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ABSTRACT

With the lower frequency bands heavily crowded, the millimeter wave (MMW)
frequency band has attracted a lot of attention, offering a wide range of applications. It also
introduces new challenges to the research community. Antennas and MMW circuits with
compact size, low cost, high efficiency, and low loss are much needed to meet the new

requirements of these applications.

This research focuses on the design and optimization of dielectric resonator antenna
(DRA) arrays based on substrate integrated waveguide (SIW) technology, which has been
proven to be promising for MMW applications. The objectives include both the
development of highly efficient computer aided design and optimization techniques, and

the development of new designs based on the SIW-DRA technology.

Toward these objectives, an efficient and accurate circuit model is developed first.
A previously reported structure of DRA array is investigated based on two different slot
orientations. The total mutual coupling between antennas is firstly extracted and modeled
as a two port S-parameters. Two different methods are used to extract the total mutual
coupling due to the difference of the slot configurations. Next, a new and fully adjustable
model for the mutual coupling is developed for DRA array, resulting in a flexible circuit
model allowing the design parameters to be varied. A comparison with full wave
simulation and measurement results proves that the circuit model can be used as an efficient

design and optimization tool.

The model is further verified through a new design of SIW-series fed DRA parasitic
array, in which an additional parasitic DRA is added on both sides of each active element
to improve the gain. The antennas are fed using longitudinal slots on SIW. Due to the
configuration of the antenna elements, there is strong mutual coupling between the antenna
elements. The good agreement between the electromagnetic (EM) simulated and circuit

model results for this design further proves the efficiency of the model.



Next, a new design of an eight-element SIW middle fed series rectangular DRA
array with 45° linear polarization is developed. The implicit space mapping (ISM)
technique is applied for the optimization of the complex structure. The new circuit model
plays an important role in the optimization method serving as the coarse/surrogate mode,
and a full wave solver is used as the fine model. Parameters in the surrogate model are
divided into pre-assigned parameters and design parameters. In each iteration, the pre-
assigned parameters are extracted so that the fine model and surrogate model outputs
match. The design parameters are then re-optimized and fed to the fine model. As
demonstrated with this DRA array design, the optimization approach combining the
developed circuit model with ISM technique is highly efficient. Only three iterations are

needed to reach an optimized solution for such a complex structure.

The optimized design has been fabricated using a low cost Printed Circuit Board
(PCB)-based technology for validation of both performance of the design and modeling
techniques. The comparison between the simulated and the measured results shows very

good agreement.
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Chapter 1

Introduction

1.1 Motivation

Millimeter wave (MMW) covers frequency range from 30 GHz to 300 GHz. Systems
operating at MMW frequency bands have a wide range of applications, and offer many advantages
over those operating at the lower frequency bands. For example, compared to microwave imaging
system (3 — 30 GHz), MMW systems are more compact and offer better spatial resolution. For
wireless communications, compared to the heavily crowded lower frequency bands, MMW
systems are capable of massive data rate. At the same time, it also introduces new challenges to
the research community. For instance, conductor loss become significant for metallic components
as the frequency increases, which degrades the overall efficiency of the system. Antennas and
MMW circuits with compact size, low cost, high efficiency, and low loss are much needed to meet

the new requirements of these applications.

In recent years, there has been extensive research on the dielectric resonator antennas
(DRAS) due to the fact that they have no conductor loss, and are easy to fabricate in this frequency

1



range [1]. Besides high radiation efficiency, DRAs also offer compactness, light weight, low cost,
and wide bandwidth. There are different methods for feeding DRAS such as transmission line,

coaxial probe, microstrip line, coplanar waveguide, and substrate integrated waveguide.

Substrate integrated waveguide (SIW) technology shows a promising approach for the
fabrication of compact, low-loss, and low cost components, circuits, antennas and complete
systems at microwave and millimeter-wave band. The interest in SIW technology is increasing in
the last decade. It allows integration of passive and active components, and antennas in a single
substrate, thus avoiding transitions and reducing losses and parasitic effects. For example, entire
wireless systems can be integrated using SIW technology, according to the system-on-substrate
(SoS) technique. SIW is a good choice for feeding the DRAS operating at millimeter wave band.
Using SIW as the feeding structure minimizes the conductor loss compared to other traditional
feeding networks. It is a closed guiding structure that keeps the excitation fields inside, which
subsequently enhances the overall antenna radiation efficiency. The SIW consists of two solid
conductor planes, separated by a dielectric substrate, with conductor sidewalls realized by rows of
metalized through-plated vias, and it can be fabricated by a standard printed circuit board (PCB)

technology [2].

The SIW and the DRAs are an excellent candidate for millimeter-wave applications when
combined together [3]. This combination has achieved high gain antennas and arrays with high

radiation efficiency.

The difficulty in the fabrication of antenna array, especially in the millimeter wave
frequency range due to the small size, requires that the design to be carefully simulated and

optimized. Design and optimization of an antenna array usually rely on accurate yet time

2



consuming full wave electromagnetic (EM) simulations, which can be challenging due to the size
and complexity of the entire structure. Circuit models, on the other hand, are generally fast and
much less computationally intensive, but without the required accuracy. The well-known space
mapping (SM) techniques has been proven to be very effective in the optimization of different
types of radio frequency (RF)/microwave circuits, in which design optimizations involve
combination of precise EM models and fast coarse/surrogate models. However, the coarse model
is dependent on the specific design and not readily available, especially for complex structures
such as antenna arrays. New development in technology is putting demand on modeling and

optimization techniques for first pass success.

1.2 Contributions

This research focuses on the design and optimization of dielectric resonator antenna (DRA)
arrays based on substrate integrated waveguide (SIW) technology for millimeter-wave
applications. The objectives include both the development of highly efficient computer aided
design and optimization techniques, and the development of new designs based on the SIW-DRA

technology.

Toward these objectives, an efficient and accurate circuit model is developed first. A
previously reported structure of SIW series fed DRA array is investigated based on two different
slot orientations, namely transverse and longitudinal slots. The total mutual coupling between

antennas is firstly extracted and modeled as a two port S-parameters. Two different methods are



used to extract the total mutual coupling due to the difference of the slot configuration. Next, a
new and fully adjustable model for the mutual coupling is developed for DRA array, resulting in
a flexible circuit model allowing the design parameters to be varied. Comparison with full wave
simulation and/or measurement results proves that the circuit model can be used as an efficient

design and optimization tool.

The model is further verified through a new design of SIW-series fed DRA parasitic array.
Parasitic elements are usually used to increase bandwidth or improve the gain [4], by placing
parasitic elements on one side of the active element. In this design, an additional parasitic DRA is
added on both sides of each active element. The antennas are fed using longitudinal slots on SIW.
Due to the configuration of the antenna elements, there is strong mutual coupling between the
antenna elements. The good matching between the simulated and circuit model results for this

design further proves the efficiency of the model.

Next, a new design of an eight-element SIW middle fed series rectangular DRA array with
45° linear polarization is developed. We propose to apply implicit space mapping (ISM) technique
for the optimization of the complex structure, which combines a coarse/surrogate model and a full
wave solver as the fine model. In general, quality of the coarse model is very important for the
performance of space mapping optimizations. The new circuit model plays an important role in
the optimization method serving as the coarse/surrogate mode. Parameters in the surrogate model
are divided into pre-assigned parameters and design parameters. In each iteration, the pre-assigned
parameters are extracted so that the fine model and surrogate model outputs match. The design
parameters are then re-optimized and fed to the fine model. As demonstrated with this DRA array

design, the optimization approach combining the developed circuit model with ISM technique is



highly efficient. Only three iterations are needed to reach an optimized solution for such a complex
structure with EM simulations showing a max impedance bandwidth of 2 GHz and a max gain of

15 dBi.

And finally, the optimized design is fabricated using a low cost PCB-based technology for
validation of both performance of the design and modeling techniques. A maximum gain of 13
dBi has been achieved. It is further shown that by reducing the distance between the two middle
elements around the center feeding slot, the side lobe level (SLL) can be improved from -10 dB to
-12 dB. The comparison between the simulated and the measured results of the optimized design

shows good agreement considering fabrication tolerances and connector losses.

Some of the results of the research work from this thesis have been published in the

following refereed journal and conferences.

[1] M. Abdallah, Y. Wang, W. Abdel-Wahab, and S. Safavi-Naeini, “A Tunable Circuit
Model for the Modeling of Dielectric Resonator Antenna Array,” |[EEE Antennas
and Wireless Propagation Letters, vol. 15, pp. 830-833, 2016.

[2] M. Abdallah, Y. Wang, W. Abdel-Wahab, and S. Safavi-Naeini, “Modeling of
Substrate Integrated Waveguide Series Fed Dielectric Resonator Antenna Array
with Longitudinal Slots Excitation,” IEEE Antennas and Propagation Society
International Symposium (APS/URSI), Vancouver, BC, Canada, July 19-24, 2015.

[3] M. Abdallah, Y. Wang, W. Abdel-Wahab, S. Safavi-Naeini, and J. Liu, “A Simple
Circuit Model Including Mutual Coupling for Dielectric Resonator Antenna
Array,” |IEEE Antennas and Propagation Society International Symposium

(APS/URSI), pp.1944-1945, Memphis, TN, July 6-11, 2014
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1.3 Outline

This dissertation is divided into five chapters.

Chapter 1 presents a brief introduction, explaining the motivation, objectives, and

contributions of this work.

Chapter 2 discusses the relevant background by reviewing the literature in the areas of
substrate integrated waveguide, dielectric resonator antenna, and space mapping. It covers firstly
the SIW technology, implementation and propagating modes in SIW, SIW design guidelines, and
losses in SIW. Secondly, a general overview of the DRA is presented with some details about
different types of DRAs, DRA excitation methods, and recently work of SIW-based DRA. Thirdly,
an introduction to SM, including basic concepts of SM, SM classifications, and SM algorithm, is

given.

In Chapter 3, we present the development of the fully adjustable circuit model including
mutual coupling for DRA array through three main sections: SIW-series fed DRA array
configuration using transverse slots; SIW-series fed DRA array configuration using longitudinal
slots; and SIW-series fed DRA parasitic array configuration using longitudinal slots. An example
of a 4-element array is studied for each configuration. The simulation results using the circuit
model and full wave solver are compared to validate the proposed modeling technique for each
configuration. Comparison is also made with the experimental results for the DRA array with

transverse slots.



Chapter 4 presents a new design of SIW middle fed series rectangular DRA array with 45°
linear polarization. The space mapping technique is applied for the optimization of the structure.
The circuit model developed in Chapter 3 is used as the coarse model. High optimization efficiency
is demonstrated using an 8-element array, for which the design specification is met within three
optimization iterations. For validation, this design is fabricated using the optimized design
parameters obtained by SM. At the end of this chapter, the antenna measurement results are

discussed and compared to the simulation results.

We conclude with chapter 5, which provides highlights of our results and contributions,

and a summary of aspects that can be further investigated for future work.



Chapter 2

Literature Review

2.1 Substrate Integrated Waveguide (SIW) Technology

The conventional rectangular waveguide technology has been playing an important
role in microwave and millimeter wave circuits and systems. It possesses important
advantages, such as low loss, high Q-factor and high power handling capability. However,
rectangular waveguides are bulky and difficult to be integrated in microwave and
millimeter wave integrated circuits. A new generation of high-frequency integrated circuits
called Substrate Integrated Circuits (SIC) has been developed [2]. This technology allows
for both the planar and non-planar circuits to be integrated in different platforms. In
particular, the new technology of substrate integrated waveguide (SIW) makes it possible
to realize the waveguide characteristics in substrate integrated microwave and millimeter

wave circuits [5]. Much research has proved that substrate integrated waveguide can be a



good candidate for the future generation of microwave and millimeter wave components

and antennas.

2.1.1 Implementation and Propagating Modes in SIW Structure

The SIWs are rectangular waveguides consisting of two solid conductor planes,
separated by a dielectric substrate, with conductor sidewalls realized by rows of metalized
through-plated vias. The SIW structure is designed by choosing the spacing between the
vias (s), all with the same diameter (d), to support guided wave propagation with minimum
radiation loss. The amount of field leakage outside the waveguide should be sufficiently
small. The width of the waveguide is calculated by the desired cut-off frequency of the
dominant mode (TEio). Figure 2.1 shows the common parameters of SIW; waveguide
width, via diameter, and via spacing as Wsiw, d, and s, respectively [6]. The substrate height

is h.

S
:)000001)[000000000000000

Wy
d Sw

COO00COCHONOCOO0OOOCOO00

Figure 2.1 The geometry of the SIW: waveguide physical width, Wsw, via spacing, s, and
via diameter, d [6].



The rectangular waveguide has two main types of propagating modes depending
on the absence of the electric field and the magnetic field components in the direction of
propagation. In the transverse electric (TE) modes, there are no electric field components
in the direction of propagation, while the transverse magnetic (TM) modes have no
magnetic field in the direction of propagation. The TM modes require longitudinal current
along the sides of the waveguide to propagate, while the TEm» modes require the same
surface currents for efficient propagation only for n # 0. It is necessary to connect the
metalized vias with a good conductor material to protect the surface currents required for
the propagation of TM and TEmwn modes, where n # 0 [6]. Only TEmo modes are supported
in an SIW structure with vias due to the discontinuous structure of the sidewall. The cutoff
frequency for a solid rectangular waveguide (RWG) with a dielectric material can be

calculated using equation (2.1).

C 2 2
e (S

where a and b are the waveguide width, and height, respectively [7]. C is the speed of light,

2.1)

and &, is the relative permittivity. It is known that when a SIW works only in the dominant
mode, the E-field is of a maximum value at the vertical center plane along the propagation

direction, so the center plane can be considered as an equivalent magnetic wall.
2.1.2 Mapping from RWG to SIW

Substrate Integrated Waveguide (SIW) with via sidewalls is equivalent to a

rectangular waveguide of similar width if a correction factor for the center-to-center via
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spacing is taken into account. The cut-off frequency for the first two TEmo modes of an

SIW, using the width correction

p Co <W d? >‘1 (2.2)
c(TE10) = 2\/5- SIW ~ )95

Co a2 d3\ " (2.3)
fc(TEZO) :\/S_r' Wsiw _Tm_@

It is proven that the dispersion characteristics of the SIW are the same as those of

its equivalent RWG if the equivalent width Ws;,,, of the SIW is given by

" d? (2.4)
sw = Aeff T 4g5s

where Aefr is the effective width of the RWG. This width is given by experiments and

simulations results based on measuring the phase difference of the two guided wavelength
and comparing the first two modes of the SIW with those of an equivalent RWG filled with
the same dielectric. A more accurate empirical equation was proposed to calculate the
effective SIW width considering the ratio of d/Wg;y,,, where s is sufficiently small [6]. The
effective width is calculated by equation (2.5), and is valid when s/d > 3 and d/Ws,;,, < 1/5.
Once aefr is calculated, equation (2.1) may be used to accurately determine the SIW cut-

off frequency [6].

d? d?
aeff = WSIW - 108_ + 01
S SIw (2.5)
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In [9], it is shown that the SIW and its equivalent rectangular waveguide have the
same insertion loss using the Finite Element Method (FEM). Furthermore, an equation was

derived in [10] using the Method of Lines to calculate the effective width of SIW as

$2 (2.6)
a =&+
I R AN
d §3— 61
0.3465 2.6.
¢ =1.0198 + 1 (26.9)
% — 1.0684
1.2729
& =-11183 -
=3 — 1.2010 (2.6.b)
0.3465
£ = 1.0082 — 7>
—IW +0.2152 (2.6.c)

For the higher order modes of SIW, the dispersion characteristics are similar to its
equivalent RWG. On the other hand, there is a small difference in the equivalent width

between the higher order modes and the fundamentals mode [11].

2.1.3 SIW Design Guidelines

Design rules are given in [12]. There are suitable values for both the ratios of d/ic
and s/Ac. At these values, the SIW is equivalent to RWG which has no leakage losses and
no band gap in the bandwidth. In [13], these ratios are given as S//lc <2dand s<2d
within the operating range of frequency and based on the fundamental TE1o mode. Firstly,
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the waveguide width should be chosen to excite the dominant mode, where the first two

modes to propagate are TEio and TEz. A good choice is to consider  f, (g, ) = @ :

where f;,siwy is the operating frequency of the SIW. The ratios s/d and d/Wg,,,, are chosen
to be small to keep the overall losses at minimum levels. Secondly, the SIW rectangular
waveguide effective width aef is calculated as

— 1 2.7
aeff N 2.fc(TE10)/ €rs-it ( )

From (2.7) and (2.5), the physical width of SIW can be obtained using (2.8) where

&-¢ 1S the relative permittivity of the substrate material.

Wor = 21088 d? (2.8)
W Af (SIW)hge S Wew

2.1.4 Losses in Substrate Integrated Waveguide

There are three types of losses in SIW; metallic loss (ac), leakage loss (av) and
dielectric loss (ad), and the overall loss o= ac + aL + aq [14]. The losses increase when the
vias are getting smaller and further away from each other. The periodic length (s) affects
the energy that may propagate outside the two arrays of the vias and this is called leakage

loss or radiation loss. If the ratio of s/d < 2.5, the attenuation constant o is smaller than

1dB/m [14].
For a given cut-off frequency of the TE1o mode, the dielectric and conduction loss
for SIW with width Wg;,,, can be determined as [15]

_ ko’tans (2.9)

(4] 28
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S 0. ] 2.10)
a. = b

+2—
2 k
/ k¢
o

o)
where

k, = wVpe = 2n/Lis the wave number

S is the propagation constant of the waveguide
tano is the dielectric loss factor

ke = 2m/A¢ is the cutoff wave number

Ac 1S the TE1o cut off wave length

n is the intrinsic Impedance.

b is the height of the substrate

For a frequency range from 10-300 GHz, the dielectric substrates of relative
permittivity between 2 and 13 can be used in the design of SIW components, causing a
dielectric loss factor of 10-3 to 10™*. The conduction losses due to the finite conductivity of
the metal decreases when the metal vias are large and closely spaced. On the other hand,

the dielectric losses is slightly affected by the vias diameter and spacing. In [6], some

d

Siw

conditions are listed to minimize the overall losses as 2 < 2.5 and < % One of the

important advantages for SIW compared with traditional planar structures, such as MSL

and CPW, is that, at high frequency, the overall loss decreases, whereas for the other
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structures, it increases [16]. Therefore, the SIW can replace these traditional planar

structures in millimeter-wave applications.

2.2 Antennas Overview

Antennas are one of the most important parts of any wireless communication
systems to guarantee successful transmission and receiving of information. Due to this
important role, the antenna research has grown rapidly in the last decades. The IEEE
definition of an antenna is “That part of a transmitting or receiving system that is designed
to radiate or receive electromagnetic waves” [17]. It provides a transition between free
space and waveguides [18].

This section provides a summary of the most important parameters to be considered
in antenna design, and an overview of dielectric resonator antennas (DRAS) due to a

number of their attractive characteristics for millimeter-wave applications.

2.2.1 Important Parameters of Antennas [18-21]

e Polarization
Polarization is the variation of the electric field in direction and magnitude with
time. Polarization may be linear, circular or elliptical according to the shape of the curve.
Linear and circular polarizations are special cases of elliptical polarization, when the ellipse
becomes a straight line or circle, respectively.

e Input Impedance and VSWR
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Input impedance is defined as the impedance at the antenna’s terminals or “the ratio
of the voltage to current at its terminals”. If interconnecting transmission line and the
antenna is not matched to each other, a standing wave is initiated along the transmission
line. The Voltage Standing Wave Ratio (VSWR) is defined by the ratio of the maximum
voltage to the minimum voltage along the line.

e Directivity

The directivity determines the radiation properties of the antenna. It is defined as
the ratio of the maximum antenna radiation intensity in a specific direction in space to the
radiation intensity of an isotropic source for the same radiated power

e Power Gain

The gain of the antenna is closely related to the directivity, but considering the

losses in the antenna as well as its directional capabilities.
e Efficiency

The antenna efficiency is the ratio of directivity to gain. It takes into consideration

all the losses at the input terminals and within the antenna structure.
e Effective Isotropically Radiated Power (EIRP)

The Effective Isotropically Radiated Power (EIRP) expresses the effective radiated
power in a given direction. It is equal to the product of the effective power accepted by the
antenna and the antenna gain.

e Radiation Pattern

The antenna radiation pattern is the graphical representation of the radiation

characteristics of the antenna as a function of the spherical coordinates (6, ¢). In most cases,

the radiation pattern is determined in the far field region for constant radial distance and
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frequency. A typical radiation pattern is characterized by a main beam with 3 dB
beamwidth and sidelobes at different levels.
e Half-Power Beamwidth

Beamwidth is a very important parameter, and is easily determined from its 2D
radiation pattern. Beamwidth is the angular separation of the half-power points of the
radiated pattern.

e Return Loss (RL)

It is a parameter which indicates the amount of power that is “lost” to the load and
does not return as a reflection. Hence RL is a parameter to indicate how well the transmitter
IS matched to the antenna.

e Bandwidth

The bandwidth of the antenna can be defined with respect to different parameters.

It is often considered as the range of frequencies over which the return loss is better than

10dB.

2.2.2 Dielectric Resonator Antenna (DRA)

As mentioned before, the millimeter wave applications need a specific criteria for
the antenna used in this frequency range. The widely used microstrip patch antenna has
been investigated and designed at the mm-wave frequencies for wireless communication
systems [22, 23]. They can be easily printed on the same layer of metallization. The
fabrication cost is low and integration with other planar circuits is easy. However,
researches have proved that the conduction loss and the dielectric loss of microstrip

antennas are high especially in large arrays. In addition to their high losses, they suffer
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from a narrow bandwidth. On the other hand, dielectric resonator antennas show a good
performance and overcome the drawbacks of microstrip antennas.

Dielectric resonator antenna (DRA) has been extensively studied over the past 30
years [1], [24]. It is fabricated from low-loss dielectric material [25]. The DRA offers
attractive features such as low profile [26-30], compact size [31-33], low ohmic loss, and
high radiation efficiency [34]. It does not suffer from surface-wave losses, and has wide
impedance bandwidth compared to the microstrip antenna [35]. DRAS have been studied
as suitable antennas for wireless communication applications [36]. DRASs can be used at
millimeter frequency bands and is compatible with existing excitation methods [37], such
as coaxial probe, microstrip transmission line, coplanar waveguide feed or aperture
coupling. In addition, DRAs are compatible with Microwave Integrated Circuits (MICs)
[38-42].
2.2.2.1 Types of DRAS

There are different shapes of DRAS, such as rectangular, cylindrical, spherical and
hemispherical geometries [43-47]. The resonant frequencies of DRASs are proportional to
its material properties, dimensions, and shapes [48, 49]. For rectangular DRAS, two of the
three of its dimensions can be varied independently for a fixed resonant frequency, which

offers more design flexibility [50-52].

2.2.2.2 DRA Excitation Methods

Different excitation techniques have been used to couple the energy to the DRA.

The resonance can be tuned in a specific range of frequencies while slightly changing the
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feed position with respect to the DRA. It should be positioned within the area with strong
field, whether electric or magnetic.
e Aperture Slot

In this technique, the feed network is located below the ground plane to avoid
unwanted radiations that can cause distortion and degrade the pattern shape. For TE111
mode of a rectangular DRA with a rectangular slot, the aperture needs to be placed in a
DRA strong magnetic field area to achieve relevant coupling [53]. The slot at the centre
behaves like magnetic current streaming parallel to its length and excites the magnetic
fields in the DRA body, which causes broadside radiation pattern in the far field [54, 55].

This technique is particularly recommended for millimeter-wave applications.

e Coaxial Probe

The coaxial probe feed is a common and efficient technique, where the probe can
be considered as a vertical electric current to achieve strong coupling to the DRA. The
height and diameter of the probe controls the level of coupling. Different modes can be
excited depending on the shape of DRA and probe location. To excite only TM modes, it
is fed axially. For TMo1 mode, the feed probe is expected to be located at the centre to act
as a quarter wavelength monopole for its far field radiation patterns. On the other hand
when HEMz11 (TM110) mode is required, the feed probe is located close to the peripheral
boundary so as to yield broadside radiation patterns [55, 56]. This technique is particularly
recommended at lower frequencies to minimize the fabrication problems, however it is

equally efficient at higher frequencies.
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e Microstrip Line
Direct couplings are the simplest methods, as it excites the magnetic fields in the
DRA to produce the short horizontal magnetic dipole [57, 58]. The amount of coupling can
be optimized by choosing a material with high dielectric permittivity constant. The coupled
energy increases when high & is chosen.
e Coplanar Feeds
Another example of dielectric resonator antenna excitation techniques is the
Coplanar Waveguide (CPW). It is easy to fabricate and has a good matching with the solid
state devices. The coplanar loop perfectly couples energy to the DRA, as the coupling level
and the mode of excitation can be obtained by gradually moving the DR element over the
loop [59, 60]. Required resonance frequency and radiation patterns can be achieved by
shifting the loop from the edge to the centre.
e Dielectric Image Guide
In millimetre-wave applications, to avoid the conductor loss of conventional
feeding structure, the dielectric image guide is one the best solutions. The dielectric image
guide (DIG) is a low loss feeding structure that couples the energy to the DRA. As
mentioned before, a higher permittivity value can be chosen to enhance the coupling level.
DIG can be utilised as series feed to linear array designs [61-63]. On the other hand, the
DIG suffers from radiation losses and also a transition to rectangular waveguide needs be
designed to couple the power to DIG, which introduces more loss.
e Substrate Integrated Waveguide
Traditional planar feeding structures, such as microstrip line [55] and coplanar

waveguide [60], suffer from conduction loss, especially in the millimeter-wave frequency
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band. SIW has recently become an attractive excitation technique used to feed the dielectric
resonator antennas due to its advantages such as low loss, low cost, and ease of integration

with planar circuits [37].

The SIW has been used as a feeding technique for DRA in [64] through a narrow
slot cut on the SIW broad wall. The antenna has been designed at TM110 mode, where the
center frequency was at 18GHz, and it achieved a gain of 6dB. The same design has been
applied to 60GHz in [65], where it is excited by half mode SIW (HMSIW). The measured
gain was 5.5dB with a radiation efficiency of 90%. However the gain of the single element

was low.

In the SIW fed DRA reported in [66-68], two different slot configurations were
used as shown in Figure 2.2, where good performance was achieved. A parametric study
for all antenna parameters has been done to optimize the coupling between the SIW and
DRA in [67]. DRA single elements have been fabricated using a low cost multi-layer
printed circuit board (PCB) technology for both longitudinal and transverse slots. A high
radiation efficiency SIW-DRA array with N-elements, based on the two slot configurations
are reported in [68]. Simple transmission line circuit model is developed to optimize the

SIW-DRA array characteristics.
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(b)

Figure 2.2 General configurations for SIW series fed DRA liner array, (a) using transverse
slot, and (b) using longitudinal slot [68].

2.3 Space Mapping Optimization

In microwave/millimeter design, full wave electromagnetic (EM) simulation is
essential to ensure first pass success due to its superior accuracy. However, full EM
simulation is generally computationally intensive, which limits its applications in iterative
design and optimization. Alternative thinking is to find a technique that combines the speed
of circuit models, or surrogate models, and the accuracy of EM solvers. Space mapping

(SM) is such a surrogate-based optimization method. The original space mapping
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algorithm was initiated by Bandler et al. in 1994 [69]. Since then, there have been extensive

research and applications of SM to EM optimization problems. [70-74].

SM can give unmatched efficiency when the problem can be molded in two
different system models, namely the fine model and the coarse model, for the same physical
system [75, 76]. The fine model is accurate but expensive to evaluate. The coarse model is
faster but less accurate. The fine model is usually EM full wave solvers and the coarse
models are circuit based models. The SM approach establishes the mapping between the
two models, and updates the mapping or the coarse/surrogate model to better approximate
the corresponding fine model [76]. Using this mapping in each iteration, most of the model
evaluations can be directed to the fast coarse model [77]. It has been proven to be an

efficient technique in many difficult engineering optimization problems.

2.3.1 The Optimization Problem

The optimization problem can be defined using two main vectors, Rs and xs .The
vector R : Xt = R™ is the vector of m responses of the fine model, and xs : X¢ € R" is the
vector of n design parameters. Then, the optimization problem is formulated by the
following equation [78]

X"y =arg {minxfexf U (Rf(xf)>} (2.11)
where U is the objective function, and x*t is the optimal solution of the fine model. Space
mapping suggests to find an accurate surrogate model Rs: Xs x Xp—R™, which is built from

the coarse model R¢: Xc »R™ and updated to align with Ry. Xs € R" and X, € R refer to the

design-parameter domain and the auxiliary preassigned parameter domain of the surrogate
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model, respectively, while X € R" refers to the design parameters domain of the coarse
model [79]. The surrogate model is updated at each iteration until the fine model result

satisfies the design specifications.

2.3.2 SM Classifications

There are different types of SM that can be used depending on the complexity of
the problem [80]. They can be generally classified into two categories, the explicit SM
(ESM) and the implicit SM (ISM). The ESM includes four types; output SM (OSM),
aggressive SM (ASM), trust region SM (RTSM), and hybrid SM (HSM).

ISM is one of the latest development of SM, which is an easy technique to
implement [81]. Implicit space mapping (ISM) utilizes a set of auxiliary parameters x.
These auxiliary, or pre-assigned parameters, e.g. dielectric constant or substrate height, are
not actual design parameters in the fine mode. They are extracted to match the coarse and
fine model responses in each iteration. The resulting coarse model (surrogate) response Rc¢
(Xc, X) is then re-optimized with respect to the coarse model design parameters, Xc, to give
X £= Xc*(X), where X ¢ is the prediction of the fine model design parameters. More details

with the flow chart of ISM will be presented in chapter 4.

2.3.3 Space Mapping Algorithm

There are some key steps which are common in different types of SM, and can be
summarized as following [78], [81, 82].
1) Select a coarse model suitable for the fine model.

2) Select a mapping process (original, aggressive SM, neural or ISM, etc.).
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3) Optimize the coarse model (initial surrogate) with respect to design parameters x =
Xc*.

4) Simulate the fine model at this solution to find the fine model response R (xs).

5) Terminate if a stopping criterion is satisfied.

6) Apply parameter extraction (PE) using pre-assigned parameters or coarse model
parameters.

7) Rebuild surrogate

8) Re-optimize the mapped coarse model (surrogate model) with respect to design
parameters (or evaluate the inverse mapping if it is available).

9) Go to Step 4.

2.4 Conclusion

Millimeter wave applications have specific requirements for systems operating in
this frequency range. MMW antennas and circuits with compact size, low cost, high

efficiency, and low loss are much needed to meet the requirements of these applications.

Dielectric resonator antenna (DRA) offers attractive features required for MMW
application. It shows a good performance and overcomes drawbacks of planar antennas,
such as surface wave losses and narrow bandwidth. Moreover, it is fabricated from low-
loss dielectric material, has low profile, compact size, low ohmic loss, high radiation
efficiency, and is compatible with existing excitation methods, such as coaxial probe,

microstrip transmission line, coplanar waveguide feed, and substrate integrated waveguide.
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The technology of substrate integrated circuits allows for both the planar and non-planar
circuits to be integrated. Although substrate integrated waveguide (SIW) has similar
characteristics as conventional waveguides, it is compatible with planar and non-planar
circuits, and has low cost, small size and small conduction loss. It has been proven that
substrate integrated waveguide can be a good alternative for the future generation of
microwave and millimeter wave components. The combination of SIW and DRA can be

an excellent candidate for millimeter wave applications.

The difficulty of antenna array fabrication, especially in the MMW due to the small
size, requires that the design be precisely simulated. Design and optimization of an antenna
array usually depend on accurate yet time consuming full wave solvers, which can be
challenging due to the size and complexity of the entire structure. Circuit models are fast
and much less computationally intensive, but without the required accuracy. Space
mapping (SM) is a powerful and unique optimization method that links the circuit model
and the full wave solver. Application of SM to the design problem is not straightforward,
as it requires the development of an efficient surrogate/coarse model. The objective of this
research is to design, model, and optimize DRA arrays based on SIW technology for
millimeter wave applications, with the help of highly efficient computer aided modeling

and optimization techniques.
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Chapter 3

Development of a Circuit Model
Including Mutual Coupling for
Dielectric Resonator Antenna Array

Design and optimization of an antenna array is usually performed through a
parametric study using a full wave solver, which can be challenging due to the size and
complexity of the entire structure such as dielectric resonator antenna (DRA) array backed
by substrate integrated waveguide (SIW). In this chapter, a simple yet accurate circuit
model is presented for modeling of SIW series-fed DRA array for two different slot
configurations. The mutual coupling between antenna elements is taken into account in the
new model, which has been ignored in earlier work. A single-element and a two-element
antenna structures are simulated first using full-wave solver, HFSS. The mutual coupling

between antennas is then extracted and subsequently plugged into the circuit model for the
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antenna array. Millimeter-wave DRA arrays are used to validate the model. The S-

parameters calculated using the model agrees well with the full-wave solver results.

The mutual coupling depends on the distance between antenna elements. The
extracted coupling for a given structure does not apply if the distance varies. The next
question is therefore how to model it so that the circuit model become flexible. To this end,
a new adjustable model is developed, replacing the coupling data block with circuit models

allowing optimizations of the design parameters.

Millimeter-wave DRA array examples are used to validate the model. The S-
parameters calculated using the total extracted mutual coupling match with the new mutual
coupling tunable model. And they both agree well with the full-wave solver results. Also,
the reflection coefficient results of the four elements single port example agrees well with
the previously published measured results [68]. The focus of this chapter is to develop a
fast and accurate circuit model for the SIW series-fed DRA array, which includes mutual
coupling between antenna elements. Some results from this chapter have been published

in [83-85].

3.1 SIW-Series Fed DRA Array Configuration Using

Transverse Slot

Figure 3.1 shows the structure of a 4 elements SIW-series fed DRA linear array
(SIW-DRA array). The SIW, which supports the TE1o waveguide fundamental mode, is
short circuited in one end. The antenna elements are separated by a distance, D, which is

measured between the centers of the neighboring elements. The DRAs are excited through
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the feed network, which consists of narrow slot cut on SIW broad wall. The optimized
single element (SIW-DRA single element) in [68] is used as a building block for the N-
element SIW-DRA array for the transverse slot orientation. D is an important parameter,
as it defines the phase difference between any two elements, which has a direct effect on
all the radiation characteristics of the antenna. Another important parameter is the distance
from the center of the last element to the SIW short circuited end, Xsc, as shown in Figure
3.1. This parameter affects both the antenna input impedance and the phase difference. A
good choice of these two parameters guarantees that the antenna elements can be placed in

certain positions to obtain a designed phase distribution such as co-phase or linear phase

excitation. For transverse slot orientation shown in Figure 3.1, D is approximately Aq and

Xsc is approximately A¢/2, where Aq is the guided wavelength of TE1p mode in the SIW, to

achieve a co-phase SIW-fed DRA array excitation. The structure of SIW-DRA ensures that
the slots are positioned where the maximum axial SIW currents occur and the excitation

slot fields are in phase.

DRA
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Figure 3.1 An example of a four-element SIW-DRA array fed by transverse slot [68]
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In this design, DRAs are made of a dielectric material with erap =10.20 and
dimensions of hrpra (thickness) = 1.27mm, arpra (length) = 3.0 mm and Wrpra (width)
=1.50 mm. Each rectangular DRA element is excited by a narrow slot of length
Lsiot=3.2mm, and width Wsot=0.3mm. The SIW is made of two rows of metallic vias of
diameter dvia =0.3 mm in a substrate, and two neighbouring vias are separated by
svia=0.6mm. The distance between the two rows are considered to be the width of the SIW,
Wsiw=4.8mm. The substrate material, metalized on both sides, has a permittivity constant
of esiw=2.33 and a thickness of hsjw = 0.7874mm. The SIW parameters are designed using
the criteria described in [6], where the SIW equivalent rectangular waveguide width is

given by (2.6a) to (2.6¢) in chapter 2 [15].

3.1.1 Extraction of Mutual Coupling

The mutual coupling extraction methodology is outlined as follows.

Before a circuit model is constructed, a single element of SIW-DRA is first
simulated using a full-wave solver, such as HFSS, to obtain the two-port S-parameters,
[S]single- The two ports are de-embedded to the center of the single element, where the
references plane are defined. Next, the two-element structure in Figure 3.2(a), in which a
PEC plane is inserted in the middle of the two DRAs, is also simulated using full wave
solver. The PEC plane facilitates the extraction of the mutual coupling between antennas,

which is modeled as a two-port S-parameters [S]coupiing. The equivalent circuit of the
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structure in Figure 3.2(a) is shown in Figure 3.2(b). The impedance of the shorted circuited

section of the SIW can be easily calculated as
ZSIW = ZO tanh('?f. D/z) (31)

in which y is the propagation constant of the SIW and the characteristic impedance of the

SIW, Zo, is normalized and assumed to be 1 in the following calculations.
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Figure 3.2 (a) Two-element SIW-DRA structures with PEC in the middle, (b) the circuit
model, and (c) PI network of the single element.

The antenna element with the slot can be modeled as the PI two port network as
shown in Figure 3.2(c) and it is calculated from the S-parameters of the single element of
SIW-DRA, [S]single. With known [S]single and Zsiw, [S]coupling Can be easily extracted through
simple network analysis. Circuit model for the antenna array can be built using the building

block shown in Figure 3.3, in which only two elements are shown. In Figure 3.3, each
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dielectric resonator antenna is presented by its S-parameters, [S]single. The SIW between the
two antennas is modeled using a section of transmission line (T.L.) with the propagation
constant ». The mutual coupling between antennas is taken into account through [S]coupling-
Note that only couplings between adjacent antennas are considered. To build the circuit
model for an array with N elements, the building block in Figure 3.3 needs to be repeated.
The flexibility of circuit model can be further improved by replacing both the DRA data
block, [S]single, and the coupling data block, [S]coupiing, With circuit models, allowing

optimizations of the design parameters, which will be shown in the next section.

[5]55':'!352 T.L [5 ]:_a‘::g.'g

I
!

Figure 3.3 The build block for array circuit model.

3.1.2 Mutual Coupling Extraction Procedure

Before the extraction of mutual coupling, two EM simulations are performed: 1) a
single element of SIW-DRA to obtain the two-port S-parameters [S]single, and 2) a two-
element SIW-DRA separated by D, where a PEC plane is inserted in the middle of the

waveguide, to obtain the two-port S-parameters [S]rec. The following steps are then taken
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to extract the S-parameters of the mutual coupling, [S]coupiing, based on the characteristics

of the cascaded two ports network [7].

1

The S-parameters,[S]pgc is converted to ABCD parameter[ABCD]pgc , and the left
element of the PI network Y1 is de-embedded firstly as follows:

1 0

a. Yiisexpressed as [ABCD]y; , where [ABCD]y, = v. 1
1

b. The inverse of [ABCD]y,is obtained as [ABCD]y1 = l_ly 2]
1

c. De-embed Y from [ABCD],
[ABCD], = [ABCD]y - [ABCD]pgc - [ABCD]y}
The shunt impedance Ysh , which is the addition of Ysw and the right admittance of the

Pl network Y2, should be de-embedded from [S] ¢ as follows:
a. Ysnisobtained as Yy, =Y, + Yo, Where Z = 1/Y
sh

1 7

b. Zisexpressed as [ABCD], ,where [ABCD], = [O 1

c. The inverse of [ABCD], is obtained as [ABCD];* = l(l) _12J

d. De-embedded the shunt section from [S]pgc
[ABCD], = [ABCD];' - [ABCD], - [ABCD];!
Yz which is the center admittance of the PI network, and it is de-embedded from [S]pgc
the same way as Y1
De-embedded the center impedance from [ABCD],

[ABCD] coupling = [ABCD];§ .[ABCD]s. [ABCD];?}
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3.1.3 Simulation Results

The SIW series-fed DRA array with four antennas as shown in Figure 3.1 is studied.
The dimensions of the DRA and SIW are listed in section 3.2. The S-parameters of the
mutual coupling are extracted following the steps described above for different values of

the distance between antenna elements, D. The center frequency is at 33.87 GHz.

A. Two elements SIW series-fed DRA

For validation, a two port SIW-DRA structure with two antenna elements is
simulated, which is similar to Figure 3.2(a) but without the PEC plane between antennas.
The circuit model is the same as shown in Figure 3.3. The electromagnetic (EM) results
using the full wave solver are compared to the circuit model results for different distances
between the two elements, namely D=7mm, D=7.6mm, and D=8.2mm. For each D value,
the previous steps are repeated to determine the total mutual coupling. Figure 3.4 to Figure
3.9 compare the S-parameters obtained using EM solver, the circuit model without taking
into account the mutual coupling, and the proposed circuit model considering the mutual

coupling effect, for different distances between the two antenna elements .
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Figure 3.4 The S11 of the SIW-DRA structure with two elements. (D=7mm)
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Figure 3.5 The S21 of the SIW-DRA structure with two elements. (D=7mm)
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Figure 3.6 The S11 of the SIW-DRA structure with two elements. (D=7.6mm)
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Figure 3.7 The Sy1 of the SIW-DRA structure with two elements. (D=7.6mm)
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Figure 3.7 The Sy1 of the SIW-DRA structure with two elements. (D=8.2mm)
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As shown in all three cases, the results show a good agreement between EM and
the circuit model after adding the mutual coupling, while the circuit model without the

mutual coupling is quite different from EM results.

B.  Four elements SIW series-fed DRA array

This four-element SIW-DRA array with single port as shown in Figure 3.1 is
investigated next. Firstly, a piece of SIW with one end short circuited is simulated in the
full wave solver and compared to an ideal short-circuited transmission line. The length of
the transmission line, Xsc, is measured from the center of the last element to the SIW short
circuited end. The difference in the S-parameters for the SIW and the ideal short-circuited
transmission line is compensated by adding a correction length 4L to Xsc in the circuit
model so the S-parameters of the EM model and circuit model agree to each other. Such a
correction, or mapping from SIW to transmission line circuit model, will be shown in

details in Chapter 4.

Two examples are simulated, in which D = 7.6mm and D = 7.2 mm, respectively.
The short circuit length Xy is set to be 2.5mm. The reflection coefficients are shown in
Figure 3.10 and 3.11. It can be clearly seen that the simulated results using the full wave
solver agrees very well with the proposed circuit model results considering the mutual
coupling. On the other hand, the circuit model results without the mutual coupling is much

less accurate.
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i. D=7.6 mm and X =2.5mm
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Figure 3.8 Four elements SIW-DRA array single port at D=7.6mm and Xsc:=2.5mm. (a)
Reflection coefficient (dB), and (b) phase of Si1.
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ii. D=7.2mm and Xsc=2.5mm
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Figure 3.9 Four elements SIW_DRA array single port at D=7.2mm and Xsc=2.5mm. (a)
Reflection coefficient (dB), and (b) phase of S11
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3.2 SIW-Series Fed DRA Array Configuration Using

Longitudinal slot

In the previous section, a circuit model has been presented in for modeling SIW-
DRA array fed by transverse slots. The mutual coupling is extracted and modeled as a two
port network and then connected across two successive elements to improve the simulation
accuracy for the antenna array. However, this model is not suitable for SIW-series fed DRA

array using longitudinal slots due to the difference in the array structure.

In this section, a modified and improved circuit model is presented for modeling
SIW-DRA array fed by longitudinal slots. Figure 3.12 shows the structure of a 4 elements
SIW-series fed DRA linear array (SIW-DRA array), where narrow longitudinal slot cuts
on the SIW broad wall are used to feed the DRAs [68]. The SIW, which supports the TE1o
waveguide fundamental mode, is short circuited in one end. The antenna elements are
separated by D¢, which is the distance between each two neighboring elements measured
center to center. Xsc is the distance from the center of the last element to the short circuit
end realized by vias. The initial values of D. and Xsc are Ag/2 and 344/4, respectively, to
achieve co-phase SIW series fed array excitation. The optimized single element (SIW-
DRA single element) in [68] is used as a building block for the N-element SIW-DRA array
for the longitudinal slot orientation. The structure of SIW-DRA ensures that the slots are
positioned where the maximum SIW currents occur and the excitation slot fields are in
phase. In this design, DRAs and SIW have the same dimensions, and are made of the same
dielectric materials as the design mentioned in section 3.1. Only, the initial values of D.

and Xsc are different due to the change of the slot configuration.
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Figure 3.10 An example of a four-element SIW-DRA array fed by longitudinal slots [68]

3.2.1 Extraction of Mutual Coupling

The mutual coupling extraction methodology is outlined as follows, which is
different from what is applied to the transverse slot. Before a circuit model is constructed,
the basic cell of the array structure presented as a single element of SIW-DRA is first

simulated using a full-wave solver, such as HFSS, to obtain the two-port S-parameters,
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[Slsingle- The reference planes are defined in the middle of a single element, and the two
ports are de-embedded to the same plane. The single element can also be modeled as a “z”
network as shown in Figure 3.20 (a) to facilitate the extraction of the coupling between
elements. Next, the two-element structure in Figure 3.13(b), is also simulated using full
wave solver, to obtain the two-port S-parameters for double elements structure, [S]double,
where the two ports are de-embedded to the center of each element. The SIW between the
two antennas is modeled using a section of transmission line (T.L.) with the propagation

constant ».

Figure 3.11 (a) A single module of SIW-DRA with longitudinal slot and its equivalent
circuit as © network of the single element, and (b) the two-element SIW-DRA structure

The mutual coupling between antennas is taken into account through [S]coupling.

Note that only couplings between adjacent antennas are considered. The mutual coupling
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in the case of longitudinal slots is found to be more accurately represented using the circuit
model shown in Figure 3.14. The mutual coupling, expressed as a two-port network with
S-parameters [S]coupling, 1S shunt connected to each two successive elements. With known
[Slsingle and [S]ldounle from EM simulated single element, and two-element structures,
respectively, [S]coupling Can be easily extracted through simple network analysis using the
circuit model shown in Figure 3.14. This model can then be used as building blocks to
build the circuit model for an N-element array for a fast simulation of the array with

improved accuracy.

[5] CougHing

[SI]fom_rj."?Lg

['S]-’-""{fﬂ'ﬂ T.1. ['S].':.'rzgi?

(D)

Figure 3.12 The circuit model of two-element SIW-DRA with single element modeled
using (a) the & equivalent circuit, and (b) EM simulated S-parameters.
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3.2.2 Mutual Coupling Extraction Procedure

As mentioned before, two EM simulations are performed: 1) a single element of
SIW-DRA to obtain the two-port S-parameters [S]single, and 2) a two-element SIW-DRA
separated by D to obtain [S]doubie. The following steps are then taken to extract the S-
parameters of the mutual coupling, [S]coupiing, Using the even-odd method and based on the

characteristics of the cascaded two ports network [7].

1 Convert the S-parameters, [S]single t0 Y-parameters [Y]single.
2 Find the admittances values Y1,Y2, and Yz of the PI two port network shown in

Figure 3.14 (a) as follows:

a Y= Yllsingle + YlZsingle

(3:2)
b. Y, = Yazsingte T Yizsingie

(3.3)
C. Y3 =—VYizsingie

(3.4)

3 Apply the even-odd mode method to the S-parameters of the two elements SIW-

DRA separated by Dy, [S]double.

a. Si1even = S11doubte T S12doubie

(3.5)

b. Si10aa = S11doubte — S12double

(3.6)
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4 Then, find the input impedance at the “even” and “odd” mode and convert it to the

equivalent admittance.

_ 1+Si1even . _ 1
a. Zin—even ~ 1-s ’ Yin—even ~ 7
lleven in—even
(3.7)
_ 1+S110da . _ 1
b. Zin—oaa = . . o Yin-oda =
11lodd in—-odd
(3.8)

5 Calculate the coupling [S]coupiing USing even-odd mode method, as whole structure

is symmetric and [S]coupiing IS Shunt connected to each two successive elements as

shown in Figure 3.14(a)

a.

Calculate the admittance of the coupling at the even mode

1 .
Yin—even—coup = 1 1~ Y, —jtan(y.D./2)
Yin—even - Yl a 73
(3.9)
Calculate the admittance of the coupling at the odd mode
1 .
Yin—odd—coup =1 1~ Y, +jcot(y.D,/2)
Yin-oda-Y1 Y3
(3.10)

Find the [S]coupling

1 _Yin—even—coup -Yin—odd—coup

S = ;S =S
11cou 22cou; 11lcou
p (1+Yin—even—coup)-(1+Yin—odd—coup) ' P p
(3.11)
S _ Yin—odd—coup_Yin—even—coup Y =9
12coup — y Y21coup — “12coup

(1+Yin—even—coup)-(1+Yin—odd—coup)

(3.12)
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3.2.3 Simulation Results

The SIW series-fed DRA array with four antennas as shown in Figure 3.12 is
studied. The dimensions of the DRA and SIW are listed in section 3.1. The S-parameters
of the mutual coupling are extracted following the steps described above for different

values of the distance between antenna elements, D.. The center frequency is at 38 GHz.

A. Two elements of SIW series-fed DRA

For validation, a two port SIW-DRA structure with two antenna elements as shown in
Figure 3.13(b) is simulated. The circuit model is shown in Figure 3.14. The results for
different distances between the two elements are shown below. The EM results using the
full wave solver are compared to the circuit model results with and without considering the

mutual coupling as shown in Figure (3.15) to Figure (3.17).
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Figure 3.13 S-parameters of the SIW-DRA structure with two elements (D.=3.5mm).
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Figure 3.14 S-parameters of the SIW-DRA structure with two elements (D=4 mm).

As shown in all three cases in Figure 3.15, 3.16, and 3.17 for D.=3.5mm, 4mm, and
4.6mm respectively, the results show a good agreement between EM and the circuit model

after adding the mutual coupling, while the circuit model without the mutual coupling is

quite different from EM results.
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Figure 3.15 S-parameters of the SIW-DRA structure with two elements (D =4.6 mm).

B. Four elements SIW series-fed DRA array
This four-element SIW-DRA array with single port as shown in Figure 3.12 is
investigated next. Firstly, a piece of SIW with one end short circuited is simulated in the
full wave solver and compared to an ideal short-circuited transmission line. The length of
the transmission line, Xsc, is measured from the center of the last element to the SIW short

circuited end. The difference in the S-parameters for the SIW and the ideal short-circuited
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transmission line is compensated by adding a correction length AL to Xsc in the circuit

model so that the S-parameters of the EM model and circuit model agree to each other.

Relleetion Coelliclent (dB)
Rulluction Coullicient (phose)

S B S B S L R R R EEEEEEE R W e e
34 35 36 37 3% 39 40 41 42 34 35 36 37 38 39 40 4 42
Frequency (GHz) Frequeacy (GHz)
(a) ———— Ful| wave solver (b)

= == ===« Circuit model w/o coupling

== == Circuit model w coupling

Figure 3.16 Four elements SIW_DRA array single port at D.=3.5mm and Xsc=5mm (a)
Reflection coefficient (dB), and (b) phase of Reflection coefficient.

The reflection coefficients of the four-element SIW-DRA array are calculated and
compared to the EM simulation results and those of the circuit models with and without
mutual coupling. The results using the developed circuit model and the EM simulation

agree well as shown in Figure 3.18.
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3.3 Development of the Fully Adjustable Circuit Model

The mutual coupling depends on the distance between antenna elements. The
extracted coupling for a given structure will not be applicable once the distance changes.

In this section, a fully adjustable model is developed.

The total mutual coupling between antenna elements extracted as described in the
previous two sections is replaced with a circuit model. As shown in Figure 3.19, the
[S]coupling IS modeled using two cascaded S-parameters with a piece of lossy transmission
line in between. Let the length of the transmission line Ly = D - Dret. When D = Dref, Lg=0
and [S]coupling 1S the cascade of [S]. and [S]r, as shown in Figure 3.20(a). Therefore, [S].
and [S]r each represents “half” of the coupling between elements when the distance D is
set to be the reference distance Drer. It is assumed that [S]. and [S]r do not change with the
distance D between antenna elements. The introduction of the transmission line facilitates
the tuning of D. The model is therefore valid within a range of D, allowing optimizations
of the design parameters. Note that D between each two successive elements is defined to
be the distance between the centers of each element. Therefore for longitudinal slots, D is

different from D as shown in Fig. 3.12.

The transmission line in the mutual coupling model is assumed to have a

propagation constant
¥e = a. + jf.. (3.13)

The attenuation constant «, is introduced to model the effect that the coupling
between elements diminishes as the distance between them increases. «a, and S are

obtained through curve fitting. It is found in the simulations that a. does not have a strong
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effect on the accuracy of the results. For the transverse slots, . = 2n/ 4 is found to be a

good approximation, where 1 = c¢/f, c is the speed of light and f is the frequency.

v \
[\ - [LS]c'oup(mg !
o ———— — o
[-S]sa'nlgie T.L. (Sn“f} ['S-]sr'mgle
Oo— —O
(a)
[S]c'o:wyb':rrﬂ ___________
D VPP S ATCS
-’ =] R
L] s L [S]e | )
ol st G
[5] single T.L. (SI“F]' [S-]sr'ngfe
O —0
(b)

Figure 3.17 The total mutual coupling, [S]coupiing, Circled in (a) is replaced with the
equivalent circuit circled in (b), i.e. the cascaded [S]. and [S]r with a piece of lossy
transmission line (T. L.) in between.

Considering the symmetry of the structure, if

Slll 5112
S = ! A
BL=]s,, s,

[S]r can be expressed as

SIZZ 5,21
S = ! !
Sle =57, s,

Therefore the only unknown in the model in Figure 3.19 is [S]., which can be solved
using the mutual coupling of two different antenna separation distances, namely Dref and
D1. As shown in Figure 3.20, let [S]a represent the [S]coupling for D= Dref, and [S]gs represent

[S]coupiing for D= D1. The difference in [S]a and [S]z is caused by the transmission line with

53



a length of Lq = D1-Drer. Based on this observation, [S]. can be derived as detailed in the
following. Drer and D1 can be chosen close to a nominal design value, e.g. /g for the
transvers slot case. Once [S]. is known, the model can be used for any D by substituting Lqg
= D-Drer in the model. For an antenna array with N elements, the building block in Figure

3.20 is repeated.

[Sleoupling|p-Drer =[Sla ~ __c=-===m====mal -
- - -
! [S]c Lqi=0 [S]r '
o0—= - L o

-—— - e

0&3' ‘l‘\—O
( [S]z Li=D1-Dyer [S]r \
O—— —1 — S
e ‘-".‘ (IJ-]_ -.'r...-.’

—
L
=—_—— -— -
e mm Em wm m= E

Figure 3.18 Solving for [S]L using two different antenna separation distance, Dret and D1.
(@) [S]coupting =[S]a for D= Dret, and (b) [S]coupiing =[S]s for D= D;.

Steps for Solving [S]coupling
Extract the mutual coupling [S]coupiing Using the EM simulated data for the two-element

DRA array for D= Dres as:

SllA SlZA]
S, = 3.14
114 = | 5,4 Sy (3.14)

Extract the mutual coupling [S]coupiing Using the EM simulated data for the two-element

DRA array for D= D as:

[S]B _ SllB SlZB] (315)

SZlB SZZB
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For any two networks N"and N” in cascade connection, if S’ is the S-parameters of N’, S”

is the S-parameters of N”, the S-parameters of the composite network is [86]

S11 512] _ [5’11 +k.512.51.5"11 kS'15.5"12
521 522 k- 5'21- S”Zl S”ZZ + k- S"12-S"21-S'22
(3.16)
where,
k= —— (3.17)
T 1-5'2,.8"1 .

In Figure 3.13(a), since S";; = S',, and S",; =S',; , use the previous equation and

substitute k value to get S11a, Si18, S21a, and Szis.

o §'12.5'21.5123
S114=S11t 1-S12y512s (3.18)
_ o S112.5151.6"2%Als1,,
S =S11+ - s1,,e-27Als (3.19)
S 215 12
S, = 2212 12 3.20
_ Srpp.S1yp.e”vAL
SZIB - 1- Slzz.e_zx'Al.Slzz (3.21)
Therefore,
S214 _ [exAl_(S,zz)Zle—vr.Al] (3 22)
S21B 1-(8722)2 .
Then,
, S -S . ¥.Al
(§'5,)% = S2a—21Bs (3.23)

S214—S21p.e %A
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Next, substitute (S',;)? in (3.20) to get (S',,)* . Subtract equation (3.19) from
equation (3.18), and substitute (5’21)2 togetS',,. TogetS',;, substitute S',, in equation

(3.18). [S]L and [S]r are thus solved and the model in Figure 3.19 can be built for any D in

the vicinity of Drer and D1.

Note that even though the 2 element structure with longitudinal slots in 3.13(b) does
not seem symmetric, the Si1 and Sy are in fact the same. The steps described above are

therefore still valid, as will be shown in the next section.

3.3.1 Simulation Results

The SIW series-fed DRA array as shown in Figure 3.1 and Figure 3.12 are studied.
The S-parameters of the mutual coupling are modeled for different values of the distance
between antennas elements, following the steps described above to calculate the [S]. and
[S]r for each design. In all examples of transverse slot, the [S]L and [S]r are calculated using
the extracted coupling from EM simulated results at D;=8.2mm and Dre=7mm. On the
other hand, all examples of longitudinal slot, the [S]. and [S]r are calculated using the

extracted coupling from EM simulated results at D1=5.2mm and Dyet =4.6mm.

For two port SIW-DRA fed by transverse slot configuration of two antennas
elements, the EM results are compared to the circuit model after considering the new model
of the mutual coupling as shown in Figure 3.21 and Figure 3.22. The results of the S-
parameters of the adjustable circuit model are very close to the results having total
coupling, and both of them are close to the EM simulated results, while the results without

mutual coupling is different.
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A.  Two elements SIW series-fed DRA with two ports
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Figure 3.19 S-parameters results of the SIW-DRA fed by transverse slot configuration with
two elements at D=6.5mm. (a) S11 (real and imaginary), and (b) S21 (real and imaginary).
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Figure 3.20 S-parameters results of the SIW-DRA fed by transverse slot configuration with
two elements at D=7.2mm. (a) S11 (real and imaginary), and (b) S2: (real and imaginary).
The longitudinal slot configuration for the two port SIW-DRA of two antennas
elements is modeled, and the EM results are compared to the proposed circuit model as
shown in Figure 3.23 and Figure 3.24. From the results of the S-parameters, it is clear that
there is a total agreement between the EM solver, the results having the total coupling, and

the proposed circuit model results, while the circuit model results without mutual coupling
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is different. This proves that the new technique is equivalent to the total mutual coupling

extracted before.
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Figure 3.21 S-parameters results of the SIW-DRA fed by longitudinal slot configuration with two
elements at D.=4 mm. (a) S11 (real and imaginary), and (b) S2: (real and imaginary).
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Figure 3.22 S-parameters results of the SIW-DRA fed by longitudinal slot configuration with two
elements at D.=4.2 mm. (a) S11 (real and imaginary), and (b) S2: (real and imaginary).

B.  Four elements SIW series-fed DRA array

The example of the four elements of SIW-DRA single port shown in Figure 3.1 and

Figure 3.12 are studied. The reflection coefficients of the four-element SIW-DRA array

are calculated at different cases. The EM simulation results are compared to those of the

circuit model with the mutual coupling. Firstly, the results of four elements of SIW-DRA
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single port fed by transverse slot are illustrated in Figure 3.25 and Figure 3.26 for D=

7.2mm and D=7.6mm, respectively, where Xsc=2.5mm for all cases.

e EM Simulation
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Frequency (GHz)

Figure 3.23 The reflection coefficient (S11) in dB of a single port SIW-DRA fed by
transverse slot configuration, N=4, D=7.2mm and Xsc=2.5mm

In the case of D=7.6mm, the measured results [68] are also compared with the
results of the proposed circuit model. The fabricated antenna array is measured over the
operating frequency band 33-40 GHz. The comparison with the measured results
demonstrates that the new circuit model improves the accuracy of S-parameter. Figure 3.26
shows the reflection coefficient in dB, where an excellent agreement between the proposed
circuit model, the measured, and the EM simulation results are achieved. As shown in the
figure, the reflection coefficient of the proposed circuit model is very close to the measured

results especially around the center of the operating frequency.
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Figure 3.24 The reflection coefficient (S11) in dB of a single port SIW-DRA fed by
transverse slot configuration, N=4, D=7.6mm and Xsc=2.5mm.
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Figure 3.25 The radiation pattern of the antenna array SIW-DRA, N=4, D=7.6mm and
Xsc:2.5mm.
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The voltage across each antenna obtained from the circuit model can also be used
to calculate the radiation pattern. The voltages Vi1 and Vi, i=1, 2, 3, ..., N, for each antenna
are marked in Figure 3.19 (b). These voltages can be found using the circuit model in ADS.

The antenna array factor is calculated using [68].
AF = §V=1 Vi ej(i—l)koDsinecos<p (3.24)

where V; = V;, — V;; and ko is the wave number in free space. The radiation pattern is then
simulated by multiplying the pattern of a single DRA element (obtained from EM solver)
and the array factor in (3.24). The patterns obtained from full EM simulation and the circuit
model at =0 are shown in Figure 3.27, where a maximum gain of 11.79 dBi is shown. For
radiation pattern simulation, the results from the proposed circuit model are not
significantly different from those of a conventional circuit model. A good agreement

between the EM and circuit model results is observed.

Secondly, the results of four elements of SIW-DRA single port fed by longitudinal
slot are illustrated in Figure 3.28 and Figure 3.29 for D= 4.2mm and D=3.5mm,
respectively, where, Xsc=5mm for both cases. The EM results are compared to the proposed
circuit model. From the comparison of the S-parameters, it is clear that there is a good
agreement between the EM solver, and the proposed circuit model results. However, the
mutual coupling in the case of longitudinal slot is weaker than the transverse slot due to
the difference in slot orientation. To prove the effect of adding the mutual coupling and the
benefits of the adjustable circuit model, an example of parasitic antenna array using

longitudinal slot will be shown in the next section.
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Figure 3.27 The reflection coefficient (S11) in dB of a single port SIW-DRA fed by
longitudinal slot configuration, N=4, D =4.2 mm, and Xsc=5mm
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Figure 3.26 The reflection coefficient (S11) in dB of a single port SIW-DRA fed by
longitudinal slot configuration, N=4, D =3.5 mm, and Xsc=5mm.
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3.4 SIW-Series Fed DRA Parasitic Array Configuration
Using Longitudinal slot

Parasitic (passive) element of an antenna is a directive element that is not connected
to a transmitter or receiver either directly or via a feeder, but is coupled to the driven
element only by the fields [87]. Parasitic elements in DRA antennas have been investigated
to increase the impedance bandwidth of the antenna by Simon, and Antar in [88, 89]. The
impedance bandwidth increases in this application, where the parasitic DRs of different
dielectric constants and different sizes are positioned next to the active DR. Using parasitic
elements for the gain enhancement is shown in [90], by placing parasitic elements on one
side of the active element. By comparing the usage of the parasitic elements to the case of
feeding each dielectric resonator, this technigue has some advantages such as less spurious

radiation, low loss, simpler fabrication, and low cost.

In this design, the radiation pattern is improved by using the parasitic elements that
are shown in Figure 3.30. An additional parasitic DRA is added on both sides of each active
element of the four-element SIW-DRA array fed by longitudinal slots shown in previous
section. This array has stronger mutual coupling between the antenna elements compared

to the one without parasitic elements.

In this design, active and passive DRAs are made of a dielectric material with erap
=10.20 and the dimensions of each element hrpra (thickness) = 1.27mm, arpra (length) =
3.0 mm and Wrpra (width) =1.50 mm. The distance between each active and passive
elements is 4.2mm. Each active rectangular DRA element is excited by a narrow slot of
length Lsiot=3.2mm, and width Wsi0t=0.3mm. The SIW is made of two rows of metallic vias

of diameter dvia =0.3 mm in a substrate, and two neighbouring vias are separated by
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Svia=0.6mm. The distance between the two rows are considered to be the width of the SIW,
Wsiw=4.5mm. The substrate material, metalized on both sides, has a permittivity constant

of esw=2.94 and a thickness of hsyw = 0.5mm.
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Figure 3.29 A four-element SIW-DRA parasitic array fed by longitudinal slots
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Figure 3.28 A single module of the SIW-DRA parasitic array fed by longitudinal slots
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Extraction of the mutual coupling is the same as what has been explained before in
section 3.2. Firstly, the circuit model is constructed using the basic cell of the array
structure. This basic cell consists of three elements; a single active element of SIW-DRA
and passive DRA elements of the same size on both sides of the active element as shown
in Figure 3.31. It is simulated using a full-wave solver, to obtain the two-port S-parameters,
[S]single. Next, a 2 cell model is EM simulated. Following all the steps mentioned before,
[S]coupiing IS oObtained. Finally, the fully adjustable model is developed using the method
described in section 3.3. The S-parameters of the mutual coupling are extracted at different
values of the distance between antennas elements, namely D1=4.6 mm and Dre=4.2 mm.
[S]L and [S]r are then calculated and the adjustable model can then be built. The model is

tunable for D, and allows optimization of the design parameters.

3.4.1 Simulation Results

The SIW series-fed parasitic DRA array with two and four elements are
investigated. The center frequency is at 38 GHz. Simulation results are shown in Figure
3.23 and Figure 3.24 for the two element (two ports) and four element (single port)
structures, respectively. As can be seen, there is a good agreement between the proposed

circuit model and EM simulation results.

67



A.  Two elements parasitic SIW series-fed DRA with two ports
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Figure 3.30 S-parameters results of the two elements parasitic SIW-DRA fed by longitudinal slot
configuration with D.=3.5 mm. (a) S11 (real and imaginary), and (b) S21 (real and imaginary).
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B. Four elements SIW series-fed DRA array
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Figure 3.31 The reflection coefficient (S11) in dB of the parasitic SIW-DRA array fed by
longitudinal slot configuration, N=4, D =3.5 mm, and Xsc=4mm
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3.5 Conclusion

An efficient and accurate circuit model is presented in this chapter for the modeling
of SIW-DRA arrays. For improved model accuracy and flexibility, the mutual coupling
between antenna elements is taken into account as a total coupling, then represented by a
fully adjustable model, allowing the design parameters to be varied. Development of the
circuit model is straightforward, for which only three simple EM simulations are required,
and steps are described in detail. Once a model building block is developed, a complete
circuit model can be readily built for antenna arrays with different number of elements and
different distances between elements. Simulation results with improved accuracy can be
obtained very fast. Iterative antenna array design and optimization can therefore be

performed much more efficiently, compared to EM-based optimization.

For validation, the developed circuit model is applied to two different structures of
SIW series-fed DRA arrays. All results show very good agreement between the proposed

circuit model, the measured and/or the EM simulated results.

In addition to, a new design of four elements parasitic SIW-DRA fed by
longitudinal slot configuration is presented. This design has stronger mutual coupling
between the antenna elements compared to the same design without parasitic elements. In
spite of this strong coupling, a good matching is achieved between the proposed circuit

model and the simulation results, which indicates the accuracy of the circuit model.
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Chapter 4

Design and Optimization of SIW
Center Fed Series Rectangular
Dielectric Resonator Antenna (DRA)
Array with 45° Linear Polarization

In some specific radar applications, such as collision avoidance automotive radar,
monopulse tracking radar, and synthesis aperture radar (SAR), a 45° inclined linear
polarization (LP) is required to alleviate the interference coming from the opposite
direction. Using fundamental shunt and series waveguide-fed slot array antennas can’t
generate an arbitrary polarization, but generate only the vertical or horizontal LP [91].
There is a proportional relationship between the tilt angle of a centered-inclined series slot,
and the corresponding self-impedance. The maximum self-resistance happens when the tilt
angle increases to 45° [92]. Moreover, in the case of an arbitrary LP, to achieve impedance

matching to the input wave impedance of a given waveguide, the number of series slot
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elements for an arbitrary LP should be limited. Various slot array antennas have been
presented for the 45°-inclined LP with different operating mechanisms for the traveling-

wave excitation [93-95].

In order to avoid these problems of WG-fed slot array antennas, dielectric resonator
antennas (DRAS) can be a good replacement. DRAs offer attractive features such as low
profile, compact size, low ohmic loss, high radiation efficiency [19]. It is compatible with
existing excitation methods [55], and has a good matching with Microwave Integrated
Circuits (MICs) [6]. In order to get the best design of DRASs for a specific target, many
points should be considered such as size and location of the dielectric resonator (DR), and

the dimensions of the feed line and the ground plane [96].

In this chapter, a new design and its equivalent circuit model for the Substrate
Integrated Waveguide (SIW) middle fed series dielectric resonator antenna (DRA) array
with 45° linear polarization will be described. The S-parameters and the radiation pattern
of full-wave simulation are presented and compared with the results from the equivalent
circuit model. Furthermore, we propose to optimize the array performance applying the
space mapping (SM) optimization technique. The developed circuit model is used as the
coarse model. As will be shown, high optimization efficiency is achieved. The input return

loss of an eight-element DRA array is optimized within only three iterations.

4.1 SIW-Series Fed DRA Array Configuration

Figure 4.1 shows the structure of an 8-element DRA array with 45° linear

polarization and backed by SIW. The basic single element is shown in Figure 4.2, which
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is a two port SIW-fed 45°-inclined DRA. It is used as a building block for the 8-element
structure in Figure 4.1. The energy into DRA elements is coupled using slots, which are
excited by the SIW’s fundamental mode, the TE1p mode. As we mentioned before, the
distance, D, between any two neighboring elements, and the distance from the last element

to the SIW short circuited end, Xsc, are important design parameters.

The rectangular dielectric resonator antenna (RDRA\) is preferred over other DRA
structures due to the fact that it is simple and easy to fabricate, as mentioned in chapter 3.
Regarding the dielectric material, it should have a dielectric constant 5< & <20 to have a
good bandwidth. Also, the dimension will be smaller for high dielectric constant, which
will make the fabrication more difficult. In this design, DRAs are made of a dielectric
material with epra =10.20 (Rogers RT/6010 substrate), which is readily available and the
cost is low. The dimensions of RDRA should be chosen to excite the correct mode for

radiation.

Feeding slot

Figure 4.6 An eight-element SIW-middle fed series DRA array with 45° linear polarization

73



As shown in Figure 4.3, hrora (thickness) = 1.27mm, apra (length) = 3 mm and
Whrora (width) =1.5 mm. Each rectangular DRA element is excited by a narrow slot of

length Lsio=3 mm, and width Wsio:=0.3mm. The SIW is made of two integrated rows of
metallic vias of diameter dvia =0.4 mm in the substrate, where the distance between the two
rows are considered to be the width of SIW Ws;w=4.8mm. The substrate material RT/6002

has a permittivity constant of &sw=2.94 and a thickness of hsiw = 0.5mm, metalized on

both sides. Any two neighbouring vias are separated by Svia=0.6mm. The SIW parameters

are designed using the criteria described in [74], where the SIW equivalent rectangular

waveguide width is given by equations (2.6) to (2.6c) in chapter 2.

Figure 4.2 A single element of two port SIW- middle fed series dielectric resonator antenna
(DRA) with 45° linear polarization

»
=
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Figure 4.3 Antenna element dimensions. (a)Top view, and (b) side view.
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4.2 Design Procedure and Equivalent Circuit Model

4.2.1 Design and Simulation Procedure

The general design and simulation procedure is summarized as the following.

A.

B.

Choose the interested operating frequency for mm-wave application.
Choose the available material for both RDRA and SIW within the
constraints of the dielectric constant.

Using the design equations in [2], the initial values of the RDRA at the
fundamental mode can be calculated (Qpra and Wrpra).
Using full wave Eigen Mode Solver, design the RDRA at the operating

frequency with the calculated dimensions (@pra and Wrpra) for a specific
relative permittivity and a standard height hpga.

SIW parameters such as Wsiw, via and Svia are calculated using equations
(2.1) to (2.6) from chapter two.

Choose the initial values of the slot dimensions (Lsiot and Wisiot) [70], where

Ao

Lsior = s

Build two port single element RDRA backed by SIW and simulate it using

and WSlOt = 01 LSlOt

full wave solver to get its S-parameters and then it can be used as a building

block for the N-element array.

. Two-element structure with a PEC in the middle is built to extract the S-

parameters of the mutual coupling. Then two-element and four-element
RDRA arrays backed by SIW are built to check the equivalent circuit model

behaviour and the mutual coupling for the 45° LP. The short-circuited end
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is simulated using the full wave solver and modeled using the circuit model

as a piece of transmission line with a length of Xsc and a propagation

constant ¥ with one end short-circuited. The difference in the S-parameters

for the SIW and the ideal transmission line is compensated by adding a
correction length of AL to Xs in the circuit model so that the S-parameters
of the EM model and circuit model agree to each other.

I. Similarly, the junction in the middle, which has the feeding slot as shown
in Figure 4.4, is modeled as a three port network. Its EM simulated S-
parameters are used in the circuit model.

J. Finally, built the circuit model of the entire structure and compare the results
of the S-parameters with the EM simulated results for the eight-element

array in Figure 4.1
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Figure 4.4 The center feeding slot
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An effective width of aefr =4.397mm for the transmission line model is used to give

the same propagation constant extracted from EM results of the unloaded SIW. In addition,

the difference in the S-parameters for a short circuit SIW and the ideal transmission line

model is checked, where a correction length of 4L of -0.128 mm is added to Xsc of 3mm in

the circuit model so that the S-parameters of the EM model and circuit model agree to each

other. After adding a correction of 4L to transmission line circuit model, the S-parameters

circuit model results agree well with the EM results as shown in Figure 4.5, before and

after correction. The values of D and X are initially set to be the guided wavelength in

SIW, 4g, and Ag/2, respectively.
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Figure 4.5 The SIW with one end short-circuited, (a) before correction ( 4 =0 mm), and
(b) after correction (4 2=0.128 mm), where EM simulated results and the circuit model
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The reflection coefficients of the proposed circuit model and the EM simulation are
compared in Figure 4.6. As can be seen, the circuit model with mutual coupling shows
good accuracy. However due to the complexity of the design, there is still difference

comparing to the EM results. The design is further optimized as described in the next

section.
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Figure 4.6 The reflection coefficient of the eight-element SIW series-middle fed DRA
array with 45° LP. In the circuit model aeff =4.397mm and 4 Z=-0.128mm.
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4.3 Design Optimization using Implicit Space Mapping
(ISM)

As mentioned in chapter 2, space mapping has been proven to be a very effective
optimization technique. It combines the speed of circuit models, and the accuracy of EM
solvers. Implicit space mapping (ISM), one of the SM techniques, is very easy to
implement. The mapping between the coarse model and the fine model is achieved by
defining an auxiliary set of parameters, which are not actual design parameter. These
selected preassigned parameters are extracted in each iteration to match the coarse model

responses with those of the fine model.

Based on the space mapping framework in [77], we optimize the eight elements
SIW middle fed series DRA array with 45° linear polarization using ISM. The fine model
is one of the most powerful EM solvers, HFSS. The coarse model is based on the proposed

circuit model built using the Agilent ADS.

In the coarse model, the S-parameters of single antenna element, the center feed
junction, [S]c, and [S]r are built in as a dataset. Transmission line lengths between antennas,
D, and between antenna and the short-circuited end, Xsc are defined as design variables.
The PE procedures are also performed within ADS, for which the fine model S-parameters
are imported as a dataset and matched to the circuit model (coarse model) responses by
varying the pre-assigned parameters X, where x=[aet AL]" in the coarse model. The

following general steps are used.
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9

Set up the coarse model, and select the suitable pre-assigned parameters.
Initialize the pre-assigned parameters for good coarse model.

Optimize the coarse model according to the design specification.

Apply the design parameters in the coarse model from step 3 to the
parameterized fine model (HFSS).

Simulate the fine model (HFSS) and save the responses in Touchstone format.
This is the first iteration.

Check the stopping criteria; if satisfied, stop.

Import the responses to the ADS schematic using the SnP component. Set up
ADS (calibrated) coarse-model to match the SnP component and run the ADS
optimization algorithm to perform PE. The pre-assigned parameters are
extracted to match coarse model responses to those of the fine model.

Predict the next fine-model solution by re-optimizing the design parameters
using calibrated coarse model according to design specifications.

Update the fine-model design and go to Step 5.

SM optimization process is built in the ADS schematic using three schematic designs:

a) Coarse-model for steps 1 and 2.
b) PE for step 7.

¢) Surrogate model for re-optimization (step 8).

In the following, the eight-element antenna array of rectangular DRA backed by

SIW with middle fed and 45° linear polarization is optimized. There are two sets of

parameters. The design parameters and the pre-assigned parameters. The design parameters
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are variables in both the fine model and coarse model, which are D and Xsc for this case.
The pre-assigned parameters, namely aerr and AL, are coarse model parameters only. aes
and AL are selected based on the result after tuning of the 8-element structure with single
port, as shown in Figure 4.7 (b). Figure 4.7 (a) is the same as Figure 4.6, redrawn here for
comparison. As discussed earlier, due to the complexity of the structure, there is still
noticeable difference between the circuit model and EM responses. As shown in Figure
4.7(b), if the effective width ae is further tuned in the circuit model from 4.397mm to
4.428mm, and 4L is changed from -0.128 mm to -0.038 mm, even better matching between
the circuit model and the EM simulation can be achieved. These two parameters, aes and

AL, are therefore used as pre-assigned parameters in the optimization process.

Table 4.1 shows the initials values of the pre-assigned and the design parameters
for our design. Starting with the initial values of all parameters, a coarse model is built in
ADS, and design parameters are optimized according design specification. Then, the new
values of the design parameters are applied to the full wave solver. As the simulation is
finished, the fine model data is saved in touchstone file format, which is the end of the first
iteration. After checking the design specification, the procedure may be ended or another
iteration may be needed. In this example, only three iterations are needed to meet the

specifications.
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Figure 4.7 The reflection coefficient of the eight-elements SIW series-middle fed DRA
array with 45° LP. (a) aeff=4.397mm and 4 /=-0.128mm, and (b) aeff=4.428mm and A=
-0.038 mm.
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Table 4.1 The definition and initial values of pre-assigned parameters and design

parameters

Pre-assigned parameters (x)

short-circuited end, which is initially set to be A¢/2.

Parameter Name Definition Initial value
Aeff The equivalent width of the SIW in the circuit model. It 4.428 mm
is a coarse model parameters only.
short circuit It is a small length of transmission line to match the fine -0.038 mm
correction (4L) | and coarse model responses of a piece of SIW with one
end short-circuited. It is a coarse model parameters
only.
Design Parameters (Xr)
Parameter Name Definition Initial value
D The distance between each two neighboring antenna 6.3 mm
elements, which is initially set to be the guided
wavelength in SIW, /g.
Xsc The distance from the center of the last element to the 3.15mm

The design specifications are to obtain a wide bandwidth at -10dB return loss level

with the frequency centered at 34.5 GHz. The design parameters and pre-design parameters

are shown in Table 4.1. An extra step of PE to obtain the pre-defined parameters before

SM is taken to ensure that the coarse model can match the fine model very well as shown

in Figure 4.7. Next, the coarse model design parameters are optimized as shown in Figure
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4.8 to achieve the design specifications. Once the new values achieve the goal, apply these

values to the fine model. Table 4.2 summarizes the values of all parameters from the first

step to the end of last iteration, where three iterations are needed. The gray cells indicates

that these parameters are fixed in this step.

Table 4.2 The pre-assigned parameters and design parameters after each iteration

Coarse Model Fine Model
All values in mm Qeff AL D Xsc D Xsc
Initial values 4.397 -0.128 6.3 3.15
Improved coarse model 4.428 -0.038 6.3 3.15
ggﬂgizaﬁon ofCoarse | 4428 | -0.038 6.17 275 | 617 | 275
End of the first Iteration
Parameter extraction 4.44 -0.119 6.17 2.75
optimization of Coarse | yaa | 0219 | 619 276 | 619 | 276
End of the second lteration
Parameter extraction 4.49 -0.239 6.19 2.76
optmization ofCoarse | 449 | 0239 | 616 | 284
End of the third Iteration
Final Design 6.16 2.84
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Figure 4.8 The fine model and the coarse model before Space Mapping optimization at the
initial step.
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Figure 4.9 The coarse model response after the optimization of the coarse model to achieve
a wide bandwidth. The fine model is still the initial response, showing shifted passband

85



As shown from Figure 4.9, the coarse model can be optimized to achieve a wide
bandwidth of 2GHz at -10 dB. After applying the design parameter values to HFSS, we
obtained the fine-model response, which is saved as S1P file (single-port S-parameter file).
The reflection coefficient S1; for the coarse model and the fine model is shown in Figure
4.10. There is a difference between the response of the coarse model and the fine model,
which means a second iteration is needed to match exactly. In this step, the pre-assigned
parameters of the coarse model are calibrated (PE) to match the fine- and coarse-model

responses as shown in Figure 4.11.
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Figure 4.10 The fine and the coarse model responses after the first iteration and before the
PE. The fine model shows a slight shift in frequency
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Figure 4.11 The fine and the coarse model responses after the first PE.

Once we obtain a good matching between the fine and coarse models by calibrating
the pre-assigned parameters (PE), we proceed to the optimization step. By fixing the pre-
assigned parameters from the previous step, the new coarse model (surrogate) is re-
optimized with respect to the original specification. A new set of design parameters are
thus found to achieve the goal. We apply the design parameters to the fine model again.
Another two iterations are done to give a satisfactory result of the fine model simulations
as shown in Figure 4.12, and Figure 4.13 proving that the design specification are achieved.
In addition, a high gain of 14.24 dBi is calculated using equation (3.24) as mentioned
before. with a good agreement between the fine model and the coarse model as shown in

Figure 4.14, where a slight difference in the SLL can be noted.
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Figure 4.12 The fine and the optimum coarse model responses after the second iteration.
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Figure 4.13 The fine and the optimum coarse model responses after the third (last) iteration.
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4.4 Fabrication and Experimental Results
4.4.1 Coaxial line to SIW Transition

The transition between the SIW and the planar circuits, such as MSL, CPW, or SL
circuits can be built on the same substrate. Several types of transitions between the coaxial
line and the RWG have been reported in [97-99]. A transition between the coaxial line and

the SIW has been presented in [100].

A coaxial line to SIW transition is designed to give a wide bandwidth at a reflection
coefficient less than -10dB through the design frequency range from 33 to 36 GHz. A back-
to-back design is shown in Figure 4.15. Good results is achieved using the full wave solver
by optimizing three important parameters. These parameters are the distance between the
short circuit and the center of the coaxial dsc, the distance from the center of the two
matching vias to the center of the coaxial dy, and the distance between the two centers of
the matching vias dx as shown in Figure 4.15. After applying the transition to the optimum

design in figure 4.13, the simulated result is changed as shown in Figure 4.109.

The back-to-back design of coaxial line to SIW transition is fabricated. Figure 4.16
shows a comparison between the measured results and the simulated results over the
frequency band of 33 to 36 GHz. It shows that the frequency shifts up by approximately
1GHz in the measurement results, with a worst case reflection coefficient of -12dB in the
frequency band of interest comparing to -25 dB in the simulated results. It is speculated
that the difference between the measured and the simulated results is due to fabrication

tolerances, inaccuracy in the dielectric constant and connector contacts.
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Figure 4.15 A back-to-back design of the coaxial line to SIW transition.
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Figure 4.16 The simulated and measured reflection coefficient S11 (dB) of the coaxial line

to SIW transition in Figure 4.15.
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A tolerance analysis is done to match the measurement result of the transition by
changing the dielectric constant er. The material used for the SIW substrate is Rogers
RT/6002 with the nominal value of &r = 2.94. Different values of the relative permittivity
are used in the simulations as shown in Figure 4.17. In addition, some dimensions in the
fabricated transition are found to slightly deviate from the design, and the measured
dimensions are included in the simulations. It can be observed from Figure 4.17 that the

actual value of & is close to 2.9.
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Figure 4.17 Tolerance analysis for the reflection coefficient S11(dB) of the coaxial line to
SIW transition.
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4.4.2 Antenna Measurements

The SIW-RDRA is fabricated using a multi-layer PCB fabrication process. The
fabricated structure consists of a three layers, two dielectric layers for the SIW-fed layer,
and DRA element(s), respectively. The fabrication process is similar to the one described
in[101]. The DRAs are bonded to one side of the SIW using low loss thin adhesive bonding

material.

The first fabricated antenna prototypes is shown in Figure 4.18. It is measured to

determine the reflection coefficient S11(dB) and the radiation pattern (gain) of the antenna.

Figure 4.18 The first fabricated prototype of SIW middle fed series rectangular dielectric
resonator antenna (DRA) array with 45° LP. The array dimensions D=6.16mm, Xsc =
2.84mm and Xs = 5.3mm.
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Figure 4.19 The simulated and measured reflection coefficient S11(dB) of SIW middle fed
series rectangular dielectric resonator antenna (DRA) array with 45° LP shown in Figure
4.18

Figure 4.19 shows a comparison between the measured reflection coefficients Si1
(dB) and the simulated results over the frequency band of 33 to 36 GHz. The antenna

prototype shows a good agreement between the measured and simulated results taking into
account the inaccuracy in the dielectric constant, and manufacturing tolerances. In addition,
the shift of resonance frequency in the measured results is partly due to the addition of
adhesive material between the substrate and the DRA layers. The multi-layer fabrication
method affects the coupling to the RDRA. The connector contact and misalignment also
affect the measured responses. The reflection coefficient at the center frequency is shifted

up to -8dB.
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The radiation pattern (gain) for the antenna prototypes in Figures 4.18 is tested at
34.5 GHz within scanning angle range of -90° <8 <90° in two orthogonal planes. Figure
4.20 shows the measured and simulated radiation patterns (gain) for the antenna prototype.
The simulated and the measured results are in a very good agreement, showing a boresight
(6=0°) radiation pattern with a SLL of -10.79 dB (simulated results) and -10dB (measured
results). The proposed SIW series fed RDRA prototype presents a high overall efficiency
of 85% (simulated) as shown in Figure 4.21, over the operating frequency bandwidth. In
addition, the gain versus frequency is measured and compared to the simulated results as
shown in Figure 4.22. A good agreement between the measured and simulated gain is
achieved with a max gain value of 15 dB (simulated) at the center frequency. The difference
between the measured and the simulated gain is for the most part caused by connector
losses. The adapter used in the horn antenna has 0.9 dB loss, and there is approximately
0.4 dB losses caused by other connectors used for the measuring process. The gain of the
horn antenna is measured from 34 GHz to 36 GHz, and the fabricated design is measured

through the same frequency range to obtain the gain of the fabricated prototypes.
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shown in Figure 4.18.
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Figure 4.21 The radiation efficiency versus the frequency of the SIW-RDRA array.
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Figure 4.22 The realized gain in dB of SIW middle fed series rectangular dielectric
resonator antenna (DRA) array with 45° LP shown in Figure 4.18.
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As one of the main targets in the antenna design problem is to reduce the relative
side lobe level (RSLL), the first antenna prototypes is modified. The modified fabricated
antenna shown in Figure 4.23 has a smaller distance between the two middle elements Xs
to reduce the SLL. A half waveguide wavelength is subtracted from the previous distance
Xs to reduce from 5.3mm to 2.15mm. The antenna reflection coefficient Si1(dB) of the
second fabricated SIW-fed RDRA prototype in Figure 4.23 is measured. A comparison
between the measured results and the simulated results over the frequency band of 33-36
GHz is shown in Figure 4.24. The antenna prototype shows a good agreement between the

measured and simulated results taking into account manufacturing tolerances.

R RN i o)

V‘-

G

‘. ..
-

Figure 4.23 The second fabricated prototype of SIW middle fed series rectangular
dielectric resonator antenna (DRA) array with 45° LP. The array dimensions D=6.16mm,
Xsc=2.84mm and Xs=2.15 mm.
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Figure 4.24 The simulated and measured reflection coefficient S11(dB) of SIW middle fed
series rectangular dielectric resonator antenna (DRA) array with 45° LP shown in Figure
4.23.

There is a shift in the resonance frequency in the measured results due to inaccuracy
of the dielectric constant and fabrication tolerances as discussed earlier. The reflection
coefficient at the center frequency is worse than -10 dB.

The radiation pattern for the first and second prototype is compared using the
simulated results, a reduction in the SLL from -10.79dB to -12.25dB is achieved as shown
in Figure 4.25 (a).The radiation pattern (gain) measurements for the antenna prototypes in
Figures 4.23 was tested as before at 34.5 GHz within scanning angle range of -90° <4 <
90° in two orthogonal planes. Figure 4.25 (b) shows the measured radiation pattern for the

second antenna prototypes at boresight (6=0°) with SLL around -12 dB, where the
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reduction of SLL is achieved. In addition, the measured and simulated results of the peak

gain and directivity are compared in Figure 4.26 and 4.27, respectively. All measurements

are performed using a planar near field system.
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Figure 4.25 (a) The simulated radiation pattern of the first and second prototype, (b) the measured
radiation pattern for the second prototype shown in Figure 4.23.
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Figure 4.26 The realized gain in dB of SIW middle fed series rectangular dielectric
resonator antenna (DRA) array with 45° LP shown in Figure 4.23.
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Table 4.3 summarizes the main antenna radiation pattern (gain) and efficiency
characteristics. As mentioned before, the difference between the simulated and measured
gain is mostly caused by adaptor and connector losses, which are not included in the
simulated results. The reduction in the impedance bandwidth is caused by inaccuracy of
the dielectric constant and tolerances, which cannot be properly assessed using the

measured data.

Table 4.3 The basic characteristics of SIW middle fed series rectangular dielectric
resonator antenna (DRA) array with 45° LP

Antenna Characteristics EM Simulation Measurements
(HFSS)
The first fabricated prototype (Xs=5.3mm)
fo at minimum reflection coefficient 34.05 34.2
(GH2)
Impedance Bandwidth (GHz) 2.2 <2
(-10 dB reflection coefficient)
S11 (dB) at fo -20 -8
Gmax (dB) at fo 15 13
SLL (dB) -10.79 -10
The second fabricated prototype (Xs=2.15mm)
fo at minimum reflection coefficient 34.9 34.4
(GHz)
Impedance Bandwidth (GHz) 2 <2
(-10 dB reflection coefficient)
S11 (dB) at fo -22 -8
Gmax (dB) at fo 13.8 12
SLL (dB) -12.25 -12
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4.5 Conclusion

A new design of SIW middle fed series rectangular DRA array with 45° Linear
Polarization is presented in this chapter. Extraction of the mutual coupling S-parameters is
applied using the proposed method in Chapter 3. This mutual coupling is plugged into the

circuit model to improve the model accuracy.

Based on the proposed circuit model, the design parameters are optimized to
enhance the performance of the antenna array using space mapping. The space mapping is
a powerful optimization tool to connect between the accurate fine model and the fast and
trusted coarse model. The implicit space mapping is used in our case as it is preferred when
pre-assigned parameters are part of the parameter set in the problem. Good results are
achieved using SM, where only three iterations are needed to get the optimal solution. EM
simulations show that a max gain of 15 dBi is achieved with a max impedance bandwidth

of 2 GHz.

Furthermore, high design efficiency has been demonstrated through the
combination of the developed circuit model with space mapping technique in the

optimization of antenna arrays.

The designs are fabricated using low cost PCB fabrication process. A good
agreement between the measured results and the simulated results is obtained. Difference

in simulation and measurement is investigated.
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Chapter 5

Conclusion and Future Work

Dielectric resonator antennas (DRAS) have shown good performance for millimeter
wave applications. It overcomes the drawbacks of conventional antennas, such as
microstrip antennas. Substrate integrated waveguide (SIW) has been proven to be a good
alternative for the future generation of microwave and millimeter wave components. Due
to these advantages of DRAs and SIW, they are an excellent candidate for millimeter wave

applications when combined together.

Design and optimization of an antenna array usually depend on accurate full wave
solvers. Full wave electromagnetic (EM) simulations can be very time consuming,
especially in the case of large size antenna arrays. On the other hand, circuit models are
fast and much less computationally intensive, but without the required accuracy. Space

mapping (SM) is a powerful and unique optimization method that combines the strength
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of coarse model (such as circuit models) and full wave simulations. However high quality

coarse models are not readily available, especially for complex radiating structures.

The objective of this work is to investigate, design and optimize dielectric resonator
antenna (DRA) arrays based on SIW technology for millimeter-wave applications, with the

help of highly efficient computer aided modeling and optimization techniques.

An efficient and accurate circuit model is presented in this thesis for the modeling
of SIW-DRA arrays. Taking into account the mutual coupling between antenna elements,
a fully adjustable model is built, allowing the design parameters to be varied. A complete
circuit model can be easily built for antenna arrays with different numbers of elements and
different design parameters once the basic building block is developed. Optimization of
antenna array can therefore be performed much more efficiently compared to conventional

EM-based optimization.

For validation, the developed circuit model is applied to three different structures
of SIW series-fed DRA arrays. All results show very good agreement between the proposed

circuit model, the measured and/or the EM simulated results.

A new design of eight-element SIW middle fed series rectangular DRA array with
45° linear polarization is presented, which can be used for radar applications. For the
optimization of the complex structure, we propose to apply implicit space mapping (ISM)
technique. The implicit space mapping is preferred when pre-assigned parameters are part
of the parameter set in the problem. The new circuit model plays an important role in the
optimization method serving as the coarse/surrogate mode. The accuracy of the coarse

model is critical in the space mapping to guarantee fast convergence. Good results are
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achieved combining the developed circuit model with ISM technique. Only three iterations

are needed to get the optimized solution.

The design is fabricated using a low cost PCB-based technology. Good agreement
between the measured results and the simulated results is obtained. The first prototype
shows a maximum gain of 13 dBi, and a side lobe level (SLL) of -10 dB. The distance
between the two middle elements around the center feeding slot affects the SLL. After

reducing this distance in the second fabricated prototype, the SLL is improved to -12 dB.

In this work, important contributions to the development of SIW-based DRA for
millimeter wave applications are achieved. To the best our knowledge, this is the first
attempt to extract and model the mutual coupling in a fully adjustable circuit model. The
simple and fast model is further combined with full wave solver for space mapping
optimization of complex antenna arrays. New designs of SIW-DRA arrays are developed

using the modeling and optimization techniques.

The future work of this thesis can be carried out in the following aspects.

1. Both the design concept and the modeling techniques can be extended to
two dimensional SIW-DRA arrays operating in the millimeter wave
frequency  range.  Although  promising, challenges in the
modeling/optimization and experimental verifications are expected due to
the significantly increased complexity in a two dimensional structure.

2. The modeling and optimization techniques developed in the thesis can be

applied to other types of antenna arrays, and other frequency ranges. The

106



methodologies presented here is not limited to DRA or SIW technologies.
Applications in certain types of arrays can be straightforward.

As discussed earlier, DRAs offer many advantages in the millimeter
frequency range. Other configurations of DRA and designs of array can be

further explored for various applications.
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