DEVELOPMENT OF MILLIMETER WAVE
SYSTEM COMPONENTS FOR 5G/6G WIRELESS
NETWORKS

MEHMET FARUK CENGIZ

Thesis for the Master’s Program in Electrical and Electronics Engineering

Graduate School
Izmir University of Economics

I[zmir

2022



DEVELOPMENT OF MILLIMETER WAVE SYSTEM
COMPONENTS FOR 5G/6G WIRELESS NETWORKS

MEHMET FARUK CENGIZ

THESIS ADVISOR: PROF. DR. DIAA GADELMAVLA

A Master’s Thesis
Submitted to
The Graduate School of Izmir University of Economics

The Department of Electrical and Electronics Engineering

[zmir

2022



ETHICAL DECLARATION

I hereby declare that I am the sole author of this thesis and that I have conducted
my work in accordance with academic rules and ethical behaviour at every stage
from the planning of the thesis to its defence. I confirm that I have cited all ideas,
information and findings that are not specific to my study, as required by the code of

ethical behaviour, and that all statements not cited are my own.

Mehmet Faruk Cengiz

20.12.2022

il



ABSTRACT

DEVELOPMENT OF MILLIMETER WAVE SYSTEM COMPONENTS FOR
5G/6G WIRELESS NETWORKS

Cengiz, Mehmet Faruk

Master’s Program in Electrical and Electronics Engineering

Advisor: Prof. Dr. Diaa Gadelmavla

December, 2022

This thesis is devoted to the design of three system components for 5G and mm-wave
applications based on gap waveguide technology. A Triple-band bandpass filter is
designed for Ka-band applications with resonance frequencies of 32.32 GHz, 35.75
GHz, and 38.12 GHz, and low insertion losses of about 0.6 dB, 1.1 dB, and 0.9 dB,
respectively. A four-port MIMO antenna for applications in V/W frequency bands is
developed. It is suitable for use in automotive radar and inter-satellite applications in
the range of 72.7 to 79.5 GHz. A new 4 x 1 rectangular slot antenna array for D-band
applications is developed in the range from 140.9 to 157.7 GHz. The overall efficiency
is around 95%, and the maximum gain is about 10 dBi. A DGS-based isolation
enhancement-based four-port MIMO antenna is designed for D-band applications. The
impedance bandwidth extends from 148 GHz to 161.7 GHz. Employing different DGS
geometries is effective in coupling reductions, the highest coupling level obtained from
different DGS geometries is -26.4 dB the lowest level reaches about -96 dB, with a
maximum realized gain of 7.97 dBi. Optimum diversity properties are obtained. A
novel reconfigurable metasurface-based compact UWB hybrid coupler is developed
for Ku-band applications in the range from 11.94 to 16.91 GHz, covering the Ku-band.
The coupler delivers continuously adjustable amplitudes between 2.6 and 4.8 dB while
the phase differences are within 77° to 105° over a fractional bandwidth (FBW) of
34.45%. Our proposed design is the first adjustable phase coupler in the Ku band/mm-

band ranges.
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OZET

5G/6G KABLOSUZ AGLAR ICIN MILIMETRIK DALGA SISTEM
BILESENLERININ GELISTIRILMESI

Cengiz, Mehmet Faruk

Elektrik - Elektronik Miihendisligi Yiiksek Lisans Programi
Tez Danigsmani: Prof. Dr. Diaa Gadelmavla
Aralik, 2022

Bu tez, bosluk dalga kilavuzu teknolojisine dayali 5G ve mm dalga uygulamalar
icin ii¢ sistem bileseninin tasarimmna ayrilmisti. Ug bantli bant gegiren filtre,
sirastyla 32,32 GHz, 35,75 GHz ve 38,12 GHz rezonans frekanslarina ve yaklasik
0,6 dB, 1,1 dB ve 0,9 dB diisiik ekleme kayiplarina sahip Ka-bant uygulamalar1 icin
tasarlanmistir. V/W frekans bantlarindaki uygulamalar i¢in dort portlu MIMO anten
geligtirilmigtir. 72,7 ile 79,5 GHz aralig1 arasindaki otomotiv radar ve uydular arasi
uygulamalarda kullanima uygundur. D-bant uygulamalar i¢in 140,9 ile 157,7 GHz
araliginda yeni 4 x 1 dikdortgen yarik anten dizisi gelistirilmistir. Genel verimlilik
995 civarindadir ve maksimum kazang yaklagik 10 dBi’dir. DGS izolasyon gelistirme
tabanli dort portlu MIMO anteni, D-band1 uygulamalari i¢in tasarlanmistir. Empedans
bant genisligi 148 GHz’den 161,7 GHz’e kadar uzanir. Farkli DGS geometrilerinin
kullanilmas1 kuplaj azaltmalarinda etkili olup bu geometrilerinden elde edilen en
yiiksek kuplaj seviyesi -26,4 dB’dir, en diisiik seviye yaklagik -96 dB’ye ulagir ve
maksimum gerceklesen kazang 7,97 dBi’dir. 11,94 ile 16,91 GHz araligindaki Ku-bant
uygulamalari i¢in 0zgiin, ayarlanabilir metayiizey tabanli kompakt UWB hibrit kuplor
gelistirildi. Kuplor, 2,6 ile 4,8 dB arasinda siirekli olarak ayarlanabilen biiyiikliik
sunarken, faz farklar1 77° ila 105° araligindadir ve %34,45°1ik kesirli bant genisligine
(FBW) sahiptir. Onerdigimiz tasarim, Ku bandi/mm-bant araligindaki ilk ayarlanabilir

faz kuplortdiir.
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Anahtar Kelimeler: RGW, SIGW, MIMO Anten, Anten Disizi, Cok Banth Filtre,
Ayarlanabilir Kuplor.
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CHAPTER 1: INTRODUCTION

In the last decades, communication technology has advanced very quickly. Indeed,
communication technologies have significant impacts on contemporary culture. The
nowadays fast development of wireless and mobile communications has made it easier
for people to coordinate and exchange information. Wi-Fi access points and base
station networks are nearly everywhere, enabling users of mobile terminals to connect
at any time. There are several potential commercial uses for wireless technology,
including point-to-multipoint services, high-speed chip-to-chip connectivity, satellite
communications, vehicle radars, imaging, and security systems. However, the biggest
obstacle is the saturation of the existing spectrum at microwave frequencies below
10 GHz (Liu, 2019). As a result, it is essential to investigate new frequency
bands at higher frequencies. At the moment, millimeter and sub-millimeter wave
communications have received a lot of interest. But according to the fundamentals
of electromagnetic field theory, wireless communications in such frequency ranges
are easily impacted by propagation losses and by significant air absorption. To
overcome these impairments facing wireless systems, waveguide structures with
low-loss characteristics and high-gain system components such as antennas, filters,

couplers, etc. are required.

Microstrip transmission lines are often utilized at lower frequencies where waves
propagate in the transverse electromagnetic (TEM) mode, this mode has neither an
electric nor magnetic field in its direction of propagation. In communication systems,
the TEM mode is chosen because it has no dispersion. The TEM mode also has a zero
hertz cutoff frequency, allowing it to transmit any signal at any frequency. However,
high dielectric losses occur at the mm-wave ranges due to the fact that microstrip
lines are susceptible to surface waves and high cavity modes at higher frequencies
produce undesirable radiation. These problems encourage the utilization of waveguide
structures because of their excellent power handling capacities and minimal insertion
losses. Particularly, at the mm-wave frequencies. Conventional waveguide structures
have significant losses while not supporting the TEM mode. The waveguides’ reliance
on TE as the dominant mode is one of their main drawbacks. In addition, they
suffer from several shortcomings, including excessive signal dispersion, complexity

in production, and lack of network integration (Shamseldin, 2016).



Substrate integrated waveguide (SIW) technology has demonstrated significant im-
provements over both conventional rectangular waveguides and printed circuit-based
transmission lines in mm-Waves. SIW is a planar structure in which the field moves in
the substrate in between two rows of via holes that act as the waveguide’s sidewalls.
Due to its low profile and ease of integration with other system components on a
single board, this topology offers several benefits. On the other hand, SIW suffers
from dispersive propagation and dielectric losses. Therefore, gap waveguide (GW)
technology emerged as a potential replacement that could be employed in such bands

without any of the aforementioned restrictions.

The gap waveguide (GW) technology has been recently employed in the development
of several mm-wave-based components. Both soft and hard surfaces are considered.
An important benefit in the manufacturing process of the gap waveguide-based
components is that, unlike traditional waveguides, it is possible to integrate active
components relatively easily since they do not require metallic connections between
the top and lower plates to avoid significant leakages. This technique facilitates the
mechanical assembly’s issue with excellent electrical contacts, particularly at high
frequencies. Ridge Gap Waveguide (RGW), Groove Gap Waveguide (GGW), Inverted
Microstrip Gap Waveguide (IM-GWG), and Printed Ridge Gap Waveguide (PRGW)
are the four basic GW technologies. All of these technologies enable the quasi-
TEM mode, except the GGW, which supports the Transverse Electric or Transverse
Magnetic (TE/TM) modes. This is the main disadvantage of GGW over the other GWs.
The RGW technology, first introduced by Kildal [4], provides substantial benefits in
mm-wave over traditional printed microstrip lines and waveguide structures, including
some other modern technologies like SIW. The RGW technology overcomes most
of these drawbacks as it considers the air gap as a dielectric layer in the design.
In addition, the RGW technology minimizes the size of components, showing high
performance, and lowering the manufacturing tolerance and dispersion. One of the
main disadvantages of the RGW with an air-filled structure is that, it requires very
accurate CNC machining and that its performance is unstable. There is a possibility
that this gap may collapse in the existence of stresses or impacts. One advantage of
the substrate-integrated gap waveguides (SIGW) over RGW is that the air gap is filled
with the substrate layer, maintaining the air gap’s height constant. Another advantage
is that the fabrication process is simple (PCB-based). Inside the air gap, a quasi-TEM

condition is maintained over the ridge and an electromagnetic (EM) leakage can be

2



stopped.

The GW-based system has drawn a lot of attention during the last decade with
excessive numbers of filters, antennas, and coupler designs in the literature. Dual-
mode RGW filter using three different shape perturbations was analyzed (Hassani
et al., 2018). The GGW technique was applied to microwave narrow band filters for
the Ku band (Mazinani et al., 2018). These systems were created without the use of
dielectric materials; nevertheless, the addition of dielectric materials allows the system
to have more design freedom. The PRGW based Band Pass Filter (BPF) reported
by (Sorkherizi and Kishk, 2016, 2017) suffered from high losses. To the best of the
authors’ knowledge, no multi-band filters employing IM-GWG technology have been
suggested in the Ka-band even though there are several Ka-band GW-based bandpass
filter designs published in the literature (Shu et al., 2020; Li et al., 2018; Castro et al.,
2021).

The remarkable technical developments in 5G and 6G wireless communications have
created a huge need for high-performance system components, especially antennas.
Higher operating frequencies primarily result in smaller system components and
more compact structures. Wideband communication over short distances is also
made possible by the use of higher-frequency bands. As a result, millimeter-wave
(mm-wave) frequencies are often employed in several industries, including military
applications, satellite systems, and automobile radar systems (Okan, 2021; Khan et al.,
2022). There are two frequency bands assigned for automotive radar applications, they
operate around 24 GHz and 77 GHz; where the 77 GHz band permits a smaller size
with improved resolution, better range, and angular resolution compared to the 24 GHz
range. As the antenna is one of the most important components of any radar system,
so it is critical to developing a high-performance antenna for the 77 GHz vehicle radar

systems (Teng et al., 2022) which is one of the targets of the current work .

Multiple Input Multiple Output (MIMO) systems, which consider multiple antenna
units on both the transmitter and the receiver sides, can significantly increase the
performance of wireless communication systems. The multipath propagation is
realized by the use of several transmitting and receiving antennas which in turn

increases the data rates and radio link capacities. The MIMO technology usually



requires huge bandwidths, which are only available at high millimeter-wave and sub-
terahertz domains, this, in turn, enhances the capacity to hundreds of gigabits per
second (Frecassetti et al., 2019; Vassilev et al., 2018). Another advantage of the MIMO
technology is the ability to improve the system’s capabilities, channel capacity, and
coverage area, preventing multipath attenuation and channel interference (Aghoutane
et al., 2022; Fakharian et al., 2022).

One of the main problems in MIMO systems is the isolation between the antenna
elements. This problem has a cascading effect on other metrics used to determine the
MIMO antenna system diversity parameters. The most important metrics that influence
the antenna performance in a MIMO system are the Envelope Correlation Coefficient
(ECC), Diversity Gain (DG), Channel Capacity Loss (CCL), Multiplexing Efficiency
(ME), and Total Active Reflection Coefficient (TARC). A straightforward way to
obtain high isolation is to increase the physical distance between the radiators, although
this leads to a huge antenna size. Researchers have tried to come up with different
techniques to expand packing density while also improving the radiator’s isolation.
Several methods to improve antenna isolation are suggested in the literature. Increasing
the physical distance between the antenna elements is an easy technique to get good
isolation (Huang et al., 2021), but with the cost of increased antenna size. Commonly
used coupling minimization techniques include the Defected Ground Structure (DGS),
Split Ring Resonator (SRR), and Electromagnetic Bandgap Structures (EBG). These
are useful strategies for altering the surface current route to enhance isolation (Tan
et al., 2019; Tebache et al., 2018; Wu et al., 2018; Ghalib and Sharawi, 2017). Another
method involves etching an isolating slit between the antenna components (Chen et al.,
2017; Li et al., 2019; Igbal et al., 2017). Even though these isolating gaps reduce the
reciprocal coupling between the radiating antennas, however, they do not affect the
system gain. A parasitic structure has also been proposed as a decoupling design
to provide good isolation by providing an additional coupling line. However, they
necessitate additional decoupling structures, which take up more space and complicate
the construction of the MIMO antenna (Sun et al., 2020; Li et al., 2011; Mathur and
Dwari, 2018).Our second target is to develop a MIMO system with enhancement in

the isolation using the DGS technique.

Couplers with numerous functionalities have received a great deal of attention for

the development of multi-standard communication systems. The functions of signal
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isolation, mixing, and separation, as well as signal amplitude and phase acquisition, are
all vital for the 5G communication system applications, making directional couplers a
critical component. Many coupler designs have been studied using GW technology
in recent years (Farahani et al., 2017; Nematpour et al., 2019; Shen et al., 2018;
Mahmoud Ali et al., 2019; Birgermajer et al., 2017; Ghaly et al., 2022; Ali et al,,
2021, 2017; Nasr and Kishk, 2020; Mousavirazi et al., 2022; Zarifi and Shater, 2017;
Zhao and Denidni, 2020; Taraji, 2022; Zarifi et al., 2022). However, none of them is

reconfigurable.

The demand for reconfigurable devices is increasing because of offering great flexibil-
ity and simple expansion for new usage conditions. Moreover, the ability to reconfigure
a wireless communication system becomes a necessity to save costs and provide the
best performance for various applications. Couplers are commonly used to build a
beamforming network to be capable of producing the required radiation beams. The
hybrid coupler, acting as a phase shifter, is also capable of performing a power division
function and the phase shift. The typical coupler-based beamforming network can
only produce limited beams because of the standard phase differences such as 90°
and 0°/180°. It is typically required to have a constantly controlled phase difference
for greater flexibility. The easiest approach is to add a phase shifter after the power
divider or hybrid coupler. However, three major issues arise later: high insertion loss,
significant phase change, and enormous circuit size (Xu, Zheng and Long, 2019).
The radiation beams can be constantly scanned over a large area if the coupler can
give a reconfigurable phase difference. That is why it is essential to have a coupler
with a broad phase adjustment range. All types of reconfigurable couplers garnered
a lot of interest in microwave integrated circuits with variable power-dividing ratios
(Peng et al., 2021; Chu and Ma, 2019; Shah et al., 2013; Marcaccioli et al., 2008),
and operating-frequency adjustment (Wan et al., 2020; Tan and Lin, 2019; Dwivedy
and Behera, 2019; Tan et al., 2020). Only a few numbers of structures have been
documented in the literature since the reconfigurability in phase difference is more
difficult than that in frequency or power division ratio (Xu, Wang and Liu, 2019;
Zheng, 2017; Zhu and Abbosh, 2017; Pan et al., 2019). Varactor-tuned couplers
were researched to complete the continuously adjustable differential phase at a given
frequency in order to increase the phase coverage. Generally tuning ranges between
45° and 135° can be provided with the current phase-reconfigurable coupler. The

periodic employment of Varactors as transmission line loads allows control voltage
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modification of the equivalent circuit capacitance which supplied a 30°-150° phase
difference (Xu, Wang and Liu, 2019). In Zheng (2017) a Varactor-loaded branch line
coupler ensures equal power division with a configurable phase difference of 45° to
135°. By substituting an adjustable phase shifting unit for the horizontal branch, the
phase difference is continuously set from 45 to 135 (Zhu and Abbosh, 2017). In Pan
et al. (2019) a tunable unit was made up of open and shorted stubs, tunable capacitors,
and two eighth wavelength linked lines which achieved a 0° to 180° phase difference.
All these phase tunable capacitor designs are lumped elements based and in addition

to that, the operating frequencies are below 3 GHz.

The main objectives of this study are divided into six sections:

* To develop fundamental mm-wave system components: Bandpass filter, MIMO,
and antenna array systems, and non-reconfigurable and reconfigurable coupler

designs using GW-based technology as the feeding network.

* Development of a multi-band bandpass filter for Ka applications using IM-GWG

by enhancing the obtained fractional bandwidths.

* To develop high-gain antennas with a UWB to facilitate high data transmission

for millimeter-wave applications.

* To improve the compact-sized structures and to enhance the isolation levels in
a MIMO system using DGS and orthogonal polarization techniques targeting
applications in V, W, and D bands.

* To design a novel mechanically tunable compact SIGW-based hybrid coupler.



CHAPTER 2 : DESIGN OF TRIPLE-BAND BPF USING IMGWG
FOR KA-BAND APPLICATIONS

This study presents a multi-band Band Pass Filter (BPF) using an IMGWG feeding
network. A double octagonal ring resonator (RR) with corner cuts was used for the
design. The current project has two goals: firstly, to create multi-band filters for Ka
applications; and secondly to improve the acquired fractional bandwidths (FBW). The

development process of the proposed work is summarized as follows:
* IMGWG feeding network and octagonal ring resonator design and optimization
* Triple-band BPF simulation and performance analysis
* Conclusion of IMGWG-based triple-band BPF

2.1 IMGWG Feeding Network And Filter Design

The unit cell and the supercell of the IMGWG structure are shown in Fig.1. The
dimensions are optimized for the Ka-band frequency range. The dielectric material
is chosen to be Rogers RT5880 (g, = 2.2 and rand = 0.0009) due to its low losses at
high frequencies. The substrate has a thickness of 0.787 mm. The dispersion diagram
was calculated with the CST Eigen Mode. The proposed unit cell’s bandgap spans the
frequencies from 27 GHz to 40.5 GHz while the supercell’s 30.3 to 39.8 GHz. The

dispersion diagram of the unit cell and supercell are depicted in Fig. 2.

The proposed multiple-band bandpass filter is based on two octagonal ring resonators
(RR) with corner cuts that connect the orthogonal patches on top of the feed line, this
technique is found to be good to generate multiple resonances (Puentes et al., 2011). To
achieve a sharp cut-off frequency response, octagonal resonators are preferred rather
than circular ring resonators (Manzoor and Pak, 2018). The corner cuts on the patches
generate an inductive effect that alters the response of the resonator coupling (Gorur,
2004). The developed filter consists of two orthogonal patches with a length of about
2.2 mm (approximately A/4) and a width of 0.3 mm. The diagonal line of the outer
octagonal patch is 4.4 mm, and the width is 0.4 mm. The gap between the resonators
is 0.4 mm. The width of the feed line is optimized at 3.6 mm for 50 Q. Fig. 3 shows

the proposed filter, and Table 1 lists the dimensions.
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Figure 1. IMGWG (a) unit cell design (b) supercell design

Table 1. Dimensions of the unit cell and supercell

Parameters | L1 | L2 L3 | L4 | L5 | WI | W2|W3| 2z d
Values (mm) | 2.2 | 1.47 | 1.07 | 575336 |08 |03 ]04]|04

The port dimension for IMGWG technology is selected based on the formula
conducted in Equation (1) where p: periodicity, W1: feed line width, and a: width

of the port’s horizontal plane.

3xp—WI1 <a< 3xp+WI

7 > ey

2.2 Simulated Results of The Proposed Filter

The scattering parameters of the optimized filter are demonstrated in Fig. 4. It is
apparent that the filter is a multiband band-pass filter with three resonance frequencies
in the 31-39 GHz range. The resonance frequencies of the three bands are 32.32
GHz, 35.75 GHz, and 38.12 GHz. The return losses reach levels of about -35 dB, -25
dB, and -32 dB for the three bands, respectively. The octagonal resonators’ corner

cuts supply current flow while obstructing flow around the rings. Fig. 5 displays
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Figure 2. Dispersion diagram of (a) unit cell (b) supercell

the designed filter’s surface current distributions. It is clear that depending on the
resonant frequency, the highest current values are generally obtained at the outer RR

and sometimes at the inner RR.

The corner cut gap value "z" is another crucial dominating component that significantly
influences the resonance frequencies. An optimal value of 0.4 mm produces the triple-
band response. It is crucial to note that we took into account a broad range of z values,

and Fig. 6 presents the most noteworthy situations.

The effects of the "d" distance between the two octagonal patches are shown in Fig.
7. It is evident that only the middle-frequency response is impacted by changing the
distance. It has no effect on the other frequency bands, though. Decreasing the d value

shifts the middle frequency towards higher frequencies.

The relative placement of the corner cuts of the inner and outer rings is another crucial
parameter in order to obtain multi resonances. The positions of the outer corner cuts

are changed with angles 6 = 0°, 30°, and 60° counter-clockwise (CCW) while keeping
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Figure 3. Proposed (a) IMGWG filter (b) filter resonator
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Figure 4. Scattering parameters of the proposed filter

the inner ring fixed. This process is repeated for the inner corner cuts while keeping

the outer ring fixed. The responses of the filter are shown in Fig. 8. The change of
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Figure 5. Proposed filter surface current distribution at (a) 32.3 GHz (b) 35.7 GHz (¢)
38.1 GHz
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Figure 6. Simulated reflection coefficient for different z values

outer corner cuts shows a triple-band behavior for 8 = 0°, a double band for 6 = 60°,
and a single band for 8 = 30° as depicted in Fig. 8 (a). Changes do not affect the upper
and lower resonant frequencies for inner cut rotation. However, the change in the inner
corner cuts results in a significant change in the middle resonance. This effect provides

a double band characteristic of this filter as shown in Fig. 8 (b).
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Figure 7. Simulated reflection coefficient for different d values
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Figure 8. Reflecion coefficients for various corner cut positions (a) outer (b) inner

2.3 Conclusion of IMGWG-based Triple-band BPF

A triple-band BPF is designed using IMGWG feeding network for Ka-band appli-
cations. The double octagonal ring resonator is developed and optimized to obtain
a triple-band behavior. The obtained operating resonant frequencies are 32.32 GHz,
35.75 GHz, and 38.12 GHz with about -35 dB, - 25 dB, and — 30 dB return losses,
respectively. The filter exhibits low insertion losses of about 0.6 dB, 1.1 dB, and 0.9

dB at the three resonant frequencies, and the obtained -3 dB fractional band responses

12



are 5.2%, 1.37%, and 2.46% respectively. The effects of spacing between the inner and
outer rings and the relative placements of the inner and outer corner cuts are considered
in this study to achieve the required properties of the designed filter. The proposed

design is suitable for Ka-band applications.
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CHAPTER 3: OPTIMIZING RIDGE GAP WAVEGUIDE BASED
SLOT ANTENNA GEOMETRIES FOR MAXIMUM GAIN AND
BANDWIDTH FOR SATELLITE APPLICATIONS

This work proposes different V-band antennas optimized to operate at 70 GHz with
various geometric slots. The development is based on SIGW technology. Five
geometries are considered, namely, rectangular, circular, hexagon, T-shape, and U-
shape, with the target of maximizing the realized gain and bandwidth. The Finite
Difference Time Domain (FDTD) technique is used to optimize the design parameters
(CST studio simulator). The overall size of the developed antenna is 8.4 x 7.2 x
0.87 mm>. The maximum obtained realized gain is found to be 10.98 dBi for the
antenna with a rectangular slot. The circular slot antenna shows the highest S| <
—10 dB bandwidth of 5.35 GHz in the range 66.53 - 71.88 GHz. The developed
slot antennas are very appropriate for point-to-point wireless communication systems
and inter-satellite and mobile satellite applications. The development process of the

proposed work is summarized as follows:

» SIGW feeding network and antenna design
 Simulated results of the proposed antennas
 Conclusion of SIGW-based slot antennas

3.1 SIGW Network and Antenna Design

The SIGW is made up of two parallel substrate layers which are both connected to the
ground layer, one of which contains periodic texturing to prevent wave propagation
in all directions but only along the ridge. The second is the gap layer where the EM
waves travel in a quasi-TEM mode. The unit cell of the periodic structure comprises a
mushroom patch on the top of the substrate which is connected to the bottom ground
layer using vias. The optimized height of the via is 0.508 mm, while the upper substrate
layer height is 0.254 mm and the width of the ridge is 0.632 mm. Both layers are filled
with Rogers RT5880 (&, =2.2 and tand = 0.0009). The structure of the unit cell is
shown in Fig. 9 (a). The supercell is designed by repeating the unit cell on the two
sides of the ridge with a repetition period of 1.2 mm as shown in Fig. 9 (b). Based
on these dimensions the stop band of the supercell is from 42 to 87 GHz which covers
the V-Band. The dispersion diagram of the unit cell and supercell are shown in Fig.

9 (c) and (d), respectively. One can notice that the Quasi-TEM mode is propagating
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over the ridge on the same frequency band. The scattering parameters of the SIGW
feeding network are depicted in Fig. 10. One can see the propagation of the wave over
the ridge along the gap over these frequency bands. The surface current distribution
is demonstrated in Fig. 11 at three different frequencies two of them are out of the

frequency band and one of them is within the band.
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Figure 9. Prposed SIGW technology (a) design of mushroom unit cell (b) supercell
design (c) dispersion diagram of the unit cell (d) dispersion diagram of the super cell

In this work, five different radiating slots, namely, rectangular, U- shape, T-shape,
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Figure 11. SIGW feeding network surface current distribution at (a) 35 GHz (b) 70
GHz and (c) 90 GHz

hexagon, and circular, and is etched on the top ground layer and fed via an underneath
microstrip ridge. Their dimensions are optimized separately for a center frequency
of 70 GHz. It is very important to point out that the slot antenna is matched with the
ridge using two consecutive quarter transformers as depicted in Fig. 12. The suggested

various slot antennas are seen in Fig. 13 and their dimensions are reported in Table 2.
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Rectangular
slot

Figure 12. Proposed design (a) slot antenna (b) SIGW feeding network

Table 2. Parameters of the SIGW antennas

Parameters K1 K2 | K3 | Rl | R2 R3 L1 L2 L3 L4
Values (mm) | 0.632 | 1.23 | 2 |24 | 1.2 1.3 55 1201 | 3.84 | 1.84
Parameters L5 L6 | L7 |L8| L9 | L10 |LI11|L12 | L13
Values (mm) | 2.7 1.1 {39 212192875 | 1.3 | 3.3 | 7.255

3.2 Simulated Results of The Proposed Antennas

The dimensions and the geometries of the slots are the key parameters in the
determination of the operating frequencies of the antenna. The optimization is
generally made on the etched shape in order to get the 70 GHz centered resonance

frequency. The scattering parameters of the antennas are shown in Fig. 14. The
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(a) (b)
(©) (d)
(e)

Figure 13. The proposed slot antenna geometries: (a) rectangular (b) circular (c)
hexagon (d) T-shape (e) U-shape

circular slot antenna has the widest bandwidth of about 5.35 GHz while the T-shape
antenna has the narrowest bandwidth of about 1.57 GHz, and the hexagon shows a
bandwidth of about 1.61 GHz. The BW of the rectangular and U-shape are almost the
same 3.04 GHz and 3.08 GHz, respectively. The S;; values are below the -25 dB level

at the 70 GHz resonance frequency for all antennas. It is important to point out that
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some of these antenna configurations are convenient to be applied for point-to-point

wireless communications which meet the required bandwidth.
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Figure 14. Simulated reflection coefficients of the proposed antennas
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Figure 15. Realized gain of the antennas

The variations of the simulated realized gains with frequencies are shown in Fig.
15. Except for the rectangular slot antenna, all other geometrical shapes have
approximately very close gain values in the range of 6.48 - 7.36 dBi. The values
of the bandwidths and realized gains are listed in Table 3. The rectangular antenna has
a maximum gain of about 10.98 dBi. The gain of the rectangular antenna is enhanced

by about 3.61 dBi in comparison to the T-shape antenna.

The rectangular slot is unlike the other geometries in terms of realized gain. The
difference is clarified by either the difference in the total antenna efficiency or by the
directivity. The total efficiencies are described in Fig. 16, and the directivities of the
antennas are shown in Fig. 17. The total radiation efficiencies of all antennas at the
resonance frequency are close to 90%. The highest total efficiencies belong to the

circular and U-shapes slots with values of 0.95%, and 0.94%, respectively. Although
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Figure 17. Directivities of the antennas

the efficiencies of the circular and U-shape are higher than the rectangular slot, their
gains are lower than the rectangular. In this study, directivity is the dominant factor to
determine the gain. It is obvious from Fig. 17 that the directivity of the rectangular
slot is higher than those of the T-shape, U-shape, circular, and hexagonal slots by about
3.51 dBi, 3.86 dBi, 4.19 dBi, and 4.39 dBi, respectively.

Table 3. Simulated SIGW antenna results

Slot Shape | Freq. Range (GHz) | BW (GHz) | Realized Gain
Hexagon 69.09-70.7 1.61 6.49
Circular 66.53-71.88 5.35 6.83
U-Shape 68.49-71.57 3.08 7.14
T-Shape 69.19-70.76 1.57 7.368

Rectangular 67.92-70.96 3.04 10.98

The 3D radiation patterns support the high gain values of the rectangular slot as shown
in Fig. 18. It indicates that the rectangular slot focuses on narrower beam areas in
comparison to the other slots. The other slots have similar 3D radiation patterns that

confine to wider directions.
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The surface current distributions of the antennas are shown in Fig. 19. The current
is outlined accurately at the ridge and the edges of the slots (marked in red). The

current densities show a noticeable increase around the edges of the slots.

3.3 Conclusion of the RGW-based Slot Antennas

In this study, five different V-band slot antennas based on SIGW are presented. The
developed antennas are compact in size with overall dimensions of 8.4 x 7.2 x 0.87
mm?. Different slot geometries are considered, namely, rectangular, circular, hexagon,
T-shape, and U-shape. All considered slot designs perform highly efficient with total
radiation efficiencies above 90%. The realized gains of all designs are between 6.49
- 10.98 dBi, with the rectangular slot being the best design in terms of realized
gain (about 10,98 dBi). Based on the Federal Communications Commission (FCC)
frequency assignments, the frequency range is between 66-71 GHz our developed
antennas are very suitable for mobile satellite and inter-satellite applications. The
bandwidth of the antennas are varying between 1.57 - 5.35 GHz with fractional
bandwidths of 2.24% - 7.73% depending on the etched shape. This shows these

antenna designs are as well suitable for point-to-point wireless communication.
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Figure 19. Surface current distribution at 70 GHz for the different designs: (a)
Rectangular (b) Circular (c) Hexagon (d) T-shape (e) U-shape
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CHAPTER 4 : UWB SIGW-BASED FOUR-PORT MIMO AN-
TENNA FOR V/W-BAND APPLICATIONS

In this work, we develop a new four-port multiple-input multiple-output (MIMO)
antenna system for applications in V and W frequency bands based on SIGW
technology. The antennas are suitable for use in automotive radar and inter-satellite
applications in the range of 72.7 to 79.5 GHz. The design parameters are optimized
using the Finite Integration Time-Domain (FITD) method. The MIMO antenna is
composed of four rectangular radiating slots, they are positioned in three different
configurations, namely, orthogonal to each other, rectangular, and linear. Each antenna
element is fed by a low-dispersion SIGW feeding network. About 28.4%, 34.5%,
and 32.1% compactness in size are achieved by eliminating the rows for the three
configurations, respectively. The obtained results show that the mutual coupling is
below -24 dB within the operating frequency band with minimum coupling obtained
for the orthogonal configuration. The obtained results of the computed diversity
performance parameters are ECC < 0.002, DG > 9.99 dB, CCL < 0.7 bits/s/Hz,
ME > -0.7 dB, and TARC < -6 dB. The obtained results demonstrate that the
proposed antennas have strong diversity performances in addition to compact sizes.

The development process of the proposed work is summarized as follows:

* MIMO system design
» Simulated results of the proposed MIMO structure
* Conclusion of SIGW-based MIMO antenna

4.1 MIMO System Design

The design of the MIMO antenna system often begins with the development of a
single optimized reference antenna element. In this work, a rectangular radiating slot
antenna is used based on the previous study. The only difference is the rectangular
slot optimized based on UWB that covers the desired frequency range. The dimension
of the SIGW single reference antenna is 7.2 x 8.4 mm?. The simulated 2D radiation
patterns at three different frequencies are shown in Fig. 20. It is clearly seen that
the beam width is getting narrower at higher frequencies. The total efficiency and
the directivity of this proposed antenna are shown in Fig. 21. The total efficiency is
higher than 80% within the operating frequency. It can be noted that the directivity

is drastically increasing above 76 GHz. The peak value of the total efficiency and
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directivity are 93% and 11.15 dBi, respectively.
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Figure 20. Simulated 2D radiation patterns at (a) 75 GHz (b) 77 GHz and (c) 79 GHz
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The optimized single reference SIGW fed antenna is used to design a four-port MIMO
antenna system. Three MIMO configurations are investigated, the first one is the
orthogonal configuration in which the antenna elements are configured orthogonally
to each other as shown in Fig. 22 (a) and (b). The second one is the rectangular
positioning of the antennas as shown in Fig. 22 (c¢). The last one is the linear
configuration where all antennas are placed side by side as shown in Fig. 22 (d).
The compactness of the proposed MIMO structure is taken into consideration by
eliminating two or three rows of the periodic structure when combining the antenna
elements in all configurations. The total compact size of the four-port MIMO antenna
structures are 13.2 x 13.2 mm? , 12 x 13.2 mm?, and 7.2 x 22.8 mm? for orthogonal,

rectangular and linear configurations, respectively.

4.2  Results and Discussion
4.2.1 Antenna Simulation Results and Performance Analysis

The scattering parameters of the MIMO antennas are depicted in Fig. 23, the -10 dB
level of the reflection coefficients covers the frequency range from 72.7 to 79.5 GHz.
One of the crucial variables in the MIMO system is the coupling among the antenna
elements. Concerning the orthogonal configuration, one can notice that the coupling
between all antenna elements is ranging from -24 dB up to -33 dB which is because
the distance between slot antennas is nearly the same. However, for rectangular MIMO
configuration, the coupling between antenna 1 and antenna 2 is highest because of the
shortest distance between them. The lowest coupling is between antenna 1 and antenna
3. Also in the linear configuration, the lowest coupling is achieved between antennas
1 and 4 because of the longest distance. Finally, we can say that the orthogonal

polarization in Fig. 23 (a) is considered the best one because the coupling is lower
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and stable between -24 dB and -33 dB and on average is about -28.5 dB.
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Figure 23. Scattering parameters of the proposed MIMO antenna structure.
(a) Orthogonal (b) Rectangular (c) Linear

MIMO Diversity Performance

To study the diversity performance of the proposed MIMO antennas, several crucial

metrics are considered and computed, they are namely, ECC, DG, CCL, ME, and

eter that describes the correlation among the antenna components.
In other words, the ECC depicts the difference in radiation patterns between two

As a result, in order to achieve good performance in a MIMO
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Figure 24. The ECC values of the proposed orthogonal MIMO antenna (a) between
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system, the ECC values between the antenna components must be small. The ideal
case of ECC value is to be zero, for higher MIMO antenna efficiency, the ECC value
should be less than 0.5 (Ibrahim and Ali, 2022; Raj et al., 2021). The ECC parameter
i1s computed using two formulae, it can be either derived from the S-parameters (Eq.

1) or from the radiation patterns (Eq. 2) (Blanch et al., 2003).

p— NNTEN A W
= (SalP 18PN (= (18557 +18:57))
2
pe | [ JAT1[F1(8,9)* F2(6,0)dQ]| @)

" TT4TIIR(6,0)]2dQ [ [4T1[F>(6,6)%dQ

Fig. 24 demonstrates the ECC values of the orthogonal configuration using the S-
parameters and the far-field values. It can be seen that all ECC values are (p,) < 0.002.

The metric DG is derived from ECC; the correlation and diversity gain are inversely

proportional to each other. The DG is computed using Equation (3) (Rosengren and
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Figure 25. The DG values of the proposed orthogonal MIMO antenna. (a) between
antennas 1 and 2 (b) between antennas 1 and 3

Kildal, 2005). According to the DG values, a decrease in the transmitted power will not
significantly affect the performance of MIMO if a specified value of 10 dB is reached
or is near to it. Our results show that the DG values for the full operational bandwidth

are near 10 dB as shown in Fig. 25, which fulfills the required standards.
DG= 10x+/1—|ECC]| 3)

Another performance metric is the CCL, which designates the ideal information
transfer rate. Equation (4) mathematically expresses the CCL value for a four-port
MIMO antenna system. The obtained result is displayed in Fig. 26 and shows strong
performance as well. The obtained CCL values are less than 0.7 bit/s/Hz for all
operating frequency band. A lower CCL value indicates a signal that is simpler to
be transferred with fewer losses (Masoodi et al., 2021). The lowest obtained CCL
value is below 0.2 bit/s/Hz.

Closs = —logodet (X®) 4)

where,
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Figure 26. The CCL values for the proposed MIMO antenna

The ME of an antenna is a significant metric that not only informs the developers of
the overall antenna efficiency but also of the efficiency imbalance in MIMO systems.

The ME is determined as follows:

M= /(1= peij ) nim ®)

where 1);, 1; are the total efficiencies of the ith and jth antenna elements and p,;; is the
magnitude of the complex correlation between the ith and the jth resonator elements
(Kumar et al., 2022). As can be seen in Fig. 27, the obtained 1), values of our
proposed MIMO designs are higher than -0.7 dB over the operational frequency band.

The 7Ny, reaches a maximum value of -0.3 dB at 75 GHz.

The square root of the total incident power divided by the square root of the total
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reflected power at the same port is known as TARC, and it is derived using the
S-parameters and the incident random phase angle 6. Equation (9) shows how to

compute the TARC parameter.

N N
TARC=N"% 1Y | Y Syei®%1]2 9)
i=1 k=1
where N is the number of antennas, Sj; denotes the S-parameters and 0 is the phase
angle of the incoming signals. For every MIMO antenna system, the TARC value needs
to be less than 0 dB (Gautam et al., 2018). The currently simulated TARC results show

that all the TARC values for various random phase angles are about below -6 dB as

demonstrated in Fig. 28.
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Figure 28. TARC for the proposed MIMO antenna

Table 4 shows the comparison between the proposed MIMO structure with other
studies. Comparing our design with other similar systems in the literature reveals that
the minimum reported isolation reported values are roughly around -17 dB (Huang
et al., 2021; Mathur and Dwari, 2018; Kulkarni et al., 2021; Gomez and Jardon, 2019;
Malhat et al., 2022; Kulkarni et al., 2022; Mohanty and Behera, 2021; Dwivedi et al.,
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2020) while the design offers maximum isolation exceptional values below -24 dB.
The obtained ECC and DG values of the proposed work exhibit the best values closely
to the ideal case which are approximately 0 and 10 dB, respectively, compared to
the reported values in (Huang et al., 2021; Mathur and Dwari, 2018; Kulkarni et al.,
2021; Gomez and Jardon, 2019; Malhat et al., 2022; Kulkarni et al., 2022; Mohanty
and Behera, 2021; Dwivedi et al., 2020). Despite the fact that the majority of earlier
research in the literature did not disclose the ME value, our result is the best among

the published studies (Malhat et al., 2022).

4.3  Conclusion of SIGW-based MIMO antenna

In this article four-port three different, namely, orthogonal, rectangular and linear
SIGW-based MIMO antenna configurations are proposed for automotive radar and
inter-satellite applications. About 28.4%, 34.5%, and 32.1% compactness in size
are achieved by eliminating the rows for the three configurations, respectively.
The fractional bandwidth of the proposed orthogonal MIMO antenna design is
approximately 8.95% and the coupling between resonators is below -24 dB. The
obtained results of the computed performance parameters ECC < 0.002, DG > 9.99
dB, CCL < 0.7 bits/s/Hz, ME > -0.7 dB, and TARC < -6 dB demonstrate that
the proposed antennas have strong diversity performance. The performance of the
proposed orthogonal polarized antenna is adequate in every way and is appropriate for

wireless point-to-point communications as well.
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CHAPTER 5 : DESIGN AND IMPLEMENTATION OF AN RGW
BASED UWB ANTENNA ARRAY FOR D-BAND APPLICATIONS

This study presents a new 4 x 1 rectangular slot antenna array based on ridge gap
waveguide (RGW) technology for the use of D-band applications. The operating
frequency of the proposed array antenna is 140.9 - 157.7 GHz. The Finite Integration
Time-Domain (FITD) method is used to optimize the design parameters. Four
rectangular slots are placed side by side and the RGW feeding network is used to feed
them with minimal dispersion. Quarter-wavelength transformers are used to match the
source to the load composed of the antenna array and feeding network. The antenna’s
overall efficiency is around 95%. The antenna array’s maximum gain is about 10
dBi, compared to the single antenna’s gain of roughly 7 dBi. The main focus of the
current work is the development and analysis of the UWB RGW-based feeding network
antenna array system. The development process of the proposed work is summarized

as follows:
* RGW feeding network and array antenna design
* Simulation results of the proposed array antenna
* Conclusion of RGW-based array antenna

5.1 RGW Feeding Network and Array Antenna Design

Basically, the unit cell consists of two ground metallic conducting layers and the
metallic pin connects to the bottom ground, in addition, the upper ground and the pin
are separated by an air gap. The pin’s height should be equal to approximately or less
than (A/4), which has a significant impact on the stopband of the intended frequency
range. The height of the pin is 0.38 mm and the air gap thickness is 0.15 mm and 0.7
mm is the unit cell periodicity. The stopband of the unit cell is between 112.8 — 231.3
GHz. To activate the propagating Quasi-TEM mode, a supercell is built by positioning
a 0.38 mm wide guiding ridge line in the middle of the six rows of unit cells. The
supercell’s frequency range is roughly 131 — 222.1 GHz. The frequency range clearly
narrows by about 27.5 GHz when inserting the guiding ridge in the supercell. Figure
(29) shows the unit cell and supercell configurations, whereas the dispersion diagrams
are demonstrated in Fig. 29 (c) and Fig. 33 (d), respectively. Constructing the RGW

feeding network is the final preparation step before designing a single antenna element.
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The feeding network and its scattering parameters are depicted in Figs. 30 (a) and (b),

respectively.
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Figure 29. A Unit cell of RGW feeding network (a) Unit cell design (b) Supercell
design (c) Dispersion diagram of the unit cell (d) Dispersion diagram of the supercell

The reference antenna is a rectangular slot etched on the top ground and fed via
the RGW underneath. The dimension of the slot is 1.1 x 1.3 mm?. An optimized
rectangular slot is carved on the ridge’s body to help with the slot antenna’s fine-
tuning to match the RGW feeding network to the source. The total size of the antenna

including the network is 4.9 x 4.9 mm”. Fig. 31 (a) shows the proposed reference

antenna element.

An antenna array system is designed based on this single reference RGW-fed antenna.

Four feeding ridges are connected together while a row of the periodic unit cells is
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Figure 30. RGW feeding network (a) Surface current distribution at 150 GHz (b)
Scattering parameters

between those ridges. Three consecutive quarter wavelength transformers with a length
of 0.5 mm are used to match the source to the load represented by the feeding network
and the array element. The widths of the transformers are 0.68 mm, 0.58 mm, and
0.48 mm, respectively. The distance between the radiating rectangular slots is 0.3 mm,
which is less than A/2, resulting in a whole array structure dimension of 7.7 x 9.1 mm?.

Figs. 31 (b) and (c) demonstrate the proposed RGW antenna array.

5.2 Simulations and Results

Fig. 32 depicts the simulated reflection coefficients of the proposed single and array
antenna. The simulated bandwidth of the single antenna is |S1;| < -10 between 144.9
— 154.2 GHz while the antenna array covers the frequency range from 140.9 to 157.7
GHz with fractional bandwidths (FBW) being 6.22% and 11.25%, respectively. The
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bandwidth of the antenna array is wider than that of the single reference antenna by

approximately 7.5 GHz. This can be emphasized that the structure has two resonances,
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an element resonance at 154 GHz and an array resonance at 143 and 154 GHz. Both

are superimposed and result in a UWB response.
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Figure 32. Reflection coefficient of the proposed antennas

It is very important to point out that the optimum bandwidth of the array is achieved
after sweeping the via’s height for many values as shown in Figs. 33 for selected values
of 0.35 mm, 0.38 mm and 0.41 mm. The optimum bandwidth is obtained at h = 0.38
mm, the reason is that at that height the stop band of the array of the via is increasing
and covers the whole operating frequency band (140.9 - 157.7 GHz). The realized gain
is depicted for different values of the via height as shown in Fig. 34.

0r

3 LT
B0 T N e

2

7}

& -20 )

@

8 H \

c -30T ‘l! ol

g j ;

S -40 ] —h=0.35 mm
= = h=0.38 mm
x h=0.41 mm|

-50 | |
136 140 144 148 152 156 160 164

Frequency (GHz)

Figure 33. Reflection coefficients of the proposed antennas with different via height
’h’

Fig. 35 displays the directivity and the total efficiency of the simulated reference
antenna element and the RGW array. The average directivity of the single antenna
is roughly 7.2 dBi, while that of array antennas’ is 9 dBi. The average directivity
of the single antenna is less than the array antenna by 1.8 dBi. The total efficiency
of the single antenna is above 90% while that of the array antenna a 95% efficiency
is achieved over the whole operating frequency band. The peak values of the total

efficiencies are 0.98 and 0.97 respectively.
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Fig. 36 demonstrates the comparison of the realized gain for the proposed single and
array antennas. It is evident that the antenna array gain is higher than the single
antenna. The maximum gain of the single antenna is about 7 dBi while the array’s
gain is 10 dBi. The 3D radiation pattern is depicted in Fig. 37. It implies that the
radiation beam concentrates on narrower beam regions at 154 GHz compared to 143

GHz.

The array antenna’s current distributions are depicted for the resonance frequencies at
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Figure 37. The 3D radiation patterns at (a) 143 GHz and (b) 154 GHz
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143 GHz and 154 GHz in Fig. 38. The current density is rising around the center and
the edges of the slots and it is highlighted in red.
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(b)

Figure 38. Surface current distributions at (a) 143 GHz and (b) 154 GHz

5.3 Conclusion of RGW-based Array Antenna

In this paper, a new UWB four-slot antenna array fed by the RGW feeding network is
presented for D-band applications. Up to the authors’ knowledge, no similar antenna
designs using RGW in this frequency range are found in the literature. The four
ridge feeding lines are connected side by side and matched to the source using three
consecutive quarter wavelength transformers. The total size of the proposed antenna
array is 7.7 x 9.1 mm?

157.7 GHz. The bandwidth is approximately 17 GHz. The total efficiency of the

. The operating frequency of the antenna array is 140.9 -

antenna is around 95% over the whole operating frequencies. The gain of the array
is optimized by changing the height of the via surrounding the feeding network. The

peak realized gain is around 10 dBi which is higher than the single reference antenna
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by approximately 3 dBi.
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CHAPTER 6 : DGS-BASED ISOLATION ENHANCEMENT FOR
RGW FED COMPACT MIMO ANTENNA SYSTEM

In this work, a new four-port compact MIMO wideband antenna based on RGW
technology is developed for D-band applications. The single antenna element is
designed as a circular matched slot on the top ground of the RGW feeding line. This
antenna is considered a reference element of the four-port MIMO structure. Basically,
for the sake of measurements the RGW technology requires a transition to a traditional
microstrip line. Multi-section quarter-wave transformers are implemented to match the
RGW to the transition. The reference antenna sizes are about 4.9 x 4.9 mm? without
transition and 4.9 x 5.6 mm® with the transition. The proposed MIMO antenna is
made up of four circularly matched reference antennas. Each consecutive radiating
element is positioned orthogonally to each other for the enhancement of the isolation
among the four elements. For further reduction of the mutual coupling, we consider
five optimized DGS geometries on the upper ground plane. They are namely, line,
octagon-centered, square-centered, long line, and triangular shapes. For the sake
of verification of the outcomes, two different methods of analysis are considered
for the development of the MIMO antenna structure associated with its transition.
They are namely, the Finite Integration Time-Domain method (FITD; CST studio
simulator) and the Finite Element Method (FEM; HFSS). The total optimized size
of the proposed MIMO structure is about 7.7 x 7.7 mm?. The simulated impedance
bandwidth extends from 148 GHz to 161.7 GHz. The use of different DGS geometries
is very effective in coupling reductions, the highest coupling level obtained from
different DGS geometries is -26.4 dB the lowest level reaches about -96 dB. The
maximum realized gain is 7.97 dBi. The simulation results demonstrate outstanding
performance throughout the operational spectrum with diversity properties: ECC <
0.0006, DG ~10 dB, CCL < 0.4 bit/s/Hz, TARC ~ -23.4 dB and ME 7,,,,>-1 dB.

The development process of the proposed work is summarized as follows:

* RGW feeding network and antenna design

MIMO antenna design

* Antenna Simulation Results and Performance Analysis

MIMO diversity performance
¢ Conclusion of RGW-based MIMO antenna

44



6.1 RGW Feeding Network and Antenna Design

Fig. 39 shows the unit cell of the proposed RGW structure and its dispersion diagram.
The dispersion diagram of the unit cell is calculated using the CST Eigen Mode Solver
and it covers the frequency range from 117.83 to 240.21 GHz. Placing the guiding
ridge instead of only the pin in the center of the EBG structure activates the desired
propagating Quasi-TEM mode. The width of the ridge is 0.38 mm and the height is the
same as the pin’s height. Fig. 40 demonstrates the supercell design and the simulated
dispersion diagram. The frequency range in the supercell design is between 137.76 -
226.78 GHz and noticeably seen that the stopband is reduced by approximately 27%

because of the ridge.
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Figure 39. Dispersion diagram of the unit cell
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Figure 40. Dispersion diagram of the RGW super cell

The scattering parameters of the RGW structure are shown in Fig. 41 and the surface
current distribution for two different frequencies, one in the band and the other out of

the band to show the guiding structure of the feeding network as demonstrated in Fig.
42.
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Figure 41. Scattering parameters of proposed RGW
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Figure 42. Surface current density at different frequencies (a) 150 GHz (b) 270 GHz

A simple transitional microstrip line structure with a characteristic impedance of 50
Q can be used to tie the ridge line to an ordinary RF edge SMA connector required
for the measurement of the scattering parameters and the antenna’s different radiating
parameters. To match the transition with the feeding network (ridge), an optimized
quarter wavelength transformer is employed at the end of the 50 Q microstrip line.
The microstrip line contacts the upper surface of the ridge and it is implemented on
Rogers RT5880 with relative dielectric constant 2.2, thickness 0.15 mm, and loss
tangent 0.0009.

To design the reference antenna element of the MIMO structure, a circular radiating
slot is etched on the top layer to achieve a wideband response. Figs. 43 and 44 present
the proposed RGW antenna where the dimensions of the unit cell and the proposed
single antenna element dimensions are listed in Table 5. The optimized circular slot
diameter ‘D’ is 1.6 mm. The RGW single reference antenna size with the transition is

4.9 x 5.6 mm?>. For the sake of fine-tuning the matching of the slot antenna to the RGW
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feeding network, an optimized rectangular slot is etched on the body of the ridge. The
antenna performance in terms of the reflection coefficient with and without microstrip
line transition and the comparison between FITD and FEM are shown in Fig. 45 and
Fig. 46. The bandwidth of the antenna is between 147.81 — 161.21 GHz which satisfies
the RGW boundary conditions inside the stopband. Changing the D-value results in a
narrower response and increasing the D-value shifts the resonant frequency response to
the lower frequencies. The rectangular sloth width ‘S’ affects the resonance frequency
and bandwidth (BW). The BW is getting narrower and is shifted on lower frequencies
with the decrease in S values. The variations of the radiating slot diameter D and S

values and the resulting return losses are depicted in Fig. 47 and Fig. 48, respectively.

Table 5. Parameters of the unit cell, supercell, and single RGW antenna

Parameters | Dimensions (mm) | Parameters | Dimensions (mm)

p 0.7 L1 2.8
a 0.38 L2 1.6

hl 0.35 T1 1.443

h2 0.15 T2 0.357

w 0.18 D 0.8

wl 0.38 S 0.3

w2 04

Upper Plate

Substrate
Microstrip line Rogers RT5880
Transition

Figure 43. Proposed RGW single antenna with microstrip line transition

6.2 MIMO antenna design

A four-port MIMO antenna system is designed by using the optimized single reference
RGW fed antenna. Four antenna elements are arranged orthogonally in this construc-
tion, and the overall size of the MIMO system is about 9.8 x 9.8 mm?. As mentioned

before, increasing the distance between the radiators is a simple approach to achieving
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Figure 46. Reflection coefficient for RGW single antenna

great isolation. However, with our main target to develop a smaller size structure,
the mutual coupling is expected to increase. For this task, we consider different DGS
shapes that are etched on the top ground plane for the sake of achieving optimum
antenna performance in addition to the best diversity properties which in turn increase
the system capacity and throughput. Three rows are subtracted from the central part
of the structure to achieve a compact size of 7.7 x 7.7 mm? for all configurations as

shown in Fig. 49.
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Six different compact MIMO antenna configurations are investigated, namely an
antenna structure without DGS, and other five MIMO structures with the line, octagon-
centered, square-centered, long line, and triangular DGS shapes. The whole DGS
MIMO structures are optimized in order to decrease the mutual couplings. The Line
DGS shape consists of two orthogonal single lines, the width of the line DGS shape
is L4 = 0.2 mm, and the length L3 = 2.4 mm which is approximately proportional
to a half wavelength. The design of the octagon-centered and square-centered DGS
geometries are implemented such that the octagon and square slots are etched in the
center of the line DGS. The line width and length are the same as the line DGS. L6, L7,
and L8 values are equal to 0.72 mm, 0.57 mm, and 0.6 mm, respectively. The longline
shape is the expanded version of line DGS. The width is kept constant and the length
L10 = 2.8 mm. The last DGS shape is triangular which is composed of four triangle
shapes etched on the front edge of the line DGS. The dimensions of the triangle are

L12 =2 mm, L13 = 1.7 mm, and the line length is 0.96 mm.
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Figure 49. Proposed MIMO antenna geometries: (a) without DGS (b) bottom layer
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6.3  Results and Discussion

6.3.1 Antenna Simulation Results and Performance Analysis

Figs. 50 and 51 illustrate the reflection coefficients and gains of the different antenna
configurations with and without DGS. The operating frequencies of the proposed
MIMO antenna designs are approximately between 148 and 161 GHz. The wide
bandwidths are generated from the square and octagon DGS with FBW of 13.8%
and 13.67%, respectively. The long-line shape has the lowest return loss of -44.5dB,
while the highest one is obtained using the triangular shape whose return loss is -
25.2 dB. Concerning the antenna gain, the triangular DGS has the highest realized
gain of 7.97 dBi, however, this happens at the expense of lowering the bandwidth by
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approximately 2% relative to the other geometries. One of the main targets of this

study is to achieve both good diversity parameters in addition to optimum antenna

parameters. It is important to point out that, the choice of the antenna parameters or

the diversity properties is application-based. Concerning the antenna parameters, the

bandwidths and the gains of the proposed designs are listed in Table 6.

Table 6. Proposed MIMO antenna performance

Frequency (GHz)

Figure 50. Reflection coefficient of the proposed antennas
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DGS Shape Op.Freq.(GHz) | FBW (%) | Realized Gain (dBi) | Return Loss (dB)
Square-centered 147.9-161.7 13.8 7.50 -25.8
Octagon-centered 148-161.67 13.67 7.53 -26

Line 148.06-161.7 13.64 7.25 -30.9
Without DGS 148-161.1 13.1 6.95 -35.6
Long-Line 149.32-161.55 12.23 7.31 -44.5
Triangular 150.5-161.6 11.1 7.97 -25.2
0
gl =
g-ZO P ..
E =30 —I;irlle :
© == lriangular
o
? 40 i Sl
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One of the most essential characteristics of the MIMO system is the port isolation. As

demonstrated in Fig. 52 and Fig. 53, the coupling within the operating frequency is
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approximately < -30 dB for all configurations. It is very important to point out that the
most stable coupling parameters (S»1, S31, and S4; ) are for the antenna without DGS
which varies between -31.9 dB to -38.9 dB. On the other hand, the variation of the

coupling for other DGS configurations is steep.
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Figure 52. Scattering parameters HFSS verification: (a) without DGS (b) long line
DGS

Concerning the other antenna parameters, the configurations of the MIMO antenna
structures loaded with DGS of different shapes are achieving either high gain or wide
bandwidth keeping the structure performing well for MIMO diversity while giving a
wide variation of coupling values of the operating band. This is because each structure
is considered as a slot antenna that radiates beside the actual antenna and it will
do more coupling in some frequencies and low coupling in other frequencies to the
basic antenna elements. In other words, the slot is considered as an aperture antenna
that radiates and represents an equivalent current induced on its surface which comes
from the basic aperture field fed via the RGW feeding network with low dispersion.
Moreover, from an equivalent circuit point of view, the slot is considered an LC circuit
giving different resonances for each DGS shape. Different resonances give a shift in
the frequency response of Sy and the TARC as well. The directivities and the total

efficiencies are described in Fig. 54.

The total efficiency values are very similar to each other and are higher than 0.95%.
However, at the central frequency of 155 GHz, the directivity varies between that of the
triangular structure and the antenna without DGS (8.23-7.34) dBi. One can conclude
that the performance of all DGS antennas is getting better than that without DGS and
at the same time, the gain is higher. Figure 55 shows the 3D radiation pattern of the

MIMO antennas.
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Figure 53. Scattering parameters of the proposed antennas: (a) without DGS (b)
triangular (c) line (d) long line (e) octagon-centered (f) square-centered

6.3.2 MIMO Diversity Performance

In this part, we look at the key factors that influence the antenna performance in MIMO
systems. The ECC, DG, ME, CCL, and TARC characteristics are used to verify the
MIMO’s performance.

Fig. 56 shows the ECC results with the use of the radiation pattern formula, it is
important to note that this approach gives more accurate results compared to the
formula based on scattering parameters. The obtained ECC values of all MIMO
configurations are less than 0.0006 for their operating frequency band. These results
prove that the proposed designs are uncorrelated. The simulated DG graphs are
illustrated in Fig. 57. It is important to point out that all antenna configurations are
performing well in term of ECC and DG. From the DG’s point of view, all DG values
are higher than 9.997 dB. The Line, octagon-centered, and squared-centered DGS
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Figure 54. Proposed antennas (a) directivities (b) total efficiencies

show weak performance compared to the others. In conclusion, the best performance
is provided by the triangular DGS which with DG value of almost 10 dB. The ECC and
DG values for ports (1,4) and ports (2,4) are not considered because they are symmetric

to those of ports (1,2) and ports (1,3).

The simulated ME values are shown in Fig. 58 for different DGS shapes. The ME
values are very close to each other for the different proposed designs. The ME value is
above -1 dB for the operating frequency range for all antennas. However, the antenna
with long-line DGS and those without DGS are contributing with low ME values
at 0.05 dB, whereas, the highest ME value is exhibited by the antenna with square-
centered DGS at 0.084 dB.

The simulated CCL values are shown in Fig. 59. The obtained CCL values are less than
the stated minimum limit for all antennas. The maximum CCL value is 0.025 bit/s/Hz
and the minimum obtained CCL value is 0.003 bit/s/Hz for the square-centered and the
long-line shapes, respectively at a resonance frequency of 155 GHz.

The obtained results of the TARC metric are shown in Fig. 60 for two cases, the first
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Figure 55. 3D Radiation patterns of the proposed antennas:a) line b) triangular c)
octagon-centered d) square-centered f) long-line g) without DGS

case considers different random phases of the incoming signal Fig. 60 (a), (b) and
the second one considers fixed phase angle of the incoming signal to each antenna
element Fig. 60 (c), (d) it is apparently noticed that there is a decrease in the BW
of most of the antennas by about 5% for both cases. Most of the structures exhibit
a center frequency shift to the right when the 6 values are increased in all antenna

configurations. Triangular DGS is the least affected structure by the changes in 6.

Table 7 compares the performance of the five different configurations of this study
to previously published works. Our results show more optimized values in terms of the
diversity parameters DG close to 10 dB and a TARC value of about -23.4. The obtained
mutual coupling values show very low levels compared to other studies, the maximum
coupling level is -26.4 dB and the minimum reached level is -96 dB. It is important to

note that we consider both fixed and random phase angles in the computations of the
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Figure 56. The ECC performance of the proposed four-element MIMO antenna. (a)
between ports 1 and 2. (b) between ports 1 and 3

TARC parameter relative to other studies. Considering the MIMO antenna with the
long-line DGS design, a comparison with the existing similar systems in the literature
shows that our design provides maximum mutual coupling values of about -34.23 dB,
while the maximum reported values are approximately below -17 dB (Ibrahim and
Ali, 2022; Sharma et al., 2020; Khalid et al., 2020; Ojaroudi Parchin et al., 2019; Jetti
and Nandanavanam, 2018; Okan, 2021). Our design is not only satisfying the ECC
requirement but also shows values closer to zero (ECC < 0.0003) compared to the
values reported in the literature (Ibrahim and Ali, 2022; Sharma et al., 2020; Khalid
et al., 2020; Ojaroudi Parchin et al., 2019; Jetti and Nandanavanam, 2018; Okan, 2021).
The obtained DG value of the proposed design is converging to the ideal value of 10
dB. Even though most of the previous studies in the literature did not provide the ME
value, our result is found to be the best among the reported values (Ahmad et al.,
2022; Ibrahim and Ali, 2022). It is important to note here that, random phase angles 6
should be included in the computations of the TARC values, but this is not considered
in most reported studies. In a study conducted by Ojaroudi Parchin et al. (2019), in

the calculation of the TARC value, they did not consider random phase angles and
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Figure 57. The DG performance of the proposed four-element MIMO antenna. (a)
between ports 1 and 2. (b) between ports 1 and 3.

obtained a value of about -30 dB. The obtained TARC value for the current design is

about -23 dB which is the best among other reported values (Sharma et al., 2020).
6.4  Conclusion of DGS MIMO Antenna

Compact four-port RGW MIMO antennas are proposed for D-band applications. The
designs consider various DGS shapes in addition to a design without DGS. A 38.27%
compactness in size is achieved by eliminating 3 rows of pins in the center of the
MIMO structure. Five different DGS shapes, namely, line, octagon-centered, square-
centered, long line, and triangular shapes are etched to minimize the coupling effect.
The total size of the proposed MIMO antenna structure is 7.7x7.7 mm?*. The MIMO
structure without DGS shows coupling levels between -31.9 dB to -38.9 dB, while the
minimum coupling (-96 db) was reached by using the square-centered DGS. The most
stationary coupling is exhibited by the antenna without DGS while the variation of
coupling for other DGS configurations is abruptly changed. Square-centered DGS
shows the most unstable coupling values S3;, S41, and S>; which are -27.1dB, -
71 dB, and, -96 dB, respectively. On the other hand, the triangular DGS has the

highest realized gain of 7.97 dBi, however, this happens at the expense of lowering
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the bandwidth by approximately 2% relative to the other shapes. The choice of the
antenna parameters or the diversity properties is application-wise. The simulation
results for diversity properties ECC < 0.0006 and DG > 9.997dB, CCL < 0.4 bit/s/Hz,
and M,u>-1 dB show excellent performance within the operating band. The TARC
metric is investigated for random incident signal phase angles. The TARC bandwidth
(< -10 dB) is approximately 5% narrower compared to the S11 because of the sharp
variations of the coupling parameters. In terms of antenna parameters and MIMO
diversity parameters, the DGS antennas show better performance compared to the

structure without DGS.
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CHAPTER 7 : A NOVEL CIRCULAR RECONFIGURABLE
METASURFACE-BASED COMPACT UWB HYBRID COUPLER
FOR KU-BAND APPLICATIONS

A novel circular reconfigurable metasurface (MS) based compact ultra-wideband
(UWB) hybrid coupler is developed for Ku-band applications. The coupler is
developed using the substrate-integrated gap waveguide (SIGW) technology. The
coupler structure consists of two layers, the bottom layer represents the artificial
magnetic surface of the periodic structures, and the ridges in between that guide the
wave in the required direction with minimum dispersion. It involves the coupling
section with a centered etched slot and two additional vias to achieve the basic hybrid
coupler properties. This layer is nominated as the ridge layer. The second layer is
a circular shape of a dielectric gap loaded with the top ground. The top ground is
left solid for a non-reconfigurable coupler. Concerning the reconfigurable coupler,
this layer contains an artificial metasurface of Jerusalem cross elements where the
copper is etched around. This layer is nominated as the gap layer. This MS surface
is mechanically rotated to offset the magnitude and phase of the signal going to
the through and coupled ports. The findings obtained from the simulations show
that the reconfiguration can be accomplished by rotating the MS around the source
coupler’s central axis. The rotation is tested between 0° to 180° in the counter-
clockwise direction. The operating frequency range of the coupler is between 11.94
to 16.91 GHz, which covers approximately the whole Ku-band. The coupler delivers
continuously adjustable amplitude between 2.6 and 4.8 dB while the phase differences
within 77° to 105° over a fractional bandwidth (FBW) of 34.45%. It is manufactured
using PCB technology and measured using a network analyzer. A strong agreement
is achieved between simulations and measurements. The proposed coupler can be
used in traditional beam-forming and beam-steering networks by changing the rotation
angle or the operating frequency. The developed coupler can replace the Butler and
Bless matrices with their complication, heavy number of phase shifters, and crossover
problems. The current work can be extended to operate in the mm-Wave band by
changing the dimension and the material of the unit cell of the ridge layer of the

coupler. The development process of the proposed work is summarized as follows:
* SIGW coupler design and fabrication

¢ Results and discussion
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 Conclusion of the reconfigurable coupler

7.1  SIGW Coupler Design and Fabrication

7.1.1  SIGW Design

Based on SIGW technology, the unit cell of the current design is composed of two
parallel layers positioned as a bottom Rogers RO4350B (g,=3.66) and a top Rogers
RO4003C (g, =3.55) substrates. In the bottom layer, the ground and the conductor
mushroom patches are connected by vias. The directing ridge is positioned in the
middle of the unit cells to activate the desired propagating quasi-TEM mode. Fig. 61
depicts the simulated dispersion diagram of the unit cell and supercell. The dispersion
diagram of the unit cell covers the frequency range from 8.1 to 22.4 GHz as simulated
by the CST Eigen Mode Solver. The frequency range of the supercell design is 8.6
to 22.1 GHz, and it is obvious that the ridge lowers the stopband by approximately
5.6%. Fig. 62 demonstrates the feeding network of the proposed SIGW and the surface
current distribution for two distinct frequencies, one is in the band and the other is out
of the band. At 15 GHz, it is evident that the wave is constrained while leaking occurs
at 5 GHz which is out of the band. Table 8 shows all the dimensions of the unit cell
and supercell structures. It is determined that 1.6 mm is the optimal ridge width value.
In essence, by adapting the strip line impedance equation, the characteristic impedance
of the ridge can be determined. A small deviation from the results is predicted because

the structure consists of two different substrates with close &, values.

Table 8. Dimensions of the unit cell and supercell

Parameters p rl | r2 | a hl h2 w
Values (mm) | 18.2 | 0.4 | 1.6 | 2.6 | 1.524 | 0.203 | 1.6

For the measurement of the scattering parameters of the coupler, a standard RF edge
SMA connector should be connected to the ridge which is difficult to be implemented.
A transition shown in Fig. 63 is designed for this purpose. A microstrip line of
the characteristic impedance of 50 Q connects the ridge line to the SMA connector.
The microstrip line is implemented on the top layer with a thickness of 0.45 mm and
it contacts the upper surface of the ridge as shown in Fig. 63. Table 9 shows the

microstrip transition dimensions.
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Figure 63. SIGW microstrip line transition

Table 9. Dimensions of the microstrip-SIGW transition

Parameters

Values (mm)

0.8

3.7

0.45

Figure 64. Bottom (Ridge) layer of the proposed coupler

Table 10. Dimensions of the new mm-Wave unit cell

Parameters

b

r3

r4

h3

h4

Values (mm)

25

0.4

1

0.504

0.203

The bottom layer of the coupler is illustrated in Fig. 64, it contains four reciprocally
coupled PRGW lines. The coupling section is a circular junction patch with a 45°
elliptical slot in the center of those lines. In addition, two more vias are added at an
orthogonal angle to the slot axis. This slot and vias are intended for achieving a better

power distribution in a 3 dB hybrid coupler. This coupler’s design is comparable to a
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Figure 65. E-field distribution at 13.5 GHz. a) slot is left inclined b) slot is right
inclined
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Figure 66. Simulated scattering parameters a) d1 variation b) d2 variation

typical microstrip or a bulky wave coupler. According to the basic design concept
(Shen et al., 2018) of the hybrid coupler, if two parallel lines have characteristic
impedances of Zy, the other two parallel lines should have impedances of Z/ V2. The
lengths L1 and L2 are not precisely identical to the A, /4 value, two correction factors

are provided for designing the SIGW coupler effectively as given by Egs. (1, 2).

L1 = (1+4b)(Ag/4). (1)
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L2=(1+¢)*(Ag/4). )

where b and c represent two additional correction factors. The starting values of b
and c can be set to zero, but the final values must be tuned depending on the optimal
passband and the isolation performance. The optimum values for L1 and L2 are 3.1
mm and 5.8 mm, respectively. The elliptical slot’s location specifies the isolation port
to be used. The isolation is port 2 if the slot is slanted to the left; if it is inclined to
the right, the isolation is port 4. Fig. 65 demonstrates the electric field distribution in
terms of elliptical slot placement. In order to improve the power distribution, two vias
were also placed at the bottom of the circular patch. The optimized dimensions of the
elliptical slot are d1 = 1.8 mm and d2 = 4.6 mm and the diameter of the circular patch
d3 =7 mm. The scattering parameter variations with the elliptical slot dimensions
dl and d2 are depicted in Fig. 66. It can be seen that the center frequency shifts
depending on the size of the slot. The optimized values of d1 and d2 are obtained
by changing one parameter while keeping the second one constant and vice versa. If

d1 and d2 decrease, the center frequency shifts to higher frequencies. If d1 values
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increase, the shifting occurs at lower frequencies. An increase in the d2 does not affect
the center frequency. The effects of additional vias in terms of power division are
shown in Fig. 67. It is evident that huge losses occur between 14 GHz and 15 GHz
without vias. Adding two extra vias helps in the equal power division. It is important to
point out that this structure can be easily extended to operate in the mm-Wave band for
5G/6G applications. This can be achieved by the precise design of the unit cell of the
ridge layer of the coupler as depicted in Fig. 68. This dispersion diagram shows that
the AMC vias can generate a bandstop to accommodate a quasi-TEM mode over two
subbands of mm-Wave applications with a BW of more than 18 GHz. The material
layer is changed to Rogers RT5880 and the dimension is changed according to the

values in Table 10. It is considered for the future work of the current structure.

7.1.2  Metasurface design

Fig. 69 demonstrates the Jerusalem cross-unit cell and the MS design. The finite size
MS is investigated in order to determine its effective permittivity (€,), permeability
(i), reflection, transmission and absorption performances. The plane wave analysis
is performed by the CST simulator. The basic formulas for the MS’s equivalent

impedance Z, the refractive index n, l,, and €, can be written as (Szabo et al., 2010):

Z:i\/(wsll)z_sgl 3
(1-511)2—S3

X =1/[2851(1/81) +53,)] “)

elmkod — x + j\/1—X2 (5)
where kg, and d are the wave number and MS equivalent thickness, respectively.

& =Re{n/Z} and u,=Re{nZ}. (6)

The scattering parameters and the normalized absorption rates are shown in Fig. 70.
One can see that the MS behaves as a reflector over the whole operating frequency
range except between 16 and 17 GHz, it is an absorber. In the frequency range from
16.4 to 16.7 GHz, the MS is a left-hand metasurface with a negative index of refraction

n, negative U,, and negative &, values. It is a right-hand gap absorber from 16.7 up to
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Figure 70. Simulated reflection coefficients and normalized absorption rates

17 GHz as shown in Fig. 71.
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Figure 71. Calculated real part of relative permittivity, permeability and refractive
index of the metasurface

The proposed reconfigurable coupler design is based on Jerusalem cross MS as
depicted in Fig. 72. The top layer of the SIGW is circularly cut for the MS to be

mechanically adjusted and rotated. The diameter of the rotating surface is 20 mm.
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7.1.3  Fabricated Coupler

This section is devoted to the fabrication of the proposed coupler using PCB
technology. Concerning the coupler structure, it is divided into two main layers. The
gap layer includes the dielectric gap and top ground. The ridge layer comprises the
vias, the ridge, and the feeding network including the transition as depicted in Fig. 73.
For the sake of reconfiguration, the top ground of the gap layer includes a separate
interior circular section of the MS structure which can be rotated for different angles
as shown in Fig. 74. Fig. 75 illustrates the measurement setup for measuring the
scattering parameters of both couplers using network analyzer ROHDE & SCHWARZ
ZVB20.

7.2  Results and Discussion

Concerning the non-reconfigurable coupler, Fig. 76 depicts the simulated and
measured scattering parameters of the proposed design. One notices that it operates
12.14 to 15.4 GHz under -10 dB level. Also, the coupling coefficients at port 3 and port
4 are nearly 3 dB with isolation at port 2. Fig. 77 shows the phases of the scattering
parameters at ports 3 and 4. One can infer that the phase difference between them
is nearly 90°. It is clear that the proposed coupler is a SIGW-based technology that
achieves the hybrid parameters performance of the conventional couplers. The strong
agreement between the measured results and the simulated ones validates all the new

findings of the study.
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Figure 73. Fabricated coupler (without MS) a) bottom view of ridge layer b) top view
of ridge layer c) bottom view of the gap layer d) top view of the gap layer

Concerning the proposed reconfigurable coupler, the top MS layer is mechanically
rotating in counter-clockwise directions to achieve different scattering parameters at
ports 3 and 4. As shown in Fig. 78 the reflection coefficient values vary with rotation
keeping a persistent common frequency band. The widest bandwidth (UBW) occurs
between 11.94 GHz to 16.91 GHz at 150° while the narrowest one is between 13.07
GHz to 16.34 GHz at 30°. The common BW among the different angles of incidence is
approximately 4.2 GHz. The return loss is almost below -20 dB for all rotation angles.
The isolation is greater than 15 dB for all cases. As can be observed, the two-output
amplitude responses are slightly changing according to the rotation angle. The output

power remains steady between 2.6 dB and 4.8 dB range in the middle as shown in
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Figure 74. The fabricated reconfigurable coupler (with MS) at different rotated angles
a) 0° b) 30° ¢) 45° d) 90°

Figure 75. The measurement setup of the proposed couplers using ROHDE &
SCHWARZ ZVB20 vector network analyzer a) without reconfiguration b) for a
reconfigurable coupler

Fig 79. However, the power fluctuates in port 4 at 8 dB at the corner of the operating

frequency. As demonstrated in Fig. 80, one can notice that the phase variation at ports
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Figure 77. Phase responses of port 3 and port 4

3 and 4 cover the range from 180° to -180° keeping the phase difference between them
(£841- £831) tunable in the range from 77° to 105°. The maximum phase difference of
105° is attained with the MS at 0° position, while a rotation of 90° achieves the lowest
phase difference of 77°. Various rotation angles can be employed to produce different

phases in the range from 77° to 105°.

Table 11 provides an extensive comparison of the proposed design with previously
reported tunable couplers. Firstly, to the best of the authors’ knowledge, our proposed
design is the first adjustable phase coupler in the Ku band/mm band ranges. That
is why we compare our work with reconfigurable couplers in different frequency
ranges. Our work supplies the widest FBW compared to other studies. For example,
GW-based hybrid couplers reported in (Taraji, 2022; Zhao and Denidni, 2020; Taraji,
2022) provide a fixed phase difference. The currently proposed coupler design can
provide a narrower phase tuning range in comparison to the previously reported ones
(Xu, Wang and Liu, 2019; Zhu and Abbosh, 2017; Pan et al., 2019). These authors
used many varactor diodes to be able to tune the phase. However, using this type of

lumped element causes huge losses at high frequencies. The frequency reconfigurable
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Figure 78. Scattering parameters of reconfigurable coupler at different angles a) 0° b)
30°c) 45°d) 90°
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Figure 79. The response of rotation angle on output ports a) S3; b) S4;

coupler in (Wan et al., 2020) employed an MS to adjust the frequency however the
phase difference was kept fixed. Finally, our obtained results show that the additional

insertion loss of the proposed coupler is minimum compared to the other studies. It is
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Figure 80. The phase variations with angles of rotation a) phases at port 3 and port 4
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maintained within the acceptable range.

7.3  Conclusion of the MS-based Reconfigurable Coupler

In this study, a novel reconfigurable MS-based small UWB hybrid circular coupler
is developed utilizing the SIGW technology. To the best of the authors’ knowledge,
our proposed design is the first adjustable phase coupler in the Ku band/mm band
ranges. The findings obtained from the simulation show that phase reconfiguration
can be accomplished by rotating the MS around the source coupler’s central axis.
The proposed design is continuously providing a variable phase difference over a
fractional bandwidth of 34.45% between 77° and 105°. It is manufactured using PCB
technology and measured using a network analyzer. The findings from simulation and
measurement exhibit good agreement. This novel proposed coupler can be best used as
a traditional beam-forming network. It can also be used for beam steering by changing
the rotating angle or the operating frequency. So, it could be a good candidate for
radar applications. Moreover, it could also be used for generating the well Grid Of
Beams (GOB) networks. The current design supplies the widest FBW compared to

other studies. It is very important to point out that our design provides a simple,
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easy fabrication and implementation, compact in size, and easy-to-integrate solution
with array antennas etched on the top layer of the structure as slot antennas without
adding extra PCB materials to construct the antenna array. These novel features are
solely comparing our design with all others mentioned in the literature. Also, the
amplitude variation can be adjusted to change the beamwidth of the generated beams
in the beamforming network. This work is being extended by changing the unit cell

material and dimensions in the mm-Wave band.
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CHAPTER 8 : CONCLUSION

Mm-wave technologies have recently gained popularity to expand the available BW
and capacities. Higher frequencies provide the advantage of reducing the size of the
system components, resulting in more compact designs. In addition, higher frequency
bands facilitate short-range communications while operating over wideband. Various

topologies for passive system elements exist in the literature for the mm-wave bands.

In this thesis, we mainly focused on developing GW technology-based filter, antenna,
and directional coupler designs for mm-wave applications. We aim to minimize the

overall structure size while optimizing the performance of the system components.

The first study is "Design of Triple-Band Bandpass Filter Using Inverted Microstrip
Ridge Gap Waveguide for Ka-Band Applications". Double octagonal ring resonator
is designed and optimized to provide a triple-band response. The IMGWG structure
is used as a feeding network. The obtained operating three resonant frequencies are
between 31 - 39 GHz with < -25 dB return losses. The obtained -3 dB FBW responses
are 5.2%, 1.37%, and 2.46% and the filter exhibits low insertion losses of lower
than 1.1 dB at the three resonant frequencies. This study is the first multi-band BPF
proposed in the Ka-band using IMGWG technology.

In the second study "Optimizing Ridge Gap Waveguide Based Slot Antenna Shape
for Maximum Gain and Bandwidth for Satellite Applications" five alternative slot
antennas are shown based on SIGW at 70 GHz. The designed antennas are small, with
a size of 8.4 x 7.2 x 0.87 mm? in total. Different slot geometries are studied, including
rectangular, circular, hexagon, T-shape, and U-shape. All slot designs evaluated are
very efficient, with overall radiation efficiencies above 90%. The realized gains of
all designs are between 6.49- 10.98 dBi. The bandwidth of the antennas are varying
between 1.57-5.35 GHz depending on the etched shape. The developed antennas are
as well suitable for point-to-point wireless communication, mobile satellites, and inter-

satellite applications.

In the third study, "UWB SIGW Based Four-Port MIMO Antenna for V/W-Band
Applications", four-port compact SIGW-based MIMO antenna configurations are

proposed for automotive radar and inter-satellite applications in the range of 72.7 to
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79.5 GHz. The FBW of the proposed MIMO antenna design is approximately 9%
and the isolation between resonators is higher than 24 dB. The calculated performance
parameters’ results ECC < 0.002, DG > 9.99 dB, CCL < 0.7 bits/s/Hz, ME > -0.7
dB, and TARC < -6 dB demonstrate that the proposed antennas have strong diversity

performance in addition to compact sizes.

In the fourth study, "Design and Implementation RGW Based UWB Antenna Array
for D-Band Applications", a new UWB 4 x 1 rectangular slot antenna array fed by the
RGW feeding network is presented. To the best of the authors’ knowledge, no similar
antenna designs employing RGW in this frequency range can be found in the literature.
Multiple quarter wavelength transformers were used to match the four ridge feeding
lines side by side. The antenna array operates in D-band at 140.9 - 157.7 GHz. The
bandwidth is roughly 17 GHz. The total efficiency of the antenna is around 95% over
the whole operating frequencies. The peak realized gain is around 10 dBi which is

higher than the single reference antenna by approximately 3 dBi.

In the fifth study, "DGS Based Isolation Enhancement for RGW Fed Compact MIMO
Antenna System", a new four-port compact MIMO UWB antenna based on RGW
technology is developed for D-band applications. The reference antenna element is
designed as a circular slot on the top ground of the RGW feeding line. A transition to
a traditional microstrip line is implemented. Multi-section quarter-wave transformers
are implemented to match the RGW to the transition. The MIMO antenna is made up
of four circularly matched reference antennas. The simulated impedance bandwidth
extends from 148 GHz to 161.7 GHz. For the reduction of the mutual coupling, we
consider five optimized DGS geometries on the upper ground plane. Two methods of
analysis are considered in the current design. The use of different DGS geometries is
found to be very effective in coupling reductions, the highest coupling level obtained
from different DGS geometries is -26.4 dB and the lowest level reaches about -96
dB. The maximum realized gain is 7.97 dBi. The simulation results demonstrate
outstanding performance with the following diversity properties: Envelop Correlation
Coefficient ECC < 0.0006, Diversity Gain DG ~10 dB, Channel Capacity Loss CCL
< 0.4 bit/s/Hz, Total Active Reflection Coefficient TARC ~ -23.4 dB and Multiplexing
Efficiency ME 1,,x>-1 dB.

In the final study "A Novel Circular Reconfigurable Metasurface-based Compact UWB
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Hybrid Coupler for Ku-band Applications", a novel reconfigurable MS-based small
UWB hybrid circular coupler is developed utilizing the SIGW technology. To the
best of the authors’ knowledge, our proposed design is the first reconfigurable coupler
in the Ku band ranges. The suggested design constantly offers a changeable phase
difference between 77° and 105° across an FBW of 34.45%. 1t is produced using PCB
technology, and a network analyzer is used to measure it. The results of the simulation

and the measurement show perfect agreement.
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