation fields between two DRA MIMO elements in [109] as
depicted in Fig. 2.32. The FSS structure is designed to exhibit bandstop characteristics in
the entire band of operation. The authors propose the use of a F'SS structure in conjunction
with etching of DGS slots on the common ground to achieve an isolation of -30 dB in the 57
GHz — 64 GHz band. Similar technique involving the use of metasurface shields has been
applied in [110] to achieve -30 dB isolation between 56.6 GHz and 64.8 GHz frequencies
(Fig. 2.33). A metasurface wall can rotate the polarization state of an electromagnetic
wave after reflecting or transmitting it through. In this state, the metasurface behaves as
a polarization-rotator wall. Metamaterial polarization-rotator (MTMPR) walls have been
proposed in [111] to reduce the mutual coupling in a 2 x 2 DRA MIMO antenna. Fig. 2.34
shows the layout of the proposed DRA MIMO antenna operating in the 56 GHz — 65 GHz
frequency band. MTM based superstrate structures have also been applied to enhance
isolation, without degradation of the radiation pattern. Hagras et al [112] proposed a
2 x 2 microstrip fed MIMO DRA for application between 57 GHz — 65 GHz. Fig. 2.35
shows the structure of the proposed antenna. Isolation is achieved through the use of a

metallic superstate in combination with ground slot.

At high frequencies, open microstrip feeds suffer increased radiation loss. Waveguide-
based feeds can confine the electromagnetic fields to minimize these effects. A microstrip
ridge gap waveguide (MRWG)-fed magneto-electric (ME) dipole antenna is proposed in
[113] for 4 x 4 MIMO applications. Fig. 2.36 (a) shows the structure of the MRWG fed
ME dipole antenna composed of a 2 X 2 array as a single element. The elements are rotated
90° with respect to each other to form a 4 x 4 MIMO configuration shown in Fig. 2.36

(b) so as to achieve orthogonal polarization. The reported impedance bandwidth ranges
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Figure 2.32: Configuration of the proposed MIMO antenna with a FSS wall [109]

Figure 2.33: Illustration of the isolation improvement in DRA MIMO using MTM-based
SRR [110]

Figure 2.34: Layout of the 2 x 2 DRA MIMO antenna with the MTMPR, wall proposed
in [111]
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Figure 2.35: Layout of the reduction of mutual coupling in MIMO antennas using MTM
superstrate (a) front view and (b) top view [112]

from 51 GHz — 71 GHz, with an isolation of -30 dB. A 2 x 2 MIMO slot antenna based on
a SIW is proposed for Q-band applications in [114]. Spatial and orthogonal polarization
is applied to enhance isolation. The configuration of the proposed MIMO antenna is
depicted in Fig. 2.37. The proposed design achieves a -10 dB impedance bandwidth of
5.38% (41.42 GHz — 43.78 GHz) and an isolation of -43.6 dB. Table 2.2 presents a summary
of the MIMO antenna designs for mm-wave frequency described in this section. From the
table, it is observed that most of the reported works on MIMO antenna designs at high
frequencies are in the mm-wave bands and there is need for MIMO antenna designs for D-
band frequencies. In addition, the use of MTM structures is attractive for MIMO antenna

isolation improvements at high frequencies.
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Figure 2.36: Structure of the MRWG fed ME antenna (a) single element and (b) 4 x 4
MIMO arrangement with 2 x 2 subarray [113]
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(b)

Figure 2.37: Structure of the proposed SIW slot antenna (a) single element and (b)

Configuration of the 2 x 2 MIMO [114]

Table 2.2: Summary of the different MIMO antenna designs

Ref Type fo (GHz) Bandwidth | Gain | Efficiency | Isolation | Remarks

[105] MPA 60 14.6% - - -15 Antenna orientation and
stub

106 MPA 57-64 12.3% - 50%-60% -15 Antenna orientation and NL

107 MPA 60.4-68.9 13.14% 8.8 96.5%-98% -15 Antenna orientation, Patch
holes and DGS

108 MPA 60 7% 7.5 94% -20 AMC reflector

109 DRA 57-63 10% - 90% -30 Antenna orientation and
FSS wall

[110] DRA 56.6-64.8 13.5% 7.9 91% -30 Antenna orientation and
Metasurface wall

[111] DRA 57-64 11.6% - 88% -16 Antenna orientation and
MTMPR wall

[112] DRA 57-64 11.6% - - -15 Antenna orientation, super-
strate and DGS

[113] | ME dipole 57-71 21.9% 14.5 82% -30 Antenna orientation and
EBG

[114] Slot 41.44 - 43.74 5.47% 7.8 - -43.6 Orthogonal and spatial di-
versity

2.6 Metamaterials

Efficiency - radiation efficiency

Metamaterials (MTMs’) are artificial sub-wavelength composite materials which exhibit

unusual electromagnetic properties that are not found in naturally occurring elements.

Their unique characteristics such as the negative refractive index and negative phase

velocity make these materials attractive for applications in the design of components

with enhanced functionalities. These materials encompass engineered textured surfaces,

artificial impedance surfaces, artificial magnetic conductors, double negative materials,

frequency selective surfaces, Photonic Band-Gap (PBG) surfaces, Electromagnetic Band-
Gap (EBG) structures, fractals and chirals [115].
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Investigation on MTMs was theoretically carried out in 1968 by Veselago. However,
it was not until 1996 when Pendry et al [116] demonstrated a practical MTM structure
using an array of thin wires and split-ring resonators (SRRs) to achieve negative values of
permittivity and permeability. Since then, the interest in the study of metamaterials
has seen the investigation on various shapes and geometries. MTMs are commonly
realized from periodic arrangement of these structures (also referred to as unit cells)
printed on a dielectric substrate. When the period is smaller than the guided wavelength,
the MTM structures exhibit negative permittivity, negative permeability or both. The
electromagnetic response and functionalities of MTMs is dependent on the geometry of

the unit cell and the associated structural dimensions.

When electromagnetic waves interact with MTMs, they exhibit unusual characteristics
which may be used to manipulate the electromagnetic behavior of antennas. They have
been applied in the design of antennas for the enhancement and optimization of different
performance characteristics such as gain, bandwidth, directivity, isolation, antenna size

reduction among others.

MTDMs are designed to provide control of the reflected and transmitted electromagnetic
waves and to possess different properties and functionalities. The different functionalities
can be broadly categorized into frequency selective surfaces, high-impedance surfaces
(HIS), perfect absorbers, polarization transformers, radiating surfaces, wavefront shaping
surfaces, two-dimensional flat lenses and non-linear metasurfaces [117]. Fig. 2.38 shows
the schematic illustrations of the functionalities of the MTMs commonly used in the
manipulation of antenna characteristics. A brief description of these functionalities is

presented below.

2.6.1 Frequency selective surfaces (FSS)

FSSs are made of periodic arrangement of metal patch elements or aperture arrays
patterned on a dielectric substrate. The choice of the shape and dimensional parameters of
the patch or aperture determines the filtering behavior of the MTM. FSSs are engineered to
exhibit bandpass and bandstop characteristics on electromagnetic waves incident on their
surfaces, within a narrow frequency band. Broadband or multiband FSS can be achieved
by use of complex-shaped unit cells. FSS structures have been applied as superstrates for
antenna bandwidth enhancement [77] and gain improvement [88], [89] or as metasurface
walls/shields [109], [110] for the improvement of isolation in DRA MIMO antennas.

2.6.2 High impedance surfaces (HIS)

HISs is a class of MTMs with the property that an incident wave is totally reflected in
phase, without supporting bounded surface waves. If the surface impedance |Z| is very
high, the reflection coefficient at the surface approaches 41, and the tangential magnetic

field has a null in the metasurface plane inducing zero surface electric currents. Total
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Figure 2.38: Different functionalities of metamaterials (a) bandpass FSS (b) bandstop F'SS
(¢) HIS (d) narrowband perfect absorber (e) 90° polarization rotator (f) RHCP FSS (g)
LP-to-CP converter (h) focusing transmitarray and (i) focusing reflectarray [117]

reflection occurs only due to the non-zero effective magnetic currents [117]. In this state,
the surface is referred to as a perfect magnetic conductor (PMC). Magnetic currents do
not exist in nature, and a surface exhibiting such reflection behavior is achieved from
engineered periodic structures and is referred to as an AMC. PMCs can be realized on
grounded dielectric substrate as arrays of mushroom structures or simply as periodic arrays
of uniplanar flat metal elements (without vias). PMCs can be used to design low-profile
antennas with high radiation and high gains because the surface supports constructive
interference. A HIS can also be used to suppress the propagation of surface waves. The
periodic patterning produces EBG MTM which may be employed for the decoupling of
low-profile antennas printed on the same grounded dielectric substrate. An EBG surface
is proposed in [87] for gain improvement in a DRA. A high impedance AMC surface is also
presented in [108] for the improvement of isolation in linearly arranged quad-port MPA
elements at 60 GHz.

2.6.3 Perfect absorbing metasurfaces

A perfect absorber absorbs 100% of the incident electromagnetic power under a specified
angle of incidence at a single frequency. Historically, frequency selective absorbers were
designed as lossy and non-reflective coatings on conducting metal sheets to prevent back
scattering on radar targets. Perfect absorbers can be designed from thin metasurfaces
as metal patches, mushroom-type, split-ring resonators etc. on thin dielectric layers. It

is possible to design microwave absorbers which are optically transparent beyond the
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absorption frequency region. A MTM based electromagnetic absorber is presented in [118]

for radar applications.

2.6.4 Polarization transformers

Polarization transformers are used to manipulate the polarization state of an incident
electromagnetic wave. These manipulations include the conversion of linear polarization
(LP) to dual-polarizations or circular polarizations (CP), rotation of the polarization plane
as well as polarization selectivity which is the capability of a MTM to transmit or reflect
electromagnetic waves depending on their polarization states. These generally comprise
of a number of stacked metal-dielectric layers, with each layer comprising of an array of
complementary split-ring resonators (CSRR). The rotation provided by a single layer is
limited, necessitating the use of multiple layers. Polarization rotation can also be achieved
using a two-layered surface of chiral MTM of unit cells (with no mirror symmetry) such as
an array of Gammadions. Other MTM transformers is the circular-polarization selective
surface (CPSS) which transmits CP waves for one handedness while totally reflecting CP
waves of the opposite one. MTMs have been applied for conversion of LP to CP [119] and

to minimize mutual coupling in MIMO antennas [111].

2.6.5 Leaky-wave metasurfaces

MTMs are designed for the manipulation of electromagnetic waves incident on their
surfaces. However, they can also be designed to radiate electromagnetic power into free
space. MTM based leaky wave antennas radiate electromagnetic energy as they travel

down the surface.

2.6.6 Wavefront shaping with MTMs

Sometimes, it may be necessary to manipulate the wavefront to achieve beam focusing,
de-focusing, reflection or refraction of the propagating wave through some medium.
Conventional reflectarrays are used to totally reflect an incident wave while changing the
shape of the wavefront. Transmitarrays modify the wavefront shape without reflection.
MTMs can be designed to manipulate the wavefront by controlling the reflection or

transmission phase of the wave.

2.7 Chapter summary

This chapter provides the theoretical background for the design of high-frequency dielectric
resonator antennas. The chapter begins with a survey of the different types of antenna
structures and topologies existing in literature for mm-wave and sub-THz frequencies and

the various design techniques employed for improvement of bandwidth, gain, directivity
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and radiation efficiency characteristics. The different technologies used in the fabrication
and packaging of the miniaturized antennas at high frequencies is discussed. Special
emphasis is given to the SIW-DRA designs due to its low Ohmic and interconnection losses
as well as its desirable attributes of small size and low-profile required for miniaturization

and integration with other circuit elements.

Basic parameters such as radiation patterns, impedance bandwidth, gain, directivity
and radiation efficiency are often used to characterize and evaluate the performance of
antennas. Descriptions and expressions for the determination of these parameters are
presented. The understanding of these parameters is necessary to describe the antenna

performance.

This chapter discusses the radiation characteristics of dielectric resonators and its
applications as antenna elements. The theory on the design of a DR element, the
associated feeding arrangements and the various optimization approaches for performance
enhancements is outlined. The chapter further introduces the concept of MIMO technology

and a survey of the MIMO antenna designs for mm-wave and sub-THz antennas.

This chapter also introduces MTM structures and describes the different functionalities
of MTM surfaces. The ability of these MTMs to manipulate electromagnetic waves
incident on them renders them attractive for improvement of antenna performances. This
chapter illustrates the different applications of MTMs for bandwidth, gain and isolation
improvement as well as size miniaturization in antennas. MTMs are continuing to draw
great interests and may be considered potential solution in the design of high performance

MTM-based antennas at sub-THz frequencies.
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Chapter 3

DESIGN OF WIDEBAND SIW-FED
DRA USING HIGHER-ORDER
MODES

3.1 Introduction

This chapter presents the design of a wideband SIW-fed DRA antenna using the excitation
of higher-order modes. In the previous chapters, the fundamentals of the DRA design and
the improvements in the DRA bandwidth performance were outlined. These bandwidth
enhancement techniques may broadly be categorized as those involving the modification of
the DR element, incorporation of additional structures, modification of the feed structure

and the excitation of higher-order modes.

At mm-wave frequencies, the size of the DR element is small in size, with dimensions in
the order of A\g/,/€,. Techniques involving the modification of the DR to create perforations
and fractal geometries may pose challenges in shaping the DR. The hardness of the
materials that make up the DR, together with the manufacturing tolerances for small-sized
objects make it difficult to re-shape the DR element with precision. The incorporation of
additional structures such as stacking and superstrates introduce additional complexities,
such as high profiles and increase in physical size, which may render the design lack the

compactness required for ease of integration.

The RDRA offers practical advantages in the design of antennas for different
applications. The challenge associated with the practical realization of small mm-wave
DRAs may be mitigated by the use of large-size DR elements. Large size DR elements can
be excited in their fundamental and higher-order modes to produce multiple resonances.
These multiple resonances can be merged together to produce multiband or broadband
antenna designs. This is achieved through the application of impedance matching schemes
to improve the antenna input impedance, thereby causing the merging together of the
closely lying resonant bands. Compared to the aforementioned techniques, the advantage
of the use of higher-order modes is that it does not increase the complexity of the
manufacturing process. This chapter proposes a wideband antenna design based on the
excitation of higher-order modes. The design philosophy of the antenna together with the

applied impedance matching techniques is presented and analyzed.
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3.2 Antenna design

The proposed design of the antenna involves the designs of both the feed structure and

the radiating element. The details of the designs are presented in this section:

3.2.1 SIW design

Fig. 3.1 shows the geometry of a DR element fed from a SIW through an aperture slot. The
SIW feed is designed from RT Duroid 5880 substrate material of dielectric constant €,=2.2,
a loss tangent of tan §=0.0009 and a substrate height of h=0.254 mm. This substrate has
a low dielectric constant and a low dielectric loss, which make it suitable for high frequency
and broadband applications [120]. The thin substrate is chosen to ensure low loss and wider
bandwidth of operation [121]. The SIW guides the electromagnetic waves by confining it
between the two rows of metalized via posts. Due to lack of longitudinal surface currents
as a result of the gaps formed by the vias, the structure supports T E,,o modes (m is an

integer).

The via-to-via width of the SIW is initially determined by mapping the dimensions of
a D — band rectangular WR-6 metallic waveguide to achieve the same cut-off frequency f.
at the lowest T E19 mode. The cut-off frequency for propagating modes in a rectangular
waveguide is determined from equation (2.26) [92]. The effective width of a SIW (W)

of via diameter, d and pitch, s is calculated using the empirical equation (2.28) [93].

This effective width ensures the waveguide operates in the fundamental T'E19 mode
in this frequency range. To enable the cavity operate in a higher-order mode, this width
of the SIW is scaled by an integer factor. Furthermore, to ensure confinement of the TFE
fields and minimize the radiation along the walls, as well as minimize bandgap effects, d
and s are selected according to the guidelines presented in [91]. The value of s and d is
chosen large enough with their upper bounds defined by equations (2.24) and (2.25). One
end of the SIW is terminated in a short circuit by use of via while the opposite end is

connected to the feed-line.

A linearly tapered microstrip transition of length L; and width W} is used to match the
resonator structure to the 5082 feeding line. The dimensions of this taper are optimized

over the operating frequency to achieve broadband matching.

A rectangular-shaped slot of sides Lg,: and Wy is etched from the top conductor
of the SIW cavity. This aperture forms a central feeding slot for the DR element. The
position from the short-circuited end of the resonator to the center of the slot is initially
determined from Ps; = n\,/4, (n odd). This point corresponds to the maximum standing

wave field intensity and thus the slot achieves good energy coupling.

A DGS of length L4, and width Wy, is etched out from the ground plane of the
SIW cavity at a position FPggs. DGSs have the effect of altering the shield current

distribution. Due to these defect(s), the transmission line characteristics (capacitance
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Figure 3.1: The geometry of the proposed SIW-fed DRA showing (a) the top view (b) the
ground plane (c) the DRA element and (d) 3-D model

and inductance) of the structure are altered [122]. DGSs have been used in conventional
MPAs to enhance gain, suppress cross-polarization to improve polarization purity and
broaden the bandwidth, through improved impedance matching. In the proposed design,
we apply the use of the DGS technique on a SIW cavity to increase the bandwidth of the

antenna.

In addition to the DGS, an iris type discontinuity is also introduced into the SIW cavity.
This improves further the impedance matching in this frequency band and enhances the
impedance bandwidth. This is achieved through the offset of two vias with respect to the

row of vias by a distance x.

3.2.2 DRA design

The DR element is chosen from 99.5% alumina dielectric material with a dielectric constant
of €,.q = 9.9. A rectangular-shaped DR is preferred because of the higher degree of choice
of the aspect ratio desirable for bandwidth control and to achieve desirable radiation
characteristics. The physical dimensions of this element Lg.o, Wy, and Hyg,, are selected
to ensure higher mode operation of the DR. The resonant frequency of the DR, element

is determined by solving the transcendental equation given by the dielectric waveguide
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model (DWM) given by equations (2.19) - (2.23) [60].

This element is placed atop the resonator structure to form the desired SIW-fed DRA.

The antenna is simulated and its parameters optimized to achieve better performance.

To simulate the proposed SIW-DRA, the structure was modeled in CST Microwave
Studio. The different antenna parameters were selected according to section 3.2 above.
These parameters were optimized for better antenna performance. Table 3.1 shows the

optimized parameters of the proposed antenna.

Table 3.1: Optimized antenna parameters

Parameter Description Value || Parameter Description Value
d Via diameter 0.29 Pygs DGS position 0.94
h Substrate height | 0.254 S Via pitch 0.56

Hgpg Resonator height | 1.29 Wags DGS width 0.42
Lggs DGS length 0.4 Wara Resonator width 3.89
Lgra Resonator length | 1.39 Wy Feed width 0.67
Ly Feed length 0.3 W Substrate width 5.08
Ly Substrate length | 10.18 Wsrw Effective SIW width | 4.5
Lot Slot length 1.8 Wiiot Slot width 0.35
Ly Taper length 1.045 W, Taper width 0.85
P Slot position 2.48 x Via offset position 0.1

All dimensions in are in mm units

3.3 Simulation results and performance analysis

The slot is centrally placed with respect to the DR element to couple maximum energy
Fig. 3.2 shows
the simulated S1; performance of the SIW-DRA. The proposed design exhibits a multi-

from the cavity to excite higher-order resonance in the DR element.

mode behavior operating in six distinct but closely lying resonant frequencies at 123.64
GHz, 125.76 GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and 137.7 GHz. An isolated DR
element was simulated using the eigenmode solver of the CST to determine the modes
that are excited in the DR. The modes of a rectangular resonator can be determined
by observing the number of half-wave variations of the E and H fields along the three
orthogonal directions. To determine the modes excited in the DR, we briefly illustrate the
analysis of the modes. For a rectangular-shaped DR shown in Fig. 3.1, only TE modes
can be excited. These modes are identified by checking the electric and magnetic field
TEY np or TE?

n,p Where

patterns [123]. The modes supported are designated TEy, ,, .,
the superscript indicates the direction of the orientation of the magnetic dipole and m,n, p
are the mode indices, representing the number of half-wave field variations in the three
directions. For geometries of the DR shorter than half wavelength, the mode indices may
be written as m+d or n+46 (m,n =0,1,2---) where 0 < 6 < 1. When the DR element is
placed on top of a ground plane, the even modes in the z— direction are extinguished [60].

In addition, the numerical value of ¢ is seldom needed, therefore, these modes may simply
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be denoted as T Esy, and TE,,;5, (p=odd) for z— and y— directed short dipoles.

Figure 3.2: Simulated reflection coefficient of the SIW - DRA

Eigenmode simulation of an isolated DR element is used to determine the resonant
modes of the DR. These modes are matched to the resonating frequencies to determine
the excited modes. Fig. 3.3 shows the simulated H— fields showing the different modes
excited in the DR element. The half-wave variations of the H— fields in the x—, y—
and z— directions indicate the excited modes at different resonant frequencies. The H—
fields show that at these frequencies, the excited modes of the resonator are identified as
TFEi9s1, T E7s5, TEs31, T Esos, T Es31 and T Eg3s5, respectively. However, there is some
slight frequency shifts between the resonant frequencies of the proposed design and those
of the resonant modes of the DR element simulated using the eigenmode solver. Whereas
the DWM model assumes an infinite ground plane for an isolated DR element, the effects of
finite ground plane and that of the slot loading may cause the slight frequency shifts [124].
Simulated results show that the proposed antenna achieves a -10 dB bandwidth ranging
from 122.58 GHz to 139.51 GHz, representing 13.4% at the center frequency of 125.76
GHz. This wideband operation is attributed to the merging together of the higher-order
resonances as a result of the judicious selection of the DR aspect ratios and improved
impedance matching between the feed line and the SIW-DRA. To achieve the improved
impedance matching, two techniques have been employed, viz use of a DGS on the ground

plane conductor and offsetting of the vias at the resonator—taper interface.

The far-field radiation patterns of higher mode antenna can be predicted using short
magnetic dipoles and have been shown to be broadband in nature [60]. The radiation
patterns of the individual resonant frequencies associated with each resonant mode is
thus investigated. Fach mode excited in the DR is defined by a unique field pattern.
Therefore, each mode exhibits different radiation characteristics. Figs. 3.4 and 3.5 show
the simulated radiation characteristics for the E- and H- planes at 123.64 GHz, 125.76
GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and 137.7 GHz resonant frequencies, respectively.
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Figure 3.3: H-field distributions of the rectangular DRA element showing different modes
excited at different resonant frequencies

It is observed that the radiation patterns are generally broadband with deviations in the
direction of their main lobe maxima. For the H—plane ¢ = 90°, these angles are given
as 362, 0°, 09, 399, 61° and 0° in the order of increasing resonant frequencies respectively.
This difference in the direction of antenna main lobe magnitudes is attributed to the multi-
mode nature of the antenna operation. Table 3.2 lists the far-field characteristics of the
antenna at different resonant frequencies. It can be observed that the contribution of the
“off-boresight” resonances to the overall antenna performance has been suppressed, as the
resonance at these frequencies is not deep. This is explained from the reduced gains of
6.54 dBi at 123.64 GHz, 3.88 dBi at 129.9 GHz and 4.48 dBi at 134.9 GHz (as compared
to 10.3 dBi at 125.76 dBi, 7.18 dBi at 127.4 GHz and 11.0 dBi at 137.7 GHz). Because
of these similar broadband radiation characteristics, and the suppression of the otherwise
degenerate modes, the resulting broadband response and the antenna performance is not

significantly distorted but remain stable in the frequency band of operation.

Table 3.2: Far-field characteristics of the proposed antenna at different resonant frequencies

f (GHz) | MLD | 3 dB BMW Main Lobe Magnitude (dBi)
ABS ABS ABS | Co-polar levels (dB) | Cross polar levels (dB)
GHz Deg Deg H-plane | H-plane | E-plane | H-plane E-plane
123.64 | 36° 30° 6.54 6.37 9.22.4 -5.0 -92.0
125.76 0° 25.8° 10.3 10.3 11.9 -2.69 -88.3
1274 0° 46.5° 7.18 7.18 11.8 -2.58 -97.3
129.9 39¢ 121.4° 3.88 3.71 8.76 -0.28 -90.6
134.9 61° 34.4° 4.48 3.68 6.28 -0.0736 -91.4
137.7 0° 31.5° 11.0 11.0 11.2 -5.19 -96.8

ABS - Absolute, BMW - Beamwidth, MLD - main lobe direction

The levels of co-polarized and cross-polarized components of the radiated fields are
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important in determining the polarization loss of the antenna. In particular, increase
in cross-polarization fields leads to the degradation in the radiation performance of the
antenna. The use of higher-order modes to achieve higher bandwidth has been attributed
to increase in cross-polarized radiation in patch antennas [125] and dielectric resonators
[126]. The radiation performance of the proposed design is further investigated through
the observation of these fields. The levels of the co-polarized and cross-polarized fields for

H- plane is shown in Fig. 3.5 for the different resonant frequencies.

From the plot, the main lobe magnitudes for the cross-polarized fields in the H-plane
are -5.0 dBi, -2.69 dBi, -2.58 dBi, 0.28 dBi, -0.0736 dBi and -5.19 dBi in the direction of
increasing resonant frequencies respectively, while in the E-plane, these field magnitudes
are -92 dBi, -88.3 dBi, -97.3 dBi,-90.6 dBi, -91.4 dBi and -96.8 dBi respectively. It can be
observed that while the level of cross-polarized field component in the E- plane is greatly
minimized with respect to the co-polarized fields, the contrary is true for the H- plane. In
the E- plane, there is suppression of the degenerate modes with radiation patterns that
would increase the level of cross-polarization, and distort the overall antenna radiation
pattern. This is attributed to the similar radiation characteristics of the slot and that of
the DR, which minimizes the cross-polarized fields [53]. The proposed design offers a poor

cross-polarization performance in the H- plane, compared to that of the E- plane.

The increase in the level of the cross-polarization in the H- plane has been explained
by [127] and [128] for a circular patch antenna and SIW-fed slot antenna respectively. In
[127], there is evidence of experimental existence of orthogonally polarized E-fields (cross-
polarization). This field is typically lower than the co-polarized fields while significantly
increases in the H-plane. This phenomenon has been attributed to first higher-order
modes. Theoretical analysis has shown absolute absence of cross-polarized fields for an
infinite ground plane. Therefore, low level of the cross-polarized field is as a result of the
finite ground plane. Yi et al [128] have endeared to explain the phenomenon of increased
co-polarized fields by observing the F and H-fields for an open slot antenna. Using a
similar intuition, we analyze the electric and magnetic fields on the SIW section of the
antenna. Fig. 3.6 shows these E' and H-field distributions. The electric field is always
vertical in the SIW section of the antenna. For a wave propagating down the waveguide,
the direction of this field changes from vertical to horizontal at the slot. From Fig. 3.6, it
can be observed that near the slot, the E-field is not purely horizontal while the H-field

is not parallel to the open slot. These effects lead to cross-polarized fields.

The enhancement in the bandwidth is attributed to the merging of higher-order mode
resonances. This is attributed to the improved impedance matching between the feeding
line and the general antenna structure. To understand the contribution of these impedance
matching techniques in broadening of the bandwidth, we describe the evolution of the
antenna design stages. We define four different radiating structures. Antenna I is the
initial design of the SIW-DRA formed as a result of optimizing the antenna parameters.
The intermediate structure of the antenna with a DGS loaded on the ground plane is

designated antenna II. Antenna III is formed by offsetting the vias from antenna I. Finally,
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Figure 3.4: Simulated radiation patterns showing the co-polarized fields in the E- plane
at 123.64 GHz, 125.76 GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and 137.7 GHz. The
cross-polarized fields are negligible.
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Figure 3.5: Simulated radiation patterns showing the co-polarized and cross-polarized
fields in the H- plane at 123.64 GHz, 125.76 GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and

137.7 GHz.
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Figure 3.6: Simulated (a) E - field and (b) H - field of the proposed antenna at 125.76
GHz.

by incorporating both techniques, the resulting radiation structure is designated antenna
IV. These different antenna structures were simulated and their S7; performance compared.
Fig. 3.7 shows the simulated reflection coefficients of the different radiating structures. It
is observed that before the application of the impedance matching techniques, the antenna
I operates in three different frequency bands (Band I - 122.29-123.84 GHz, band 1T - 124.53-
134.65 GHz and band IIT - 137.1-140 GHz). It is noted that the effect of the offset via is
to merge bands I and II, while the DGS is used to merge bands II and III.
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Figure 3.7: Simulated reflection coefficients for the different radiating structures.

As pointed out, the DGS disturbs the shield current distribution in the ground plane,
altering the propagation of electromagnetic waves through the substrate layer. The slot
has an effect of changing transmission line characteristics - capacitance and inductance of
the antenna. This causes a change in the antenna input impedance for improved matching.
On the other hand, the offset via causes the narrowing of the broad wall of the SIW at its

input. This action is similar to the inductive iris type of discontinuity of metal waveguides.
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These discontinuities have been used for impedance matching. The offset vias behave like
a reactive energy storage elements. The vias excite higher-order propagating modes in
the waveguide. However, these modes are evanescent and are localized within the vicinity
of the vias. This effect introduces a phase shift in the wave propagating in the SIW and
causes impedance transformation to achieve improved impedance matching [129]. These
have the effect of improving the impedance matching within this frequency band, therefore

broadening the bandwidth to achieve a wideband antenna.

The contribution of the DGS and via offset to the antenna improvement can be
observed by use of a smith chart. Fig. 3.8 shows the simulated plot of the loci of the
reflection coefficients of the different antenna structures at different frequencies. Fig. 3.8(a)
compares the loci of antenna I and antenna II between frequencies 134.6 GHz (points A
and A’) and 137.2 GHz (points B and B’). This is the range of frequencies separating bands
IT and III of antenna I, as evident in Fig. 3.7. Etching out of the DGS on the ground
place transforms the impedance in this frequency range, thus merging of bands IT and III.
From the plot, it is seen that the locus of antenna II (B-B’) shrinks as compared to that
of antenna I (A-A’), with a shift towards point (1 + j0) on the chart, in the direction of
the arrow. This shrinkage is associated with a reduction in the magnitude of reflection
coefficients, indicating improved impedance matching. Similarly, Fig. 3.8(b) compares
antenna I and antenna III between the high frequency of band I (123.8 GHz — points A-
A’) and the lower frequency of band II (124.6 — points B-B’). From Fig. 3.8(b), the locus
of B-B’ shows a reduction in the magnitude of the reflection coefficient for antenna III
compared to antenna I. However, there is a counterclockwise rotation, indicating a phase

shift in the reflection coefficient. This can be attributed to the reactance of the offset via.

The effects of the improved impedance matching on the radiation characteristics is
further analyzed in terms of the main lobe magnitude and the side lobe levels (SLL) at
the center frequency, for both the co-polarized and cross-polarized fields. The main lobe
magnitudes are observed to be 9.94 dBi, 10.1 dBi, 10 dBi and 10.3 dBi for the co-polarized
H-plane fields and 0.437 dBi, -2.85 dBi, -3.36 dBi and -2.69 dBi for the cross-polarized fields
for the four radiating structures respectively. It is observed that both techniques enhances
the co-polarized fields while suppressing the magnitudes of the cross-polarized fields. The
SLLs are given as -12.1 dB, -11.7 dB, -12.7 dB and -12.1 dB for the co-polarized fields and
-24 dB, -24.2 dB, -24.5 dB and -25.6 dB for cross-polarized fields for the different antenna
structures. For the co-polarized fields, antenna II indicates a poor SLL performance as
opposed to antenna III indicating the unsuitability of the DGS on SLL performance for
the co-polarized fields. However, the application of both the DGS and via offset improves
the overall SLL. For the cross-polarized fields, antenna II and antenna III show a reduction
in the SLLs. In conclusion, we note that the applied impedance matching techniques offer

improved antenna performance, and as such are appropriate.

Fig. 3.9 shows the simulated plot of the variation of the voltage standing wave ratio
(VSWR) against frequency. The VSWR is less than 2.0 within the band of operation,

reaching a minimum of 1.006 at the resonant frequency of 125.76 GHz. The simulated
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Figure 3.8: Simulated reflection coefficients of (a) antennas I and IT at 134.6 GHz — 137.2
GHz and (b) antenna I and IIT at 123.8 GHz -124.6 GHz

gain of the antenna across the entire frequency of operation is also depicted in Fig. 3.10.

The antenna achieves a peak gain of 12.3 dBi at a frequency of 126 GHz.

Besides the gain, the directivity of the antenna is presented. Fig. 3.11 shows
the 3D plot of the directivity of the antenna at 126 GHz. The antenna achieves a
maximum directivity of 13.14 dBi at the frequency corresponding to maximum gain. The
corresponding peak radiation efficiency is 84% at the same frequency, as depicted in Fig.
3.12. The inherently high radiation efficiency is attributed to minimal conductor losses in
DRA radiators.

To validate the proposed design, the antenna was modelled and simulated in Ansys
HEFSS software. These two softwares use different computational techniques whereby CST
is a time-domain solver, whereas HFSS is a frequency-domain solver. Fig. 3.13 is a plot
of the reflection coefficient generated from CST and HFSS. These are plotted on the same
axes for performance comparison. The curves show agreement in terms of impedance
bandwidth performance (122.58 GHz - 139.51 GHz for CST and 122.71 GHz - 139.69
GHz for HFSS) with the HFSS plot slightly shifted to the right. There is a shift in the
center resonance frequency from 127.76 GHz to 130 GHz and a corresponding decrease
in the minimum reflection coefficient at resonance from -50.63 dB to -32.84 dB for CST

and HFSS results respectively. We further note that using HFSS, higher-order resonances
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Figure 3.9: Graphs showing the simulated antenna VSWR against frequency .

occur at frequencies close to those of the CST, with a slight upward shift. This difference

is attributed to the different computational techniques employed.

Fig. 3.14 compares the simulated E- and H-plane radiation pattern at the selected
resonances of 125.76 GHz. 129.9 GHz and 137.7 GHz using CST and HFSS. From the
figure, we observe that the radiation plots are similar in shape, with slight variations in

the gains of the patterns.

Table 3.3 compares the results of the proposed design to the earlier works presented
in [14], [45], [130], [69], [131], [132], [133] and [134]. Antennas with similar feeding and
radiation structures are compared so as to make inferences on the proposed design. It is
observed that the proposed antenna offers the same impedance bandwidth as the antenna
presented in [14] which operates in the same frequency range. Despite antennas [132] and
[45] offering an improved bandwidth and radiation efficiency performance, its frequency of
operation is lower than the proposed design. The performance of this design, in terms of

antenna gain, is superior to all the other earlier works.

Table 3.3: Performance comparison of the proposed antenna with other published works

Reference, (year) Type Feeding Technique fo0,(GHz) | Bandwidth Gain Efficiency
[45],(2010) CDRA HMSITW Cross slot feeding 60 24.2% 55dB | 92%
[133],(2014) RDRA SIW Modification of DRA 35 12% 5 dBi 94%
[14],(Ant 3, 2014) | On-chip RDRA | HWSIW HOM 135 13% 23.7 dBi | 62%
[69],(2016) CDRA STW Cross slot feeding 6.56 8.8% 3.7dB | -
[131],(2017) RDRA SIW Differential T Fao feeding | 27.5-28.4 3.2% 4.2 dBi | 86%
[134],(2018) CDRA SIW HOM 25.8 2.15% | 10.8 dBi | 87%
[132],(2021)-Band 1 RDRA SIW HOM 24.5-27.5 24% 9.9dB | 96%
[132],(2021)-Band II RDRA SIW HOM 33-37 12% 9.9 dB 96%
[130],(2021) RDRA SIW Fractal geometry + HOM 5.74 19.5% 5.96 dBi | -
This work RDRA SIW HOM 125.67 13.4% 12.3 dBi | 84%

CDRA - Cylindrical DRA, Efficiency - radiation efficiency, HMSIW — Half Mode SIW, HOM —
Higher-Order Mode, RDRA — Rectangular DRA
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Figure 3.10: Graphs showing the simulated antenna gain against frequency.

farfield (f=126) [1] z

Type Farfield

Approximation enabled (kR >> 1)

Component  Abs x
Qutput Directivity

Frequency 126 GHz

Rad. Effic. -0.7134 dB

Tot. Effic. -0.7531 dB

Dir. 13.14 dBi

Figure 3.11: A 3D plot of the simulated directivity of the antenna at 126 GHz.
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Figure 3.12: Graphs showing the simulated antenna radiation efficiency against frequency.
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Figure 3.13: Performance comparison of the simulated reflection coefficients of the
proposed design in CST and HFSS.

99



300

270

150 210

(a) E-plane (f=125.76 GHz)

270

150 210

(c) E-plane (f = 129.9 GHz)

90 270

150 210

(e) E-plane (f=137.7 GHz)

30 330

90 270

120 240

150 210

(b) H-plane (f=125.76 GHz)

30 330

a0 270

120 240

150 210

(d) H-plane (f = 129.9 GHz)

csT
HFSS

30 330

90 270

120 240

150 210

(9) H-plane (f=137.7 GHz)

Figure 3.14: Performance comparison of the simulated E- and H-plane radiation patterns
for the proposed design using CST and HFSS.
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3.4 Chapter summary

In this chapter, the design of a wideband SIW-DRA is presented for application in the D —
band frequency regime. The antenna operates from 122.58 GHz to 139.51 GHz equivalent
to a-10 dB impedance bandwidth of 13.4%. The wideband operation results from merging
together of the higher-order T E1951, 1T'Ers5, T Ess1, T Esos, T Es31 and T Ejsss resonant
modes of the DR. The wideband response is achieved through the use of a DGS and
via offset techniques which improves the impedance matching of the antenna. Moreover,
the antenna exhibits desirable attributes of high gain and radiation efficiency suitable for

application in this frequency band.
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Chapter 4

DESIGN OF HIGH-GAIN AND
WIDEBAND SIW-FED DRA

4.1 Introduction

A wideband SIW-fed DRA was presented in the previous chapter. The wide bandwidth is
achieved as a result of merging together of higher-order resonant modes of the DR. The
judicious selection of the DR aspect ratios together with the use of a DGS and via offsetting
on the SIW feed structure cause the merging together of adjacent bands for bandwidth
broadening. In this chapter, we extend the excitation of higher-order modes to design
a high-gain and wideband antenna for D-band applications. In the design of wideband
antennas, adjacent bands of closely lying resonances are merged together through the
application of impedance matching techniques. When the adjacent resonances are not
close enough, the resulting antenna design is often a dual-band or multi-band antenna.
These multi-band antennas are characterized by relatively narrow bandwidths in their
passbands. To realize the high data rate potential of the D-band frequencies, there is a
need for broadband and high-gain antennas, as outlined in Chapter 1. Therefore, the main
motivation of this chapter is the need to merge together adjacent bands of a dual-band

antenna.

In this chapter, three antenna designs are presented in the development of a systematic
approach to merging the passbands of a dual-band antenna. The demerits of reshaping
the DR element and the incorporation of additional structures as bandwidth enhancement
techniques have been explained in Chapter 2. Therefore, modifications of the feeding
structure become an attractive approach in the merging together of the resonances due
to higher-order excitations of the DR element. In this research, we embedded inductive
vias in the SIW feed to merge the resonances of a DRA for bandwidth enhancement.
Section 4.2 presents the first design, which investigates the application of the inductive
vias for bandwidth enhancement in SIW-fed antennas. In the second design in section 4.3,
a dual-band SIW-fed DRA antenna is presented. The third design in section 4.4 proposes
a systematic application of impedance matching techniques to merge the passbands of the

dual-band antenna presented in section 4.3.
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4.2 Investigations on the use of inductive vias for DRA bandwidth

enhancement.

4.2.1 Antenna geometry

Fig. 4.1 presents the geometry of the proposed design. The antenna is designed from
0.254 mm thick low dielectric constant RT Duroid substrate material, having a dielectric
constant €, = 2.2 and a loss tangent of = 0.0009. The SIW structure comprises two rows
of metallic vias, separated by a center-to-center distance of Wy to form the boundary of
the waveguide. The design equations (2.27) and (2.28) ensure that the SIW operates in the
fundamental T'F1¢ mode. In the proposed design, the width of the SIW is chosen so that
the SIW operates in higher-order mode cavity. The diameter, d and pitch, s of the via are
selected according to the rules in equations (2.24) and (2.25) so as to minimize radiation
losses along the walls of the guide. The waveguide is fed from a 502 microstrip feed line,
through a linearly tapered microstrip section for improved impedance matching. A set of
transverse via joining the two rows forms a short circuit termination at the opposite end

of the waveguide.

The radiating element is a rectangular-shaped DR element selected from 99.5% alumina
dielectric material with a dielectric constant of ¢.,4 = 9.9. The rectangular shape is
preferred because it offers a higher degree of bandwidth control. By proper selection of the
aspect ratios of the DR element, different resonant frequencies and radiation characteristics
can be achieved. The DR element is fed from a slot of length, L, and width, W, etched
on the broad wall of the SIW beneath it. This slot couples energy from the SIW to the
DR element.

To improve the impedance bandwidth of the proposed antenna, a set of inductive metal
shorts between the upper and lower plates of the SIW are employed. Inductive vias can
be placed either individually or in pairs. The effect of an inductive post on the impedance
of the network is such that it creates an electric response similar to the introduction of a
shunt inductance across its electrical equivalent model. A single via is placed at a distance
y1 from the short-circuited end, while a pair of symmetric vias separated by x» is placed at
a position y2. Besides these vias, a ring-shaped DGS slot is etched from the ground plane
around the single via. The inner and outer radii of the ring are r; and r9 respectively. The
positions of the slot Py, and the vias are optimized for improved return loss performance

of the antenna.

4.2.2 Simulation results

The proposed antenna structure was modeled and simulated using CST Microwave
Studio. The parameters were optimized to improve the S1; performance of the antenna
in this frequency range. The optimized antenna parameters are presented in Table

4.1. The performance of the antenna is analyzed in terms of the bandwidth, radiation
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Figure 4.1: Geometry of the proposed antenna structure showing (a) the top view, (b)
ground plane (c) DRA element and (d) 3-D view.

characteristics, gain and radiation efficiency.

Fig. 4.2 shows the plot of the simulated reflection coefficient, Si; of the antenna
against frequency. From the figure, it is observed that the proposed antenna is multi-
resonant, operating at 139.4 GHz, 141 GHz, 144.7 GHz, 146 GHz, 147.5 GHz and 150.1
GHz frequencies. These resonances correspond to higher-order modes excited in the DRs
and are characterized by narrow passbands. The individual higher order resonances are
merged together to achieve a wider impedance bandwidth. It is observed that the reflection
coefficient is below -10 dB between the frequencies 138.27 GHz and 150.95 GHz, with the
lowest reflection coefficient of -33.96 dB at 141 GHz. This represents a -10 dB impedance
bandwidth of 9%. Each of these resonant frequencies is associated with a unique field

configuration, that represents the different radiation modes of the DR element.

To investigate the effects of the inductive vias on the enhancement of the antenna
bandwidth, different S7; plots describing the evolutionary design stages of the antenna
are presented. These are plotted on the same axis for comparison and inference. The S11

curves for the different design stages as depicted in Fig. 4.3 are described below.
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Table 4.1: Optimized Antenna Parameters

Parameter Description Value | Parameter | Description Value
d Via diameter 0.3 s Via pitch 0.54
h Substrate height 0.254 Wara Resonator width 3.0

Hyra Resonator height 1.66 W; Feed width 0.67
Lgra Resonator length 1.48 W Substrate width 4.36
Ly Feed length 0.5 Wsrw Effective SIW width 3.76
L Substrate length 11.02 Wsiot Slot width 0.33

Lot Slot length 1.7 Wi Taper width 0.9
Ly Taper length 0.89 T3 z distance between 2"? via pair 1.08

Pyo Slot position 1.0 Y1 y position of the 1% vias 5.39
1 Inner radius of DGS ring | 0.15 Y2 y position of the 27¢ vias 8.12
79 Outer radius of DGS ring | 0.35

All dimensions are in mm units

Figure 4.2: Simulated antenna S7; performance.

4.2.2.1 Antenna with neither inductive vias nor DGS applied

The 571 curve for the antenna with neither the inductive vias nor DGS applied is labelled
"I - No technique”. The antenna exhibits a dual-band response with passbands between
140.82 GHz - 145.24 GHz and 147.27 GHz - 151.02 GHz for the lower and upper bands

respectively. A narrow stop band of 2.03 GHz separates the two bands.

4.2.2.2 Antenna with only inductive vias applied

The curve labelled "II - Via only” presents the antenna Sy; performance when the antenna
design stage embeds the inductive vias into the SIW feed. When compared to the case

where no technique is applied, the S7; performance shows that the mismatch at 145.24 GHz
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Figure 4.3: S11 performance comparison for the different antennas under different

impedance matching techniques.

- 147.27 GHz due to the stop band is eliminated. However, the vias introduce mismatches
in the lower and upper frequencies. This raises the lower cut-off frequency to 141.53 GHz

and lowers the upper cutoff frequency to 148.63 GHz.

4.2.2.3 Antenna with both inductive vias and the DGS loaded

With the application of the inductive vias technique, the S11 response depicts a tri-band
antenna between 138.69 GHz and 151.28 GHz, with two very narrow stop bands of 0.79
GHz (140.74 GHz - 141.53 GHz) and 0.83 GHz (148.63 GHz - 149.46 GHz). The impedance
mismatches at these frequencies are eliminated using a circular DGS on the ground plane.
The S11 performance of curve "III - Via and DGS” exhibits an enhanced bandwidth between
138.27 GHz and 150.95 GHz as indicated in Fig. 4.2.

The radiation characteristics of the antenna should be stable in the frequency band
of operation to minimize distortion and guarantee good antenna performance. This
requires that the individual resonances should possess similar radiation characteristics.
The radiation characteristics of the distinct resonant frequencies are examined. Figs. 4.4
and 4.5 show the simulated polar plots of the F- and H-plane far-field radiation patterns
of the proposed design. It is observed that the radiation characteristics of the individual

resonant frequencies is in the broadband direction.

The performance of the antenna is further analyzed in terms of antenna gain and
radiation efficiency. Figs. 4.6 and 4.7 shows the simulation plots for antenna gain and
radiation efficiency against frequency respectively. The proposed antenna has a maximum
gain of 8.79 dBi and radiation efficiency of 81% at 144.7GHz
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Figure 4.4: Simulated H-plane radiation pattern of the proposed design showing the total
H-field and cross-polarized fields at 139.4 GHz, 141 GHz, 144.7 GHz, 146 GHz, 147.5 GHz

and 150.1 GHz frequencies.
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Figure 4.5: Simulated E-plane radiation pattern of the proposed design at 139.4 GHz, 141
GHz, 144.7 GHz, 146 GHz, 147.5 GHz and 150.1 GHz frequencies. The cross-polarized
fields are negligible.
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Figure 4.6: Simulated gain of the antenna.

Figure 4.7: Simulated radiation efficiency of the antenna.
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4.3 Design of a dual-band SITW-fed DRA

4.3.1 Antenna design

The structural geometries of the SIW cavity together with the radiating element are
presented in Fig. 4.8. The SIW structure is designed on a thin dielectric laminate, to
have a propagation behaviour similar to the conventional metallic waveguide. The choice
of the substrate is Rogers RT/Duroid® 5880 substrate material of thickness h = 0.254
mm, with a permittivity of ¢, = 2.2 and a loss tangent tan §=0.0009. The SIW cavity
is realized by two rows of metallized via that form the walls of the planar waveguide.
The key design parameters that are important in mapping the SIW to the rectangular
waveguide are the width of the SIW, Wgy, the diameter of the via, d and the via pitch,
s. The cutoff frequency for a dielectric-filled rectangular waveguide of width, Wey; and
the width, Wgrw are determined from equations (2.27) and (2.28). The diameter and the
pitch of the via are chosen according to the rules s < 2d and d < \;/5 to ensure that
there is negligible leakage of electromagnetic energy through the walls of the SIW. The
limitations in the fabrication processes at high frequencies is mitigated through the use
of higher-order propagating modes in the SIW guide. The width Wy is chosen so that
the SIW operates in higher-order mode cavity. One end is terminated with a transverse
row of metal via to form a short circuit. A 502 microstrip line feeds the cavity through a
tapered transition section of length L; and width W}, whose dimensions are optimized for

good impedance matching.

A high permittivity material comprising of 99.5% alumina with relative permittivity
era = 9.9 is selected for the design of the DR element. The dimensions of the
rectangular DR element H .o, Lgro and Wy, are chosen for higher-order mode excitation.
The resonant frequencies of these higher-order m, n modes are determined from the
transcendental equation in equation (2.19). This element is placed on top of the SIW
cavity, symmetrically with respect to the aperture etched out on the top conductor of the
waveguide. The DR element is excited through this I-shaped aperture beneath it. The
position and the dimensions of the slot are optimized for improved impedance matching
to achieve dual-band operation. The proposed topology exploits the advantages of both
the DR and the SIW feed for a high-performance antenna at high frequencies.

4.3.2 Simulation results

The proposed dual-band antenna is designed and simulated using CST MWS commercial
software for performance evaluation. Parametric optimization is performed to optimize
its dimensional parameters. Table 4.2 shows the dimension details of the proposed dual-
band antenna design. The performance analysis is carried out in terms of its reflection
coefficients and radiation characteristics. Fig. 4.9 is a plot of the simulated reflection

coefficients of the proposed dual-band design.
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Figure 4.8: Design structure of the proposed dual-band STW-fed DRA antenna showing
(a) & (b) upper and lower conducting surfaces of the waveguide (c) the rectangular DR
element and (d) 3-D view

Figure 4.9: Simulated S7; performance curve of the proposed dual-band antenna
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Table 4.2: Detailed dimensions of the dual-band antenna design

Parameter Description Value | Parameter Description Value
d Via diameter 0.3 L; Taper length 0.87
h Substrate height | 0.254 Py Slot position 1.57

Hy. Resonator height | 1.80 S1 Lateral via pitch 0.56
h Main slot length 1.75 S92 Terminating via pitch | 0.53
lo Main slot width 0.35 Wira Resonator width 3.4
I3 Minor slot length | 0.55 Wy Feed width 0.67
Iy Minor slot width | 0.12 W Substrate width 4.31

Lgra Resonator length | 1.95 Wsrw SIW effective width 3.71
Ly Feed length 0.6 W, Taper length 0.87
Ly Substrate length | 10.94

All dimensions are in mm units

The Si1 curve shows the dual-band operation of the SIW-DRA with bandwidths 9.55
GHz (126.95 GHz - 136.5 GHz) and 9.81 GHz (139.67 GHz - 149.48 GHz). These represent
fractional bandwidths of 7.2% and 6.78% respectively. The curve further depicts the
multiple resonances. The major resonances occur at 127.59 GHz, 129.46 GHz and 135.38
GHz for the low-frequency band while the higher band resonates at 141.21 GHz, 142.65
GHz and 144.65 GHz. The physical dimensions of the DR were selected such that there is
excitation of higher-order modes in the DR element. Each of these resonances corresponds

to a different mode, characterized by distinct internal field distributions.

The different modes excited in a DR element are associated with different radiation
characteristics [18]. The radiation characteristics of the dual-band antenna is analyzed at
the different resonances. Figs. 4.10 and 4.11 show the polar plots for the simulated far-
field radiation patterns in the principal planes. The far-field characteristics and details for
the different resonances are shown in Table 4.3. The simulated radiation patterns at the
different resonances show broadband radiation characteristics. This is expected because
the radiation pattern of higher-order DR modes has been shown to be broadband [60].
Because of the similar radiation patterns, the performance of the proposed design is not
degraded and the antenna exhibits stable radiation characteristics across both the bands
of operation. The gain of the proposed SIW-DRA is also analyzed for evaluation of its
gain performance. Fig. 4.12 shows plots of the gain against frequency while Fig. 4.13
shows the radiation efficiency as a function of frequency. The antenna achieves a realized
gain of 10.69 dB with a peak radiation efficiency of 87%.
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Figure 4.10: Polar plots showing the simulated radiation patterns of the proposed dual-
band antenna in the principal H-plane at 127.59 GHz, 129.46 GHz, 135.38 GHz, 141.21
GHz, 142.65 GHz and 144.65 GHz.
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Figure 4.11: Polar plots showing the simulated radiation patterns of the proposed dual-
band antenna in the principal E-plane at 127.59 GHz, 129.46 GHz, 135.38 GHz, 141.21
GHz, 142.65 GHz and 144.65 GHz.
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Table 4.3: Simulated radiation parameters of the proposed dual-band antenna

E-plane
Lower band Upper band
f (GHz) 127.59 | 129.46 | 135.38 | 141.21 | 142.65 | 144.65
Main Lobe Magnitude (dBi) | 10.7 6.83 6.80 7.64 6.74 6.82
Main Lobe Direction 47.0° 43.0° 11.0° 24.0° 4.0° 49.0°
3 dB Angular width 15.5° 15.3¢ 9.1° 9.6° 7.6 9.7°
Side Lobe Level (dB) -0.7 -0.9 -0.6 -0.7 -0.9 -1.0
H-plane
Lower band Upper band
f (GHz) 127.59 | 129.46 | 135.38 | 141.21 | 142.65 | 144.65
Main Lobe Magnitude (dBi) | 5.95 1.39 4.03 5.6 4.45 5.38
Main Lobe Direction 0.0° 12.0° 21.0° 34.0° 55.0° 53.0°
3 dB Angular width 36.5° | 63.3° | 26.6° | 28.2° 35.9 25.5°
Side Lobe Level (dB) -5.0 -12.0 -44 -10.5 -1.5 -0.7

Figure 4.12: Simulated gain of the proposed dual-band antenna
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Figure 4.13: Simulated radiation efficiency of the proposed dual-band antenna
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4.4 Design of a high-gain and wideband SIW-fed DRA

A dual-band antenna design was presented in section 4.3. The design exhibits a stop
band of 3.17 GHz between the lower and upper passbands. This stop band indicates
poor input impedance of the antenna between 136.5 GHz and 139.67 GHz. This section
proposes the modification of the dual-band antenna through the use of impedance matching
techniques and parameter optimization to improve the matching in this stop band. This
way, the lower and upper passbands of the dual-band antenna are merged together to
achieve a wideband operation. The design process involves the systematic and sequential
application of impedance matching techniques in order to transform the dual-band antenna

into a wideband antenna design.

4.4.1 Antenna design

In this section, we describe the design details of the proposed antenna, composed of the
SIW feed network and the DR element. Fig. 4.14 shows the geometry of the SIW-fed
DRA. The SIW feed is preferred because of its low-loss, high-power handling and its
ability to minimize radiation by confining the electromagnetic wave within the waveguide.
The laminate is chosen from RT Duroid 5880 material of relative permittivity e, = 2.2, loss
tangent 6 = 0.0009 and substrate height h = 0.254 mm. Two rows of metal via separated
by a center-to-center distance of Wgy form the lateral walls of the guiding structure for
the propagating electromagnetic wave. The via diameter d and pitch s are bounded by the
relations: s < 2d and d < \;/5, where ), is the guided wavelength. These conditions are
sufficient to minimize radiation loss along the walls and to avoid the bandgap effect [91].
The SIW is fed from a 502 microstrip line through a linearly tapered section of length
L; and width W;. This tapered transition realizes the conversion of the quasi-TEM wave
in the microstrip line to the TE;p mode in the waveguide [121], [135]. This length and
width are optimized to minimize reflection [130]. The far end of the SIW is terminated
by equally spaced vias, to form the feeding cavity. A rectangular slot is etched on the top
conductor of the SIW. This slot couples energy from the cavity to excite the DR element.

A rectangular-shaped DR element is chosen from 99.5% alumina dielectric material
of dielectric constant €, = 9.9. The physical dimensions Lg.,, Wy and Hyg., are
selected such that the DR operates in higher-order modes. The resonant frequencies can
be predicted from the equation of the dielectric waveguide model given by equations (2.19)
- (2.23) [60].

A pair of inductive vias of diameter ds is embedded in the SIW feeding structure
along the axis of longitudinal symmetry, at positions y; and y, from the waveport feed.
These create discontinuities in the waveguide for impedance matching. In addition, a thin
microstrip strip spanning a length of L, and width W, is symmetrically etched at the
base of the tapered transition to form a dual-stub. Further improvement is achieved by

placing the DRA at an offset distance x4 with respect to the slot axis.
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Figure 4.14: Geometry of the proposed wideband SIW-DRA antenna showing (a) top
plane (b) ground plane (c) the DR element and (d) 3-D model

4.4.2 Simulated results and performance analysis

The proposed antenna structure is modeled in CST Microwave Studio and simulated for
optimum performance. Table 4.4 shows the dimensional parameters of the proposed SIW-
DRA. The simulated S1; performance of the proposed design is depicted in Fig. 4.15. The
antenna operates between 123.97 GHz and 152.13 GHz. This represents an impedance
bandwidth of 20.39% at the center frequency of 138.05 GHz. The Si1 plot shows eight
distinct resonances within this frequency band. Each of these resonant frequencies is

associated with a mode defined by a unique field pattern.

Electromagnetic energy in the SIW cavity is coupled to the DR element through the
slot opening beneath it. The slot behaves like a magnetic current source, which excites
the fields inside the DR. The excited field distributions inside the DR constitute the
different excited modes, each of which is associated with a frequency of resonance. The
different modes that can be excited depend on the feeding method employed as well as the
point of application of the excitation. These modes may be approximated using the field
distribution of the modes of an isolated DR element. These modes can be determined from
the eigenmode simulation of an isolated DR element in CST MWS. The excited modes

are identified from the orientation of the equivalent magnetic dipole and the number of

78



Table 4.4: Dimensional parameters of the proposed SIW-DRA

Parameter Description Value || Parameter Description Value
d1 SIW via diameter 0.3 S9 Terminating via pitch 0.53
do Inductive via diameter | 0.27 Wara Resonator width 3.455
h Substrate height 0.254 W; Feed width 0.67

Hypg Resonator height 1.795 Wy Substrate width 4.3

Ly Resonator length 1.945 Wsrw Effective SIW width 3.7
Ly Feed length 0.45 Wiiot Slot width 0.35
Ly Substrate length 10.91 Wstub Stub width 0.25

Lot Slot length 1.8 Wi Taper width 0.88

Lt Stub length 2.0 Tq DRA offset position 0.61
L Taper length 0.8 Y1 Position of inductive Vial | 3.86

Pgot Slot position 1.55 Y2 Position of inductive Via2 | 5.53
s1 Via pitch 0.56

All dimensions are in mm units
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Figure 4.15: Simulated reflection coefficient of the proposed SIW-DRA antenna

half-wave variations of the F- and H-fields in the orthogonal coordinate system. Because
of the presence of the ground plane, it is observed that even modes in the z-direction
are not excited [60]. Fig. 4.16 shows the E-fields of the modes of the isolated DRA at
different frequencies, corresponding to the resonating frequencies of the proposed antenna.
The excited modes are identified as T Fg19 at 124.38 GHz, T Es5s7 at 125.22 GHz, T Eg37 at
130.28 GHz, T'E3s7 at 140.72 GHz, T Es55 at 141.59 GHz, T Egg7 at 143.47 GHz, T Es1_11
at 149.7 GHz and T Ess7 at 151.17 GHz.

The wideband response observed in Fig. 4.15 is due to the merging of individual
resonant frequencies of the higher-order modes. Besides the optimization of the feed
structure and DR parameters, the use of inductive metal vias, tuning stub and offsetting

of the DR element are employed to improve impedance matching. These techniques are
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Figure 4.16: Simulated FE-field distributions of the rectangular DRA element showing
different modes excited at different resonant frequencies

progressively applied to the design process so as to merge the bands of a dual-band antenna.
Therefore, we define intermediate structures representing the evolutionary stages of the

antenna design.

Fig. 4.17 shows the top view configurations of these different radiating structures.
For convenience, we refer to these structures as Ant. I, Ant. II, Ant. III and Ant. IV
respectively. Electromagnetic simulations of these structures are carried out to understand
the contribution of the applied impedance matching techniques. Fig. 4.18 shows the
reflection coefficients performance comparison of the different radiating structures. Si;
plots of successive structures are plotted on the same axes to accentuate the contribution

of the applied technique.

Fig. 4.18 (a) shows the reflection coefficients of Ant. I, whose structure is the

conventional SIW-DRA. The S;; parameters show that the antenna can be optimized

80



Figure 4.17: Top view of the different configurations of the antenna showing (a) Ant. I —
the conventional SIW-DRA antenna, (b) Ant. II — inductive shorting vias embedded, (c)
Ant. III — incorporation of a matching stub and (d) Ant. IV — displacement of the DRA
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Figure 4.18: Simulated reflection coefficients showing the evolution and performance
comparison for different radiating structures (a) dual-band nature of Ant. I with the
stopbands highlighted (b) Ant. I and Ant. II (c) Ant. II and Ant. IIT and (d) Ant. III

and Ant. IV
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for dual-band applications. The limits of the operating bandwidth and the stop bands are
highlighted in the figure. In this work, rather than optimizing the antenna for dual-band
applications, we propose to merge the two bands for wideband operation. Ant. I presents
a severe impedance mismatch between 137.17 GHz and 139.66 GHz, for which we propose
to employ different impedance matching techniques. In the ensuing analysis, we define the
lower frequency range of the antenna as f < 140 GHz while the higher frequency range
as f > 140 GHz. We describe the sequential approach to impedance enhancement of the

proposed antenna.

4.4.2.1 Effects of the inductive shorting vias

The use of inductive metallic posts and other discontinuities have been employed
in conventional metallic waveguides to achieve impedance matching. SIW exhibits
propagation characteristics similar to the conventional metallic waveguides, thus the use
of inductive vias for impedance matching is extended to SIW structures. Early works in
literature [136] reported the application of this technique in the design of a SIW amplifier.
Subsequently, it found extensive use in SIW devices for impedance matching. We introduce
inductive vias into the SIW structure to merge the dual bands of Ant. I to enhance
its bandwidth. The vias may be placed individually or in pairs in the SIW structure.
Impedance matching is achieved by proper positioning of the vias, with symmetrical
structures showing a wider impedance matching region compared to the asymmetrical
structures [137]. Simulations show that the use of two vias offers a better impedance
response in the lower frequency range of the antenna compared to a single vias. Fig.
4.18 (b) compares the performance of Ant. I and Ant. II, showing that the via pair cause
improvement in impedance matching in the lower frequency range, especially in the desired
137.17 GHz - 139.66 GHz frequency band. This also lowers the lower cutoff frequency of
the antenna for broader bandwidth. In addition, there is increased resonance in the higher
frequency range, with a slight shift in frequency compared to that of Ant. I. However, we
observe that the increased resonance introduces impedance mismatches in the vicinity of
these resonances in the higher frequency range. This is indicated by the worsening of the

S11 performance in the higher frequency range.

Inductive vias discontinuities act like reactive elements along the waveguide. Their
presence in the waveguide gives rise to a reflected wave and storage of reactive energy
because of the excitation of higher-order propagating modes in the waveguide. However,
these modes are evanescent and are localized within the discontinuity, decaying rapidly
with distance [138]. The early works of Schwinger and Marcuvitz provided the analysis and
modelling of discontinuities in waveguiding structures. In particular, inductive shorting
vias can be modelled as a shunt inductor across an equivalent transmission line model
[139]. The effect of the inductive via to the input impedance of the proposed design
can be observed in Fig. 4.19. In the low-frequency range, it can be observed that the
input reactance of the antenna tends to zero, while there is a considerable increase in

the inductive reactance in the higher frequency range for Ant. II compared to Ant. I
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respectively. Similar observations can be made on the resistance plot with reference to
50€2. In the lower frequency range, the input resistance envelope for Ant. II is close to
5092 compared to that of Ant. I while it increases in the higher frequency range. This

shows an improvement in the antenna impedance match in this lower frequency.

Figure 4.19: Comparison of the simulated input reactance and input resistance for Ant. I
and Ant. II

Results of the parametric investigations on the position and diameter size of the
inductive metal vias are presented. To distinguish the pair, the vias close to the feed
point is designated via 1 while the one close to the DR element as via 2. In Figs. 4.20
(a) and (b), the positions of via 1 and via 2 are varied and its effects on the reflection
coefficient analyzed. Parametric results show variations of the reflection coefficient in the
lower frequency range. For via 1, the via position y; = 3.81 mm causes a mismatch at
132.8 GHz and y; = 3.91 mm at 126.7 GHz and 137.6 GHz respectively. Similarly for via
2, via position y» = 5.58 mm increases the reflection coefficients beyond -10 dB at 134.7
GHz while yo = 5.48 mm deteriorates the impedance matching performance at 126.7 GHz
and 137.6 GHz. The location of the two via-pair affects both the impedance matching in
the lower frequency range and the merging of the two bands. Their effects are similar,
indicating that the distance of separation of the two vias should be maintained. In Fig.
4.20 (c), an increase in the via diameter d2 = 0.3 mm introduces mismatches at 126.7 GHz,
132.7 GHz and 137.7 GHz while a smaller diameter do = 0.24 mm deteriorates the proposed
antenna performance at 127.8 GHz and 140 GHz. Variations of via parameters have a
great effect on the merging of the two bands, with increased impedance mismatches being

observed in the lower frequencies. The higher frequency range largely remains unaffected.
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Figure 4.20: Simulated Si; plots showing the effects of variation of the different via
parameters (a) via 1 position (b) via 2 position and (c) via diameter

4.4.2.2 Effect of the matching stub

Inductive vias cause an increased mismatch in the higher frequency range of the proposed
antenna. Fig. 4.18 (c) shows the Sj; comparison of Ant. II and Ant. III plotted on the
same axes. It is seen that the use of a microstrip stub significantly improves the matching
in the higher frequency band, without introducing a mismatch in the lower frequency
range. Fig. 4.21 shows a plot of input impedance against frequency for Ant. II and
Ant. III. It can be observed that there is a reduction in the input inductance of Ant. III
compared to Ant. II. The introduction of the matching stub causes a reduction of the

input reactance across all the frequencies, indicating the capacitive loading of the stub.

The length and width of the matching stub were varied to determine its effects on the
merging of the two bands as well as the impedance bandwidth. Fig. 4.22 (a) shows the
S11 plots for stub lengths Ly, = 2.1 mm, 2 mm and 1.9 mm. From the simulated plots,
we observe that the stub length does not significantly affect the bandwidth performance
of the proposed design. Moreover, there is no shift in the resonant frequencies, except for
the poor resonances observed. In Fig. 4.22 (b), the stub width is varied from 0.2 mm to
0.3 mm. Reduction of the stub width deteriorates the S1; performance at 134.7 GHz in
the lower frequency range as well as at 150.2 GHz in the higher frequency range. A wide
stub of width Wy, = 0.3 mm does not affect the impedance bandwidth but causes poor

resonance at the center frequency. The merging of the two bands is not affected.
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Figure 4.21: Comparison of the simulated input reactance and input resistance for Ant.
IT and Ant. III
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Figure 4.22: Simulated S7; plots showing the effects of variation of the different stub
parameters (a) stub length (b) stub width

4.4.2.3 Effect of the DRA offset position

The slot coupling behaves like a magnetic current source [130]. The level of coupling is
adjusted by offsetting the DRA axis with respect to that of the slot. This way, impedance
tuning is achieved for better matching. Ant. IV presents the proposed antenna design.
The offset DRA further improves the reflection coefficient in the lower frequency band.
Fig. 4.18 (d) compares the Si; performance of Ant. III and Ant. IV. It is observed that
Ant. TV achieves a -10 dB bandwidth from 123.97 GHz and 152.14 GHz. The impedance
plots in Fig. 4.23 show that the reactance further approaches zero, indicating improvement
in impedance matching of Ant. IV compared to Ant. III. This justifies the offsetting of

the DR as a bandwidth enhancement technique.
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Figure 4.23: Comparison of the simulated input reactance and input resistance for Ant.
III and Ant. IV

The DRA offset position affects the coupling of the energy to the DR element. The
offset position is varied and simulation results for x4y = 0.56 mm, 0.61 mm and 0.66 mm
presented. The parametric variations are presented in Fig. 4.24. A DRA offset position of
0.66 mm introduces a mismatch in both the lower and upper frequency ranges around 135
GHz and 150 GHz respectively. Similarly, for x4 = 0.56 mm deteriorates the bandwidth
performance at 144.4 GHz.
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Figure 4.24: Simulated S11 plots showing the effects of variation of the DRA offset position
with respect to the slot axis

4.4.2.4 Effect of variations of the slot length, slot width and slot position

The use of inductive via, matching stub and offset feeding techniques are applied to the

dual-band Ant. I to achieve broadband operation. In addition, the slot also contributes
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to the bandwidth performance of the antenna. In this section, we analyze the influence of
the slot design parameters on the bandwidth response of the antenna. Parametric studies

are conducted for optimal parameter selection.

The effects of slot size and position are studied to determine the best coupling to the
DR. Fig. 4.25 (a) presents the variation of the reflection coefficient for different slot lengths.
Results for the case of Ly, = 1.9 mm, 1.8 mm and 1.7 mm are presented. An increase in
the slot length introduces a mismatch in the upper-frequency range, at around 144.2 GHz
while a decrease in the length is observed to deteriorate the S1; performance of the lower
frequency band at 134.7 GHz. The slot length variation causes a change in the magnitude
of the reflection coefficient as well as a shift in resonant frequency in the upper-frequency
range. The merging together of the two bands remains unaffected. Fig. 4.25 (b) shows
the variations in the slot width for Wy, = 0.37 mm, 0.35 mm and 0.33 mm. It is noted
that the slot width does not significantly affect the impedance bandwidth of the proposed
design. We observe an increase in the magnitude of the reflection coefficients at different
resonant frequencies for the different values of slot width. However, larger variations in
the slot width may introduce mismatches at different frequencies as well as affect the
upper cutoff frequency. The variations of the slot position for fixed length and width are
shown in Fig. 4.25 (c). The magnitude of Si; shows increased impedance mismatch at
134.7 GHz, 140 GHz and 150.2 GHz for P, = 1.6 mm, while position Py, = 1.5 mm
increases the lower cutoff frequency from 123.97 GHz to 124.84 GHz indicating a reduction
in impedance bandwidth. Changes in slot position affect the reflection coefficients at the
different resonant frequencies, with the best matching at Py, = 1.55 mm giving the lowest
reflection coefficient of -48.07 dB at 141.59 GHz

The multimode behaviour of the proposed antenna necessitates the study of the
antenna radiation characteristics. The radiated fields of the DR can be determined
from equivalent currents J, and M, at the surface of the DR element. These current
densities may be determined from the knowledge of the fields distribution using Huygens’
field equivalence principle [47]. Different modes possess different field distributions
which exhibit different radiation characteristics. Merging modes with different radiation
characteristics may significantly degrade the antenna radiation pattern in the frequency
band of operation. Besides, the excitation of higher-order modes and the use of a finite
ground plane cause increase in the cross-polarization of the antenna. The level of cross-
polarization is an important figure of merit in the design of antennas because it also
leads to the degradation of antenna radiation performance. Simulated 2-D plots of the
radiation pattern of the proposed design are presented in Figs. 4.26 and 4.27, for the
different resonant frequencies. The observed main lobe directions are 41°, 40°, 47°, 2°, 1°,
4°, 33° and 50° for the E-plane and 13°, 0°, 0°, 0°, 99, 0°, 26° and 0° for the H - plane in
the increasing order of resonant frequencies respectively. Therefore, the proposed design
exhibits stable broadside radiation pattern in the frequency band of operation. This is
expected because a higher-order DR radiates like a magnetic multipole, whose radiation

pattern has been shown to be broadband in nature [60]. Table 4.5 lists the radiation
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Figure 4.25: Simulated S1; plots showing the effects of variation of the different slot
parameters (a) slot length (b) slot width and (c) slot position

characteristics of the proposed antenna.

Table 4.5: Radiation pattern characteristics of the proposed SIW-DRA

f (GHz) | Main Lobe Direction | Co-polar levels (dB) | Cross polar levels (dB)
E-plane H-plane | E-plane | H-plane | E-plane H-plane
124.38 41° 13¢ 4.61 2 -95.4 -8.43
125.22 40° 0° 8.96 3.29 -94.6 -2.3
130.28 47° 0° 7.99 2.53 -93.1 -3.88
140.72 20 0° 9.81 8.96 -90.2 -0.338
141.59 1° 9° 5.96 5.77 -90.5 -1.46
143.47 4° 0° 7.56 4.86 -89.6 -2.54
149.7 33° 26° 5.73 2.42 -88.2 -1.86
151.17 50° 0° 6.85 5.55 -89.1 0.534

Peak cross-polarized fields are at least 93.93 dBi and 4.28 dBi lower than the co-
polarized fields for the E- and H- planes respectively. Low cross-polarization levels can
be achieved with the slot axis centered with respect to that of the DRA, because this
would suppress modes responsible for increased co-polarization [54]. We would expect the
antenna to maintain low levels of cross-polarization, owing to the slot and DRA exhibiting
similar magnetic dipole-like radiation characteristics. However, we observe that the levels

of the cross-polarization fields are more suppressed in the E-plane while there is poor cross-
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Figure 4.26: Simulated H-plane radiation patterns of the different DR modes at (a) 124.38
GHz, (b) 125.22 GHz (c) 130.28 GHz, (d) 140.72 GHz, (e) 141.59 GHz, (f) 143.47 GHz,
(g) 149.70 GHz and (h) 151.17 GHz resonant frequencies
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Figure 4.27: Simulated E-plane radiation patterns of the different DR modes at (a) 124.38
GHz, (b) 125.22 GHz () 130.28 GHz, (d) 140.72 GHz, (e) 141.59 GHz, (f) 143.47 GHz,
(g) 149.70 GHz and (h) 151.17 GHz resonant frequencies
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polarization performance in the H-plane. This may be attributed to finite plane effects
[127], excitation of higher-order modes of the DR [126] as well as the possible presence
of degenerate modes owing to the DRA offset [54]. Fig. 4.28 shows the simulated gain
and radiation efficiency of the antenna over frequency. The antenna achieves a simulated
peak gain of 11.67 dBi and a directivity of 13.36 dBi at a frequency of 134.2 GHz. The
proposed design has a maximum total radiation efficiency of 79% depicted in Fig. 4.29.

Figure 4.28: Graphs showing simulated gain against frequency

Figure 4.29: Graphs showing simulated radiation efficiency against frequency
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4.4.3 Design validation

The performance of the proposed design is validated using a different simulation software.
The antenna is modelled and simulated in Ansys HFSS environment. HFSS is chosen
because it uses a different computational technique compared to CST. Fig. 4.30 is a
plot of the simulated reflection coefficients from CST and HFSS simulators, plotted on
the same axes for comparison. We observe that the HFSS curve shows a good antenna
performance from 125.22 GHz to 150.76 GHz, representing 18.5% bandwidth. We note
the deviation from the 20.39% bandwidth reported for CST simulation. This reduction
does not significantly impact on the bandwidth performance of the proposed design. The
HFSS curve is slightly shifted upwards, with respect to the CST curve. This means that
the corresponding higher-order resonances are also shifted. From the two curves, we also
observe differences in the level of reflection coefficients at all frequencies. These differences
are attributed to the different computational techniques of CST and HFSS.
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Figure 4.30: Performance comparison of the simulated reflection coefficients of the
proposed design in CST and HFSS

The proposed design is compared with published works with similar antenna structures.
Table 4.6 presents the performance comparison of the proposed design with the earlier
works reported in [14], [45], [69], [130], [131], [132], [133], [134], [140] and [141]. There
is increased research interest for D-band communications as evidenced by the different
antenna designs reported in literature. In order to evaluate the performance of the
proposed design, there is need to compare the performance of antennas with similar
structure. Therefore, Table 4.6 compares the performance of published SIW-DRA designs
across different frequency bands. The impedance bandwidth of the proposed design is lower
than that presented in [45] and [132]. However, the design frequencies of [45] and [132]

is much lower than that of the proposed design. For the antenna operating in the same
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frequency band presented in [14], [140] and [141], the proposed design offers improved
bandwidth performance. The gain performance of the proposed design is superior to
the earlier reported works. However, we note that the radiation efficiency of the proposed
design is slightly lower, compared to designs [140] and [141] operating in the same frequency
band.

Table 4.6: Performance comparison of the proposed antenna with other published works

Reference Type Feeding Technique fo (GHz) Bandwidth Gain Efficiency
[45], 2010 CDRA HMSIW Cross slot feeding 60 24.2% 5.5 dB 92%
[133], 2014 RDRA SIW Modification of DRA 35 12% 5 dBi 94%
[14]-Ant 3, 2014 On-chip RDRA HMSIW HOM 135 13% 3.7 dBi 62%
[69], 2016 CDRA SIW Cross slot feeding 6.56 8.8% 3.7dB -
[134], 2018 CDRA SIwW HOM 25.8 2.15% 10.8 dBi 87%
[131], 2019 RDRA SIW Differential T Eoo feeding — 27.5-28.4 3.2% 4.2 dBi 86%
[132], 2021,Band I RDRA SIW HOM 24.5-27.5 24% 9.9 dB 96%
[132], 2021,Band II RDRA SIwW HOM 33-37 12% 9.9 dBi 96%
[130], 2021 RDRA SIW Fractal Geometry + HOM 5.74 19.5% 5.96 dBi -
[140], 2022 RDRA SIW HOM 141 9% 8.79 dBi 81%
[141], 2022 RDRA SIwW HOM 125.76 13.4% 12.3 dBi 84%
This work RDRA SIW HOM 141.59 20.39% 11.67 dBi 79%

CDRA - Cylindrical DRA, Efficiency - radiation efficiency, HMSIW — Half Mode SIW, HOM —
Higher-Order Mode, RDRA — Rectangular DRA

4.5 Chapter summary

In this chapter, a method for merging the passbands of a dual-band SIW-DRA antenna
to achieve a broad bandwidth is proposed. This involves the application of impedance
matching techniques targeting the mismatches in the stop band, without causing
deterioration in the passbands. In the development of the systematic approach for

bandwidth enhancement, three different designs are presented.

In the first design, a DRA exhibiting dual-band characteristics, with a narrow stop
band is presented. The application of inductive vias in the feed structure results in the
merging together of the two closely lying bands. Further improvements is achieved using
a DGS on the ground plane. The results demonstrate that embedding of inductive vias in
the SIW feed structure enhances the DRA bandwidth. In section 3, a dual-band SIW-DRA
is presented. The DRA is optimized for dual-band applications through the modification

of the slot shape and optimization of the antenna parameters.

A wideband and high-gain SIW-DRA is presented in section 4. The preliminary
findings on the use of inductive vias is applied to the dual-band design presented in
section 3, for bandwidth enhancement. Besides the inductive vias, a matching stub and DR
offsetting techniques are also employed for bandwidth improvement. The passbands of the
dual-band antenna are merged together to achieve a wideband operation. The proposed
design achieves a simulated -10 dB impedance bandwidth of 20.39%, ranging from 123.97
GHz — 152.13 GHz. The antenna exhibits a peak gain of 11.67 dBi, directivity of 13.36 dBi
and radiation efficiency of 79%. In addition, the proposed antenna has stable broadband
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radiation pattern in the frequency band of operation. Parametric results show that the
positions and diameter of the inductive via significantly contribute to the merging of the

two bands.
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Chapter 5

DESIGN OF HIGH-ISOLATION 2 x 2
MIMO SIW-DRA USING
METAMATERIAL STRUCTURES

5.1 Introduction

The previous chapters were devoted to the design of high-gain and wideband single-element
SIW-fed DRAs for D-band frequencies. In this chapter, we propose the integration of
MIMO technology with wideband antennas for D-band applications. Different MIMO
antenna topologies have been designed for applications in the mm-wave band. However,
very little information exists in open literature for MIMO designs for frequencies above
100 GHz. The need for high-performance designs at these high frequencies cannot be
over-emphasized. Moreover, the designs presented in the previous chapters demonstrate
the suitability of the SIW-fed DRA for high-efficiency antennas for D-band applications.
Therefore, we propose to design a 2 x 2 SIW-DRA MIMO antenna.

We note that SIW-fed DRA MIMO antennas have been proposed in [131], [132] and
[142] for application at lower frequencies. In [131] a quad-element 4 x 4 MIMO is proposed
for application in the 27.5 GHz — 28.4 GHz band. The elements are orthogonally placed
with respect to each other to achieve spatial and polarization diversity. Isolation greater
than -40 dB is achieved across the entire band of operation. A similar topology is employed
in [132] for the design of a dual-band antenna at 24.5 GHz — 27.5 GHz and 33 GHz — 37
GHz, with isolations better than -22 dB and -17 dB in the two bands respectively with no
additional isolation techniques. The topologies presented in [131] and [132] do not allow for
integration of a high number of antenna elements in a given space. A better topology that
allows for increased integration is presented in [142] in which a 2 x 2 MIMO-based STW-
DRA with spatial and 180° polarization is proposed for application at 8 GHz — 12 GHz
regime with an isolation better than -25 dB. In these designs, mutual coupling reduction

is achieved through the use of spatial and polarization diversity techniques.

In this work, the ability of the SIW structure to confine fields within its closed
structure is applied in the design of robust MIMO antennas. The MIMO antenna elements
are placed at zero inter-element distance to achieve high antenna integration in a given
space. Due to lack of circulating ground currents, the causes of mutual coupling are likely

due to parasitic and scattering effects of adjacent elements and surfaces. Consequently,

95



a decoupling structure is proposed in the form of a metamaterial wall to rotate the
polarization of the spatial fields and minimize their interactions. The design philosophy
for both the proposed single-element antenna and the 2 x 2 MIMO antenna, together with

the associated decoupling network is presented.

5.2 Antenna design

The design details for the single antenna element, the 2 x 2 MIMO structure and the

metamaterial-based decoupling wall are presented.

5.2.1 Single element antenna design

The geometry of the proposed single-element antenna is depicted in Fig. 5.1. The antenna
consists of a DR element placed on top of a SIW feeding cavity. The design of the STW-
DRA is a three-step design process that involves the design of the feed network, the design

of the DR element and the application of impedance matching techniques for bandwidth

enhancement.
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Figure 5.1: Geometry of the proposed SIW-DRA showing (a) bottom view (b) top view
(c) DR element (d) inset view of the stepped impedance section and (e) 3-D view
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5.2.1.1 Design of the SIW feeding cavity

The SIW feed is designed from RT Duroid 5880 substrate material of relative permittivity
€, =2.2, loss tangent tand =0.0009 and substrate thickness h =0.254 mm. The SIW
cavity is formed by rows of equally spaced metal via that form the walls of the guide, with
one end terminated with a via fence. The design procedure involves the mapping of the
dimensions the air-filled conventional RWG to that of a dielectric-filled SIW so that they
exhibit similar propagation characteristics at the lowest cut-off frequency for the T Ejg
mode. The via-to-via width of the SIW, Wg y is obtained using equations (2.26), (2.27)
and (2.28) [92], [93]. The key design parameters of via diameter, d and pitch, s are selected
according to the rules presented in [91] to minimize radiation through the guide walls. In
designing the SIW, care should be taken to avoid over-perforation so as not to adversely
affect the mechanical rigidity and strength of the SIW. The rule of thumb is choosing
p/Ae > 0.05. This means that the number of cylindrical vias should not exceed 20 per
wavelength [143].

The proper determination these design parameters minimizes the radiation losses
through the guide walls. The width of the SIW in equation (2.28) is based on the dominant
T F1o propagating modes. The feeding cavity is designed to operate in higher-order modes
by scaling the SIW effective width to form an oversized waveguide, while maintaining the
via diameter and pitch sizes. One end of the SIW is terminated with a fence of equally
spaced vias to form a cavity of length L.yr. SIW structures support the propagation of
only T F,,0 modes because of lack of lateral currents as a result of dielectric gaps formed by
the via separations. Therefore, the resonant modes for the T'F,,5 modes of the resonator

are given by [144]:

c mr \ 2 Ir \2
o = 27Tx/57\/<Weff> i (Leff> (5:1)

The SIW cavity is designed to resonate at higher-order modes to achieve a wide antenna
impedance bandwidth. In order to determine the actual excited modes, the SIW resonator
is simulated using CST MWS for the entire D-band. The S7; plot in Fig. 5.2 shows that
the resonances of the cavity occur at 116.69 GHz, 133.04 GHz, 141.86 GHz and 151.1 GHz.
The associated resonant modes were identified from the E-field distribution patterns at
the individual resonant frequencies to be T'Es3p6, T E30s, 1T E309 and T E3919. These results
were verified using the theoretical equation and the mode frequencies obtained as 116.44
GHz, 132.90 GHz, 141.96 GHz and 151.44 GHz. The slight shift between the simulated

and calculated frequencies is attributed to the loading effects on the cavity.

The SIW is fed from a 502 microstrip line, through a stepped impedance microstrip
sections. A cross-slot is etched on the upper broad wall of the SIW cavity to couple energy
to the DR element. A pair of inductive shorting posts/vias is used for impedance matching
of the antenna. Further improvement in the input impedance reflection coefficient is

achieved using an inset feed.
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Figure 5.2: Simulated Sy of the cavity resonator showing the resonance frequencies and
the associated E-field patterns for (a) T'Esp6 at 116.69 GHz (b) T'E3ps at 133.04 GHz (c)
TE309 at 141.86 GHz and TE3010 at 151.1 GHz.

5.2.1.2 Design of the DR element

The DR element is chosen from 99.5% alumina dielectric material of relative permittivity
€rd =9.9. A RDRA is preferred because of its high number of free parameters necessary
for bandwidth control. The bandwidth performance of a DRA depends on the choice of
the permittivity of its material and its physical dimensions. The width (W), length
(Lgrq) and height (Hg,.q) of the RDRA are selected to ensure the DRA operates in higher-
order modes. The resonant frequency of a particular mode can be predicted by solving

the transcendental equation given by equations (2.19) - (2.23) [60].

5.2.1.3 Impedance matching and antenna evolution

When excited in higher-order modes, a DR element exhibits multiple resonances, each
of which is associated with a different mode. Wideband operation is achieved by
merging adjacent resonance bands through the application of impedance matching schemes
to minimize reflections. The proposed design employs multiple impedance matching
techniques that include the embedding of metallic shorting posts in the SIW structure,
modification of the feeding slot to a cross-slot and the use of a series of stair-shaped

impedance converter transition sections to minimize reflections.

The application of the different impedance matching techniques to the conventional
SIW-DRA give rise to different antenna configurations. In describing the evolution of the
antenna, we describe and investigate four different antenna structures depicted in Fig.
5.3. For convenience, these configurations are labelled Ant. I-IV. The different techniques

involve the modification of the feed cavity, and thus for brevity, only the top view of the
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Figure 5.3: Top views showing the evolution of the different antenna configurations for
wideband performance (a) Ant. I - the conventional SIW-DRA design, (b) Ant. II - cross-
slot feeding aperture, (c) Ant. III - embedded metallic shorting posts and (d) stepped
impedance conversion sections

SIW-DRA is shown.

The structure of the proposed conventional SIW-DRA antenna is shown in Fig. 5.3
(a). The antenna is excited from a waveport feed through a 50 2 microstrip line and its
performance investigated between the frequencies of 135 GHz — 170 GHz. Fig. 5.4 (a)
shows the simulated input reflection coefficients of Ant. I, indicating that the antenna
suffers severe impedance mismatch around 151 GHz and above 160 GHz. In addition, the
plot shows the multi-resonant nature of the antenna as a result of excitation of multiple
higher-order DR modes. The antenna could be optimized for dual band operation with
bandwidths less than 10% in both bands. However, a broadband antenna is desirable to

exploit the high data rate potential of D-band spectrum.

To minimize these mismatch, the feeding aperture is modified to form a cross slot as
shown in Fig. 5.3 (b). Slots behave like magnetic current sources for the excitation of the
fields inside the DR element [130]. By proper selection of the slot shape and position,
efficient coupling of electromagnetic energy can be achieved for improved bandwidth
performance. In Fig. 5.4 (b), the reflection coefficients for the Ant. I and Ant. II
are plotted on the same axes. It can be observed that the effects of the cross-slot of Ant.
IT causes improvement in the mismatches exhibited by Ant. I. This is evident from the
increased resonances and overall improvement in the reflection coefficients across the entire
frequency band. However, the cross slot introduces mismatches around 139 GHz, 141 GHz,

147 GHz and 159 GHz, which cause deterioration in performance at these frequencies.

Further improvements in impedance matching is achieved through the introduction of
metal shorting posts into the SIW feeding structure. Fig. 5.3 (¢) shows Ant. III, which
incorporates a pair of symmetric metal vias placed at a distance x from the longitudinal
axis and y from the input port. The inductive vias have been employed in MPAs and SIW
filters for performance enhancement. These create discontinuities that act like reactive
elements, which gives rise to localized reflections and storage of reactive energy due to the

excitation of higher order propagating modes in the SIW [138]. Fig. 5.4 (c) compares the
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Figure 5.4: Graphs showing the reflection coefficient plots for the different antenna design
evolution stages (a) Ant. I (b) Ant. I & II (c) Ant. II & III and (d) Ant. III & IV

input reflection coefficients of Ant. II and Ant. III. From the reflection coefficient plots,
it may be observed that the metal shorting posts causes significant improvements in the

impedance matching of Ant. III.

The SIW structure is usually connected through a 50 microstrip line for integration
with other planar components. Sometimes, it is necessary to design a transition between
the microstrip line and the SIW for good impedance matching. Simulation results showed
that a stepped impedance transition sections offers better matching compared to the
commonly used tapered transition. Fig. 5.3 (d) depicts the proposed antenna designated
Ant. IV showing a stair-shaped microstrip-to-SIW transition sections. The contribution
of this technique to the input impedance matching of the antenna can be observed from
Fig. 5.4 (d).

Extensive parametric optimization was performed using CST MWS software to
determine the antenna dimensional parameters. The detailed dimensions of the proposed

single antenna element are listed in Table 5.1.
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Table 5.1: Dimensional parameters of the proposed single element STW-DRA

Parameter Description Value || Parameter Description Value
dq SIW via diameter 0.3 S9 Lateral via pitch 0.557
do Inductive via diameter 0.27 Wara Resonator width 3.325
h Substrate height 0.254 Wy Feed width 0.67

Hy, Resonator height 1.625 Winset Inset width 0.05
Lgra Resonator length 2.065 Wy Substrate width 4.1
Ly Feed length 1.48 Wsrw Effective SIW width 3.5

Linset Inset feed length 0.08 Wiot Slot width 0.35
L, Substrate length 10.525 Wi 1% transition section width | 0.75
Lot Slot length 1.8 Wio 2nd transition section width | 0.84
L Length of stepped transition 0.24 Wis 37 transition section width | 0.95
Ly Length of each stepped section | 0.08 T z-position of inductive Via | 1.42
Pgo Slot position 1.47 Y y-position of inductive Via | 7.66

Terminating via pitch 0.5

All dimensions are in mm units

5.2.2 MIMO antenna design

Fig. 5.5 presents the configuration of the proposed 2 x 2 MIMO antenna. Two single-
element SIW-DRAs are placed side by side along the lateral axis, with zero inter-element
distance of separation. There is need for MIMO antenna designs to minimize the potential
effects of high correlation due to the close packing of antenna elements in limited space
in terminal equipment. Omne possible way is to increase the inter-element distance of
separation. This approach is not attractive because it enhances the physical area. The
aim of this study is to design a 2 x 2 MIMO antenna with zero inter-element distance of
separation. We investigate two MIMO antenna structures: with and without a decoupling
network. Figs. 5.5 (a) and 5.5 (b) show the top view and 3-D view of the proposed topology
for the case with an integrated decoupling network. The proposed topology is compact
and allows for high integration of antenna elements. Improved isolation is achieved by

inserting a decoupling network between the two DR elements.

5.2.3 Design of the MTMPR wall

The proposed decoupling structure is an MTMPR wall inserted between antenna radiating
elements to reduce mutual coupling due to spatial field interactions. This technique is
The

MTMPR wall comprises a 1 x 4 array of MTM cells, whose unit cell structure is shown in

similar to the design proposed in [111] for microstrip-fed DRA MIMO antenna.

Fig. 5.6. It is composed of a six-arm modified Gammadion (Swastika) shape etched out on
both sides of RT Duroid 5880 substrate material to form a complementary structure. The
structure exhibits chirality — geometric property of lack of a mirror symmetry plane [145],
while the back-to-back metallic layers have conjugate symmetry. A 1 x 4 array of the unit
cell with a periodicity L; = 0.66 mm is inserted between the two DR elements such that

its upper edge is aligned with the upper DRA walls in the y-direction, while its bottom is
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Figure 5.6: Geometry of the proposed MTMPR wall (a) side view of the unit cell, (b)
isometric view showing the different layers indicating the conjugate symmetry of the first
and third layer of the MTM structure and (c) 1 x 4 array MTMPR wall. The dimensions
of the proposed design are as follows: L; = 0.66 mm, Lo = 0.315 mm, Ls = 0.255 mm,
Ly =0.16 mm and w = 0.06 mm

placed at 0.05 mm above the SIW in the z-direction.

The MTMPR wall is designed in the transmission mode, such that an electromagnetic
signal transmitted through it undergoes a phase rotation, effectively altering its polar-
ization. The transmission characteristics of the MTM structure is determined through
the simulation of its unit cell with Floquet port settings. The CST microwave studio
was used to simulate the MTMPR unit cell. Fig. 5.7 shows the simulation setup used
to investigate the polarization characteristics of the proposed MTMPR wall. The unit
cell periodic boundary conditions are applied in the x- and y-directions while the Floquet
port excitations in the positive and negative z-directions of the unit cell. The Floquet
ports excite two linearly polarized plane waves with orthogonal electric fields, which are
represented as T Eyy and T' My modes. The co-polar and cross-polar coupling between the
modes is represented in terms of S-parameters. The reflection coefficients are plotted in
Fig. 5.8 (a) showing an operation band of 138.01 GHz — 166.04 GHz.

The co-polarized and cross-polarized reflection components are given by 7., =
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Figure 5.8: Simulation for x—polarized incident waves (a) reflection amplitude (b) PCR
plot

|Evz|/|Eiz| represents reflection from z—to—z and ry, = |Ery|/|Eiz| represent reflection
from y—to—x. The subscripts ¢ and r represents the incident and reflected polarization
state, while x and y represent the electromagnetic wave direction [146]. The polarization
efficiency is determined by the polarization conversion rate (PCR). This is defined as the
ratio of reflected power in cross-polarized components to the total power in both co- and

cross-polarized components and is defined by equation (5.2).

el

PCR = ———5—
Tyl + 72|

(5.2)

Fig. 5.8 (b) shows the simulated PCR against frequency, indicating a high value of 80%
throughout the band of interest.The PCR is a measure of the efficiency with which the
polarization state of the input signal is rotated. A high PCR value of 80% indicates that
the MTMPR structure can rotate a linearly polarized wave by 90° with good efficiency.
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5.3 Results and discussion

The proposed SIW-DRA based MIMO antenna is modeled and simulated in CST MWS
environment for performance evaluation. This section presents simulation results for the

single and MIMO antenna designs as well as the analysis of MIMO performance metrics.

5.3.1 Single antenna element

The simulated reflection coefficient of the single-element antenna is shown in Fig. 5.9. The
plot shows a frequency of operation of between 136.68 GHz — 166.28 GHz. This represents
an impedance bandwidth of 19.5%. It is observed from the Sq; curve that the SIW ~-DRA
exhibits multiple resonances. The unique internal field distributions define the different
modes of the DR. Therefore, each of these resonances exhibited is associated with the
different modes excited. The dimensions of the DR are selected to excite fundamental
and higher-order modes. Impedance matching techniques are applied to merge these
adjacent resonance bands for wideband operation of the antenna. Matching techniques
are progressively applied for performance improvement. Together with the multimode
excitation of the DR element, the impedance matching techniques applied include the use
of inductive shorting posts, modification of the feeding aperture to a cross slot, use of a

series of stepped microstrip feed line sections as well as the use of inset feed.

Figure 5.9: Simulated reflection coefficient of the proposed single element SIW-DRA
antenna

5.3.2 MIMO antenna performance

Two different MIMO antennas, one without and another with the MTMPR wall are

designed. The two configurations are investigated and their performances compared.
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Because of the zero distance of separation between Ant. 1 and Ant. 2, there is a need to
investigate parasitic and scattering effects due to the close proximity of adjacent surfaces
on the reflection coefficient of the MIMO antennas. Because of symmetry, the reflection
coefficients at ports 1 and 2 are identical (S11=S22) and only results for port 1 (S11)
are presented. The simulated Si; performances presented in Fig. 5.10, are plotted on
the same axes for performance comparison. Simulation results show that the bandwidth
performance of the MIMO antenna with no mutual coupling reduction (MTMPR) wall is
not affected. However, there is a reduction in the magnitude of the reflection coefficient
from -52.83 dB at 149.43 GHz to -35.88 dB at 149.5 GHz. With the MTMPR wall
integrated, there is a greater potential for degradation of the reflection coefficient of the
MIMO antenna. Simulations show that the degradation due to the MTMPR, wall and
other adjacent surfaces is mitigated by the proper selection of the size of this decoupling
wall and its positioning. A 1 x 4 array of MTMPR unit cells is placed such that the upper
edge is aligned with the DRA walls while the bottom is 0.05 mm above the SIW structure.
Therefore, we observe from the Si; plot that the bandwidth performance is not altered
by the MTMPR wall. However, there is an increase in the magnitude of the reflection
coefficient to -42.68 dB at 137.37 GHz, as compared to the case of no MTMPR wall. In
comparing the two MIMO configurations, the MTMPR wall cause improvement in the Si;
performance, with a potential shift in the upper cutoff frequency (around 166.5 GHz) for
bandwidth enhancement.

166.5
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Figure 5.10: Simulated reflection coeflicients of the proposed 2 x 2 MIMO antenna with
no decoupling applied and with an MTMPR wall

Fig. 5.11 compares the isolation performance of the two MIMO configurations. Due to
symmetry, S19=S21. We observe that the Sio performance of the MIMO antenna with no
decoupling applied is -19.51 dB. This performance is better than the MPA-based MIMO
antennas reported in [105], [106] and [107] for which mutual decoupling techniques have

been applied. The SIW confines the electromagnetic energy within its walls. Therefore,
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Figure 5.11: Simulated isolation of the proposed 2 x 2 MIMO antenna for the cases with
no decoupling applied and with an MTMPR, wall

there is minimization of circulating ground currents between adjacent SIW structures,
leading to low mutual coupling. This lends SIW-DRA robustness in the design of high-
isolation MIMO antennas. This isolation performance is less than the 20 dB, recommended

for practical MIMO wireless systems [147].

To enhance the isolation, a decoupling MTMPR wall is introduced between the two DR
elements. From Fig. 5.11 it is seen that the isolation performance of the MIMO antenna
is improved and its value across the entire bandwidth of operation is greater than 21.16
dB. The MTMPR wall reduces the mutual coupling while maintaining a good impedance

matching in the antenna elements.

The improvement in isolation can be explained by understanding the mechanism by
which the MTMPR, wall alters the polarization of an electromagnetic wave. A linearly
polarized wave can be resolved into a sum of a right-hand circularly polarized (RHCP)
and a left-hand circularly polarized (LHCP) wave of the same amplitude. An MTMPR
wall has a different transmission phase for incident RHCP and LHCP waves, which causes
rotation of the polarization plane of a wave transmitting through the wall [111]. The fields
from one DR element transmitting to the second undergo a phase rotation as it transmits
through the MTMPR wall. Consequently, these transmitted fields have their polarization
rotated such that they tend to be orthogonal to the fields of the second DR element.
The interaction of orthogonally polarized fields causes a reduction in mutual coupling to

enhance isolation.

The improvement in the isolation may further be investigated by studying the surface
current distribution on the antenna elements. Because of antenna symmetry, the current
distribution for one antenna when the second is terminated in a 502 matched load is

identical. Therefore, for brevity, the currents in Ant. 1 and Ant. 2 when port 1 is excited
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while port 2 is matched are presented. Fig. 5.12 presents the simulated surface currents
for the two MIMO antenna configurations for three different resonant frequencies of 137.24
GHz, 149.43 GHz and 164.06 GHz. These frequencies are selected to represent the lower,

middle and upper bands of the antenna operation.

(c) f=149.43 GHz (d) f=149.43 GHz

A/m
754

100

10

=
=

(e) f=164.06 GHz () f=164.06 GHz

Figure 5.12: Simulated surface currents of the 2 x 2 MIMO antennas at 137.24 GHz, 149.43
GHz and 164.06 GHz.

It is observed that there is a high surface current distribution on Ant. 1, especially near
the coupling aperture. This is true for both MIMO configurations at the three resonant
frequencies. This is expected because Ant. 1 is the driven antenna, for which energy needs
to be coupled to the DR element for good radiation performance. The effect of mutual
coupling is evident from the induced surface currents on Ant. 2. This shows that some
portion of energy is also coupled to Ant. 2. When the MTMPR wall is placed between the
DR elements, the current in Ant. 2 is significantly reduced as observed from Fig. 5.12 (b),

(d) and (e), demonstrating the mutual coupling reduction effect of the applied technique.

The simulated 2-D radiation patterns of the proposed MIMO antenna are shown in Fig.
5.13. Only the far-field patterns for Ant. 1 when Ant. 1 is excited and Ant. 2 is terminated
in a matched load are presented for the different resonant frequencies. The simulated far-
field radiation patterns reveal that the antenna exhibits stable radiation patterns in the
broadside radiation. This is expected because different modes of DRs radiate like magnetic
multipoles, with broadside radiation patterns [18], [60]. An important requirement is that

the radiation patterns of individual modes to be merged should be similar to minimize the
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degradation of the antenna performance [79].

The radiation patterns of the two MIMO configurations are plotted on the same axes
for comparison. It may be observed that the decoupling technique does not significantly
affect the radiation pattern in the principle E- and H-planes. Table 5.2 compares the

far-field characteristics at the different frequencies.

Table 5.2: Simulated radiation pattern characteristics of the proposed MIMO antennas

E-plane ‘
No decoupling MTMPR wall
f (GHz) 137.24 | 149.43 | 164.06 | 137.24 | 149.43 | 164.06
Main Lobe Magnitude (dBi) | 10.2 5.78 9.9 10.3 6.33 9.7
Main Lobe Direction 9.0° 64° 13.0° 8.0° 64° 14.0°
Angular width 28.8° | 14.7° 6.9° 28.9° 14.8 7.0°
Side Lobe Level (dB) -1.2 -1.2 -1.1 -1.7 -1.8 -14
’ H-plane
Main Lobe Magnitude (dBi) 6.8 6.44 9.97 7.04 7.11 9.97
Main Lobe Direction 2.0° 23.0° 7.0° 2.0° 24.0° 7.0°
Angular width 22.8° 31.9° | 68.8° | 24.1° 23.6 59.0°
Side Lobe Level (dB) -2.7 -13.4 -9.3 -2.9 -0.7 -9.3

The gain and radiation efficiency of the antenna were also considered. Figs. 5.14
and 5.15 show plots of the simulated gain and radiation efficiency against frequency
respectively. The proposed 2 x 2 MIMO antenna attains a peak gain of 11.06 dBi and
total radiation efficiency of 84%.

5.3.3 MIMO diversity performance

The diversity performance of the proposed MIMO antenna is analyzed by evaluating its
parameters. Key MIMO performance metrics include the envelope correlation coeflicient
(ECC), diversity gain (DG), mean effective gain (MEG), channel capacity loss (CCL) and
the total active reflection coefficient (TARC). This section presents the MIMO antenna

performance metrics.

5.3.3.1 Envelope correlation coefficient

For a practical MIMO antenna, the correlation between the antenna individual elements
should be low. ECC provides a measure of the correlation between the elements. A higher
value of ECC indicates tight coupling [100]. Two approaches that lend itself useful in
the evaluation of ECC is the use of the 3-D radiated fields and that from its scattering
parameters. For the proposed 2 x 2 MIMO design, ECC is evaluated from the far-field
radiated patterns. The ECC between the i*" and j** antenna elements is computed from
the far field radiated fields using the equation presented in [132], [148].
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Figure 5.13: Simulated E- and H-plane radiation patterns for the two 2 x 2 MIMO antenna

configurations at 137.24 GHz, 149.43 GHz and 164.06 GHz.
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Figure 5.14: Graphs showing simulated gain of the proposed 2 x 2 MIMO antenna.

Figure 5.15: Graphs showing simulated total radiation efficiency of the proposed 2 x 2
MIMO antenna.

Where F; and F"J represents the radiation pattern of the antenna with ports ¢ and j
excited, *, the Hermitian product operator and 2, the solid angle. A plot of the variation
of ECC with frequency is shown in Fig. 5.16 (a). It may be observed that within the
antenna operating band, the peak value of ECC is 0.008 which is less than 0.5, indicating
good MIMO performance [149].
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5.3.3.2 Diversity gain

For a MIMO antenna, the DG presents the enhancement of the signal-to-noise ratio of a
multiple antenna system over that of a single antenna. This is often calculated from ECC

from the expression:

DG =101/1 — |pe|? (5.4)

Fig. 5.16 (b) shows the simulated DG of the proposed MIMO antenna. A
DG performance between different ports greater than 9.9 indicates improved diversity

performance.

Figure 5.16: Graphs showing (a) ECC curve and (b) DG curve of the proposed 2 x 2
MIMO antenna.

5.3.3.3 Mean effective gain

In multipath fading environments, the mean signal level received over a given path is used
to estimate the antenna gain performance. This characterization, referred to as MEG,
relates the power received by a multi-port antenna to that of an isotropic antenna [149].

MEG is calculated for each port from the expression:

M
MEG; =05 |1- Y |S;/? (5.5)
j=1

The measure of similarity of MEG curves is obtained as the ratio M EG;/M EG;. For
a2 x 2MIMO, (: =1,j = 2). For optimum MIMO performance, this ratio between MEG
for the different ports should be less than 3dB [149], which is satisfied in the proposed
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design.

5.3.3.4 Total active reflection coefficient

Another important MIMO characterization metric is TARC. TARC curves define the
effective bandwidth of a MIMO system. For a two-element MIMO, TARC may be

calculated from the expression:

V ([S11 + S1267]2) + (| Sa1 + Saze7?[?)
. (5.6)

Where 6 is the phase angle of the input excitation. The TARC curves shown in Fig.
5.17 are obtained exciting port 1 with a 0° phase input, while that of port 2 was swept from
0° to 180° in steps of 30°. The interpretation of Fig. 5.17 is that the operating bandwidth
of the proposed 2 x 2 MIMO antenna is not severely degraded by phase changes in the
excitation ports. This bandwidth robustness lends the proposed design suitable for MIMO

TARC =

applications.

TARC (dB)

e

40 . . . . .
135 140 145 150 155 160 165 170

Frequency (GHz)

Figure 5.17: Graph showing the TARC curves of the proposed 2 x 2 MIMO antenna.

5.3.3.5 Channel capacity loss
CCL indicates the upper bound of reliable signal transmission of a MIMO antenna system.
For a 2 x 2 MIMO system, CCL is expressed as:

CCL = —logydet(TT) (5.7)

Where ¥ is a 2 x 2 correlation matrix. The elements can be obtained as ¥y =

1— (18l + [Si1?) and 45 = —(S};Si5 + S3,955) [150].
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A plot of the capacity loss of the MIMO system is depicted in Fig. 5.18 showing a
channel capacity loss below the acceptable limit of 0.4 bits/s/Hz in the 136.68 GHz —
166.28 GHz band of operation. This renders the proposed design suitable for practical
MIMO systems [149].

Figure 5.18: Simulated channel capacity loss for the proposed 2 x 2 MIMO antenna.

5.3.4 Design validation

The proposed 2 x 2 MIMO design is simulated using Ansoft HF'SS software for performance
verification and design validation. HFSS and CST electromagnetic simulators employ
different numerical computational techniques, wviz, finite element method and finite
integration technique methods respectively. The results of the two softwares are compared
for design verification. Fig. 5.19 compares the S1; performance curves of the single-element
antenna from CST and HFSS.

From Fig. 5.19, it is observed that the bandwidth performance of the HFSS curve
is 136.83 GHz - 164.81 GHz, representing 18.6%. There is some little difference in the
bandwidth performance as observed from the S7; curves of CST and HFSS. However, this

deterioration is equivalent to 0.9%, which does invalidate the suitability of the design.

Fig. 5.20 compares the E- and H-fields radiation plots of the proposed 2 x 2 MIMO
antenna design when simulated using both CST and HFSS at different frequencies. We
observe close similarities between the two radiation plots, depicting broadside antenna

patterns.

Fig. 5.21 compares the S9; curves obtained from the two full-wave electromagnetic
simulators. There is good agreement in the simulated isolation performance between the

two simulators.

In addition to these antenna parameters, key MIMO metrics are also determined from
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Figure 5.19: Performance comparison of the simulated S1; curves of the proposed single
element antenna in CST and HFSS.

the HFSS simulations for validation of the proposed design. diversity metrics of ECC,
TARC and CCL are evaluated and presented.

Fig. 5.22 compares the ECC plots obtained from CST and HFSS simulations. The
plots show that in both cases, ECC is below the standard limit of 0.5 for effective diversity

performance.

Fig. 5.23 show plots for the TARC evaluated from HFSS simulations. The curves
maintain the original characteristics of a single antenna, with changes in the magnitude

of the reflection coefficients at different frequencies.

Finally, Fig. 5.24 compares the CCL plot obtained from CST and HFSS simulations.
The curves exhibit close similarities and are within an acceptable limit of 0.4 bits/s/Hz in

the passband. Therefore, the proposed design is suitable for application of MIMO antennas
in D-band.

The performance of the proposed MIMO antenna is compared with similar previous
works reported in [105], [106], [107], [108], [109], [110], [111], [112], [113] and [114]. Table
5.3 compares the performance of various antenna parameters for the different designs.
We observe that the previously published MIMO antennas are designed in the mm-wave
frequencies below 100 GHz. In terms of bandwidth and gain performances, the ME
dipole design presented in [113] has a superior performance to the proposed design. The
comparatively better gain is explained by the fact that the design uses a 2 x 2 antenna
array as a single element in a 4 x 4 MIMO arrangement. Despite the radiation efficiency
performance of the proposed MIMO design being relatively lower compared to those
in [107], [108], [109], [110] and [111], it presents superior bandwidth and gain performances.
In addition, the simulated radiation efficiency of 84% is satisfactorily high and does not

render the design ineffective.
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Figure 5.20: Performance comparison of the simulated E- and H-plane radiation patterns
for the two 2 x 2 MIMO antennas using CST and HFSS at different frequencies.

The isolation performances of the MIMO designs are also compared. The performances

of the designs [109], [110], [113] and [114] are superior to that of the presented design. The
designs in [109] and [110] are based on 2 x 2 MIMO CDRA arranged to achieve 180°
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Figure 5.21: Performance comparison of the simulated Ss; curves of the proposed 2 x 2
MIMO antenna in CST and HFSS.
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Figure 5.22: Graphs showing the performance comparison of the simulated ECC using
CST and HFSS.

polarizations relative to each other. Similarly in [113], the 4 x 4 MIMO elements are
arranged to achieve a 90° orthogonal polarization between the individual elements. The
design presented in [114] is a 2 x 2 SIW slot MIMO antenna arranged with a 90° orthogonal
polarization. This means that the designs in [109], [110], [113] and [114] employ more than
one isolation technique involving polarization diversity in addition to the applied mutual
reduction technique, whereas the elements of the proposed design are linearly arranged
with a zero distance of separation between adjacent elements. The proposed design has
an isolation performance > 20 dB and allows for the integration of a higher number of

antenna elements. This renders the proposed design a better choice for D-band MIMO
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Figure 5.23: Graphs showing the HFSS simulation curves for TARC for the proposed 2 X
2 MIMO antenna.

Figure 5.24: Graphs showing simulated channel capacity loss for the proposed 2 x 2 MIMO
antenna using CST and HFSS.

applications.
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Table 5.3: Performance comparison of the different MIMO antennas

Ref Type Feeding fo(GHz) BW Gain,dBi | Efficiency | Isolation,dB | Technique
[105],2014 MPA Coplanar 60 14.6% - - -15 Stub
[106],2017 MPA Microstrip 57-64 12.3% - 50-60% -15 NL
[107],2021 MPA Microstrip 60.4-68.9 13.14% 8.8 96.5-98% -15 Patch
holes  +
DGS
[108],2022 MPA Microstrip 60 7% 7.5 94% -20 AMC
[109],2017 CDRA Microstrip + slot 57-63 10% - 90% -30 FSS wall
[110],2017 CDRA Microstrip 56.6-64.8 13.5% 7.9 91% -30 Metasurface
wall
[111],2017 CDRA Microstrip + slot 57-64 11.6% - 88% -16 MTMPR
wall
[112],2012 CDRA Microstrip + slot 57-64 11.6% - - -15 Superstrate
+ DGS
[113],2019 | ME dipole MRWG 57-71 21.9% 14.5 82% -30 EBG
[114],2021 Slot SIW 41.44 - 43.74 | 547% 7.8 - -43.6 Orthogonal
diversity
This work RDRA SIW 136.68-166.28 | 19.5% 11.06 84% -21.16 MTMPR
wall

BW - Bandwidth, Efficiency - radiation efficiency, ME - Magneto-electric, MRWG - Microstrip ridge gap
waveguide, NL - Neutralization line

5.4 Chapter summary

In this chapter, a SIW-DRA based 2 x 2 MIMO antenna for D-band frequency regime is
presented. An MTMPR wall is integrated with the MIMO antenna isolation improvement.
The proposed design possesses stable broadside radiation patterns and achieves a
bandwidth of 19.5%, realized gain of 11.06 dB with isolation less than - 21.16 across
the entire frequency of operation. The MIMO diversity metrics are within acceptable

limits, rendering the proposed design suitable for D-band MIMO applications.

From the simulated results, we report the robustness of the SIW feed for MIMO
applications. A well-designed SIW behaves like a metallic waveguide that confines all the
energy within itself. Consequently, low isolation due to common ground effects and ground
currents is minimized. Because of this reason, the inter-element spacing can be minimized
to achieve higher integration. Therefore, a 2 x 2 MIMO topology, with zero inter-element
distance of separation is proposed, to allow for high integration of antenna elements.
In addition, an MTMPR wall is proposed and integrated into the MIMO for mutual
coupling reduction and isolation enhancement. This provides a shield to minimize the
spatial interaction of electromagnetic fields, with simulation results showing improvement

in isolation performance.
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Chapter 6

CONCLUSION AND FUTURE
WORK

6.1 Conclusion

The preliminary chapters one and two presented the motivation for undertaking the study
and the general theory necessary for the understanding of the radiation mechanism of the
DRA as well as the design of SIW-fed DRAs. In chapters three, four and five, the different
antenna designs are presented and evaluated. This chapter presents the conclusions which

may be drawn from the performance evaluation of these designs.

In chapter three, a wideband SIW-DRA is presented. The design operates between
122.58 GHz to 139.51 GHz, with a -10 dB impedance bandwidth of 13.4%. The DR element
is designed to operate in higher-order modes. The use of a DGS and via offset impedance
matching techniques are effective in merging together the adjacent resonant bands for
wideband operation. Besides the broad bandwidth, the antenna exhibits a peak gain of
12.3 dBi, a directivity of 13.14 dBi and a high radiation efficiency of 84 %. Moreover, the

antenna radiates broadband radiation characteristics.

In chapter four, a wideband and high-gain antenna is presented in section 4. The
design presents a systematic approach for the transformation of a dual-band antenna to
a wideband design, through the application of impedance matching techniques to merge
together the passbands of a dual-band antenna. The design demonstrates the effectiveness
of embedding inductive vias in the SIW feed structure for DRA bandwidth improvement.
The antenna achieves a -10 dB wideband bandwidth ranging from 123.97 GHz — 152.13
GHz, equivalent to 20.39%. The antenna has a peak gain of 11.67 dBi, directivity of 13.36
dBi and radiation efficiency of 79%. In addition, the antenna possesses a stable broadband

radiation pattern in the frequency band of operation.

In chapter five, a 2 x 2 SIW-fed DRA MIMO antenna is presented. Two antenna
elements are linearly arranged, with a zero inter-element distance of separation, to allow
for high integration of antenna elements. An MTMPR wall is designed and integrated with
the MIMO antenna to minimize mutual coupling between the tightly placed DR elements.
The MTMPR wall shows improvement in the isolation without causing deterioration in the
bandwidth performance. The MIMO antenna achieves a -10 dB bandwidth of 19.5%, peak
gain of 11.06 dBi and a high radiation efficiency of 84%, with isolation less than - 21.16

dB across the frequency band of operation. The MIMO diversity metrics are evaluated
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and are within acceptable limits for practical antenna applications.

The future generation communication networks are expected to provide ubiquitous
coverage, with potential frequencies for 6G communications in the sub-terahertz band.
This is expected to provide the high data rates required to meet the data traffic demands
of the connected devices. The general trends in antenna design towards 6G include the
design of antennas at higher frequencies, use of low loss materials and incorporating of
MIMO technology in the designs. In line with the objectives of this research, different
antenna designs have been presented in this thesis to meet the requirements of future
generation 6G wireless communications. The antennas performances demonstrate wide
bandwidths, high gains and improved isolations for MIMO configurations at D-band. The
presented antenna designs have the potential to offer solutions as antenna elements at D-

band to meet the stringent requirements of increased network capacities and low latencies.

In conclusion, we present a summary of the research findings from the presented designs

and analyses. These contributions can be summed up as follows:

(i) Design of high-gain, high radiation efficiency and wideband antennas for applications
in D-band. The presented designs exhibit bandwidths of 13.4%, 20.39% and 19.5%
with efficiencies of 84%, 79% and 84% respectively.

(ii) Development of a systematic approach for the transformation of a dual-band antenna
to a wideband design, targeting the impedance improvement in the stop band without
deteriorating the performance of the passbands. This has been demonstrated through
the merging of dual bands of an antenna of 7.2% and 6.28% bandwidths in their
passbands to realize a wide bandwidth of 20.39%.

(iii) The finding that the SIW structure offers a robust feed structure for MIMO
applications. This enables the individual MIMO elements to be spaced very close
to each other to achieve high integration of antenna elements. A high isolation of
-19.51 dB is achieved for the case of no mutual coupling technique applied on the
MIMO configuration.

(iv) Design of a MTMPR wall structure for the minimization of spatial interactions
of electromagnetic fields between adjacent DRAs for isolation improvement. The
designed MTMPW wall has a polarization conversion rate above 80% across the
entire operating band and the integration of the wall with the MIMO antenna
improves the isolation of the MIMO configuration from -19.51 dB to -21.16 dB.

6.2 Future work

In this thesis, wideband and high-gain antennas have been presented. These designs
were based on LP DRAs. Linear polarized antennas require that the transmitter and

the receiver are aligned so that there is minimization of polarization mismatches which
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lead to transmission loss and deterioration in the performance of wireless communication
systems. CP waves are insensitive to polarization mismatch and allow for the flexible
orientation between the transmitting and receiving devices while maintaining a constant
level of signal reception. This has led to the development of CP antenna designs. For
point-to-point communications at D-band, a LP beam may result in increased mismatch
loss. The use of CP antennas relaxes the requirement of precise orientation of receiving
and transmitting antenna systems for improved performance in future wireless systems. In
addition, CP waves have better channel performance as well as low multipath interference

when compared with linear polarization at millimeter waves.

Several techniques for the generation of CP waves in DRA antennas have been reported
in literature. These techniques are based on single and multiple feeding arrangements,
hybrid antennas elements, modifications of the shape of the feeding slot and its orientation,
modifications in the DR element, excitation of multiple modes in the DR, incorporation
of parasitic patches, metal coatings, metasurfaces among others. The future scope of
our work is extension of the SIW-DRA to achieve CP antenna designs. We propose to
incorporate CP techniques that will increase the DRA axial ratios without increasing the
complexity of the antenna design and fabrication processes as well as minimization of

complex geometries and fabrication complexities.
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