High Gain Broadband mm-wave Antennas and Beamforming for Wireless
Communication Systems

Essa Mujammami

A Thesis
In the Department
of

Electrical and Computer Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy in (Electrical and Computer Engineering) at
Concordia University

Montreal, Quebec, Canada

September 2019

© Essa Mujammami, 2019



CONCORDIA UNIVERSITY

SCHOOL OF GRADUATE STUDIES

This is to certify that the thesis prepared
By: Essa Mujammami

Entitled: High Gain Broadband mm-wave Antennas and Beamforming for
Wireless Communication Systems

and submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy (Electrical and Computer Engineering)

complies with the regulations of the University and meets the accepted standards with
respect to originality and quality.

Signed by the final examining committee:

Chair

Dr. Mehdi Hojjati

External Examiner

D

—

. Mustapha C.E. Yagoub

External to Program

Dr. Amr Youssef

Examiner

Dr. Tayeb Denidni

Examiner

Dr. Robert Paknys

Thesis Supervisor

Dr. Abdel R. Sebak

Approved by

Dr. Rastko Selmic, Graduate Program Director

November 12, 2019

Dr. Amir Asif, Dean
Gina Cody School of Engineering & Computer Science



Abstract

High Gain Broadband mm-wave Antennas and Beamforming for Wireless Communication Systems

Essa Mujammami, Ph.D.

Concordia University, 2019

Generating multi-beams along with having broadband and beam steering capability in the mm-waves band
are of crucial importance for diverse applications such as remote piloted vehicles, satellites, collision-
avoidance radars, and ultra-wideband communications systems. Besides, the propagation environment at
millimeter wave (mm-wave) frequencies—suggested for the next generation of wireless networks (5G)—
lends itself to a beamforming structure wherein antenna arrays are required in order to obtain the necessary
link budget and to overcome the associated strong attenuation. Therefore, the design of high gain antennas
(to focus the directive beam to a user) and beamforming networks (to reduce interference) are essential
and are needed to address many challenges associated with 5G wireless communications.

This work addresses the design and development of high-performance Quasi-Yagi antenna and Rotman
lens-based beamforming networks. Accordingly, several issues are addressed in this thesis.

A Quasi-Yagi antenna with a perturbed dielectric lens that is broadband and has high gain is designed,
optimized, fabricated and tested at 30 GHz. The antenna provides 95% aperture efficiency with a measured
gain of 15 dBi as well as a radiation efficiency of ~90% at 30 GHz and a broadband (24-40 GHz) for
|S11] < —10 dB. The designed end-fire antenna, with its low-profile and compact size, is a good candidate
for many applications in the mm-wave band.

An optimum and accurate methodology for designing Rotman lens-based mm-wave analog beamforming
network (BFN) is presented. The simulation and measurement results showed good beamforming
capabilities as well as a scanning range of 80° in the azimuth plane, and, also, good matching at the array
ports. The maximum phase error is +6.6°, and the main beam of the proposed BFN points at seven different
angular directions that cover the range of £40°. The maximum achieved realized gain is 14 dBi at 28 GHz
for the center beam.

An analog Rotman lens-based BFN using RWG technology, integrated with the excitation ports and the
antenna array elements, was designed, simulated, manufactured, and measured. The proposed integrated
system is realized using the metallized 3D-printing technology, in order to reduce the implementation cost
of the full metal RGW Rotman lens. The measured results demonstrate that the system scan range equals
+39.5° over a wideband 27.5-37 GHz decreases to 30° in the band 37-40 GHz. The BFN bandwidth for
VSWR <2 is larger than 38% and is limited by its single antenna element.
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Chapter 1 Introduction

CHAPTER 1: Introduction

1.1 Historical Overview

With end users ranging from enterprise-level data centers to single consumers with smartphones
demanding higher data rate, newer technologies are needed more than ever before. In essence, the
traffic from wireless and mobile devices is expected to increase as global monthly exabytes reach
an estimated 77.5 by 2022 [1]. Currently, the allocated spectrum for service providers is
fragmented into disjoint frequency bands, which have different radio networks and different
propagation characteristics for each network. This situation has led to base station designs to serve
many different bands with different cell sites, and each site has multiple base stations for each
frequency or technology usage (e.g., 3G, 4G, and Long-Term Evolution-Advanced [LTE-A]).
Consequently, this further limits the ability to deliver upon the demanded high quality, low latency
video and multimedia applications such as virtual reality and augmented reality applications,
which need real-time response with this disjoint frequency bands wireless networks [2].

This demand has thus motivated the exploration of the underutilized millimeter wave
(mmwave) frequency spectrum for future broadband wireless networks. Essentially, mmwave
frequency spectrum was explored by Jagadish Chandra Bose, who, 100 years ago, developed the
oldest milestone achievement as well as the first mm-wave communication system. Over a 23-
meter distance, Bose demonstrated transmission and reception through two intervening walls in
Presidency College, Calcutta, India. This was achieved by using 60 GHz electromagnetic waves,
remotely ringing a bell, and detonating some gunpowder. The entirety of the mm-wave
components—such as a spark transmitter, coherer, dielectric lens, polarizer, horn antenna, and
cylindrical diffraction grating—have been all developed by Bose [3]. The frequency band of
mmwave covers the frequency spectrum from 30 GHz to 300 GHz. Conventionally, the mm-wave
band has been largely ignored for wireless networks due to some concerns about mm-wave
propagation characteristics, which is related to higher atmospheric and attenuation losses,
penetration losses, and increased absorption and scattering in rainy conditions. Nonetheless, only
a specific part of the spectrum is suitable for wireless transmission. This is attributed to the
atmospheric absorption being small in the so-called atmospheric windows. The mm-wave

atmospheric windows are centered at 35, 90, 140, and 220 GHz [4].
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Recent measurements revealed a good outdoor short-range coverage when using directive
antenna beams—that is, even when radio LOS is not met particularly at 28 GHz and 38 GHz.
Figure 1.1 shows the rain attenuation and atmospheric absorption characteristics of mm-wave
propagation. For heavy rainfall rates of one inch/hr for cellular propagation at 28 GHz, only 7
dB/km of attenuation is expected. Therefore, within cell sizes on the order of 200 m, only 1.4 dB.
Similarly, the atmospheric absorption does not create significant additional path loss for mmwave,
particularly at 28 GHz and 38 GHz. This relates to mm-wave signals experiencing low diffraction
as a result of their small wavelength, where line of sight (LOS) signals propagate in conditions
similar to free space (a path loss exponent of two, on average). On the other hand, non-line of sight
(NLOS) signals experience more significant losses and, hence, a path loss exponent of 5.76, on
average. However, the NLOS path loss exponent is significantly reduced when directing the
transmitter (Tx) and the receiver (Rx) antenna beams toward each other in order to overcome the

increased path loss at mmwave [2].

1.2 Fifth Generation of Wireless Networks

Fifth generation (5G) of wireless networks is the future wireless network technology. It delivers
more reliable services via ultra-dense radio networking with self-backhauling, mesh-like
connectivity, lower outage probability, much higher bit rates in a large portion of the coverage
area, lower infrastructure cost, and more efficient spectrum reuse. Recently, research has been
conducted to examine the feasibility of utilizing mm-waves band for 5G wireless network
technology as a solution for disjoint frequency bands in the current wireless networks. The
conducted studies provide vital information for design and operation. Moreover, some
telecommunication standardization organizations have entirely specified the overall 5G system.
The Federal Communications Commission (FCC) in the USA has allocated spectrum in the 24—

47 GHz mm-wave ranges for high-band terrestrial use [5].
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Similarly, the 3rd Generation Partnership Project (3GPP) has now specified the overall 5G system
architecture—that is, specifying features, functionality, and services. Essentially, 3GPP has
studied and recommended two frequency ranges: frequency range 1 (FR1), which covers 0.41—
7.125 GHz, and frequency range 2 (FR2), which covers 24.25-52.6 GHz for 5G [6]. These
movements toward the new generation of wireless networks make deployment of the first 5G

wireless network feasible in early 2020.

1.3 Motivations

Millimeter waves open up more spectrum allocations for the 5G wireless networks, which could
integrate and enable the full potential of mobile technology, big data, IoT, and cloud computing as
well as supporting digital transformation across various sectors, including healthcare, smart
vehicles, smart home, and industrial automation. These new devices have multi antennas in a small
area, so a compact size antenna is required. Therefore, moving to mm-wave frequency band results
in a small antenna size that allows fitting multi-antennas in a compact device. Moreover, advanced
antenna and beamforming networks can greatly improve the performance of mm-wave wireless
networks by providing a good link quality and high signal-to-noise ratio. Besides, generating
multi-beams along with having broadband and beam steering capability in mm-waves band are of
crucial importance for diverse applications such as remote piloted vehicles, satellites, collision-
avoidance radars, and ultra-wideband communications systems.

Rotman lens has been widely used in many microwave beamforming applications, and recently
in mmwave with focus mainly on the phase error performance, while a few number of publications
focus on the amplitude performance. Moreover, there is a lack of publications on Rotman lens-
based beamforming network implemented with the RGW in its original metal form, printed
(PRGW), or metallized 3D-Printing (3DP-RGW). Only a few number of publications are found in
the open literature, even with simulation results only without experimental verification.

For these reasons, this thesis deals with developing high gain, wideband antennas and
beamforming networks. The proposed work addresses both the amplitude and the phase error
while, at the same time, determining the design parameters of the proposed Rotman lens-based

beamforming network implemented with MS and with RGW technologies.



Chapter 1 Introduction

1.4 Problem Statement

mm-wave band is a promising frequency band that provides more spectrum for the future wireless
communication networks. However, its propagation nature suffers from atmospheric absorption
and attenuation losses. Furthermore, mmwaves cannot penetrate concrete and other obstacles.
Therefore, high gain antennas are required in order to compensate for path losses. Additionally,
sophisticated beamforming networks are needed to direct the beam in a certain angular direction
to have point-to-point communication. Thus, leading to a high improvement in the link quality and
the immunity to interference.

Antennas in general are designed and fabricated with different technologies, geometries, and
performance; Quasi-Yagi antenna is thus considered for its advantages of low profile, light-weight,
ease of fabrication and installation, and high radiation efficiency. This has led to a marked
attraction in its use in microwave and mm-wave applications. The bandwidth of conventional
Quasi-Yagi antenna is narrow and cannot provide the high gain owned by Yagi-Uda antenna. Thus,
in order to overcome this limitation, various methods are proposed in literature and, now, very
good bandwidth and gain are achieved. Nevertheless, the gain improvement comes at the expense
of a relatively large size or instability over frequency. Therefore, for the purpose of gain
enhancement, dielectric lenses are widely used. Even though the dielectric lens antenna (DLA)
gains are high, they are mostly designed with thick substrates or bulky structures [7,C1].

There are many well-known examples of analog beamforming networks such as the Rotman
lens, the Butler matrix, the Blass matrix, and the Nolen matrix. The Butler matrix is simple and
easy to realize. However, it has limitations due to phase shifter and crossover designs, that leads
to a low achievable gain, and a low scanning plane. All these issues make it hard to be utilized for
actual 5G applications. Similarly, the Blass matrix design and the Nolen matrix design involve
many couplers and phase shifters which make them narrowband beamforming networks [8—13].
On the other hand, the Rotman lens-based BFN is a true time delay (TTD) device, as it does not
suffer those limitations. It provides beam steering independent of the frequency. Thus, it exhibits
wideband properties. However, in the open literature, the vast majority of the Rotman lens-based
BFN designs concentrate on the phase error performance, while a few works consider the
amplitude performance, which is an important factor. The proposed work manages both the
amplitude and the phase error at the same time in order to determine the design parameters of the

proposed Rotman lens.
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1.5 Objectives

This work focuses, mainly, on the designing of a high-performance Quasi-Yagi antenna and
Rotman lens-based analog beamforming networks for 5G and mm-wave applications. The
objectives of this thesis can be classified into four parts. Firstly, the designing of a thin dielectric
lens antenna (DLA). This is to achieve a high gain for wireless communication by improving the
propagation characteristics of a dielectric slab waveguide (DSW) in front of a planar Quasi-Yagi
antenna. The improvement involved modulating the DSW surface by means of perturbation based
on subwavelength gratings and effective medium theories. Furthermore, a mathematical model for
the design of DLA was provided in order to predict the antenna gain and bandwidth performance.
Secondly, the construction of a beamforming network based on the Rotman lens being capable of
steering the beam within a reasonable scanning angle in the azimuth plane for a linear array of the
designed DLA. Thirdly, the implementation of the same beamforming network by using the 3D
printing ridge gap waveguide (3DP-RGW) technology [14,15] as well as improve the performance
of the beamforming network by eliminating the dielectric and radiation losses associated with the
PCB technology. Lastly, the implementation of the beamforming network by using the printed
version of the RGW (PRGW) as a compromise solution. PRGW possesses the ease of fabrication
with the PCB technology, in addition to the advantage of the wave propagation in the air only as

of the metallic RGW.

1.6 Contributions

This work can be considered as a step toward designing high gain, wideband, low profile, and low-
cost antennas for potential mm-wave applications and beamforming networks. The work

contributions can be summarized as follows:

1. Two variants of high gain broadband mm-wave antennas are presented. In essence, the
propagation characteristics of a DSW that works as a dielectric lens in front of a Quasi-
Yagi antenna is improved based on subwavelength gratings and effective medium theories.
Accordingly, an accurate design methodology for obtaining a certain gain and bandwidth
performance for a planar Quasi-Yagi antenna with extended DSW is provided. The

suggested design methodology results in the designing of a single element Quasi-Yagi
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antenna with a high gain of 15 dBi as well as a wideband (24-40) GHz for |S11|<-10 dB.
The antenna provides quite a good performance of 95% aperture efficiency with a high

measured gain at 30 GHz [J1,C2].

2. A Quasi-Yagi antenna array—that is, fed by a Rotman lens capable of scanning the beam
within 80° (+ 40°)—was designed and fabricated using standard planar low-cost processing
PCB technology for MMIC covering the whole Ka-band. The proposed system was
designed according to an accurate design methodology for optimum wideband high gain
Rotman lens-based analog BFN, which is provided. The design methodology takes care of
both the amplitude and the phase error of the BFN. Consequently, the proposed BFN—
with its compact size of 70 mmXx50 mm, high measured gain of 14 dBi, and very low phase
error £6.6°—is qualified for a wide range of potential mm-wave applications such as the
advanced multiple-input multiple-output (MIMO) and hybrid beamforming networks
[J2,C3].

3. Two wideband high gain analog BFNs based on 3DP-RGW and PRGW are introduced in
order to eliminate the dielectric and radiation losses associated with the PCB processing
technique. The PRGW is introduced as a means to avoid the exceptional cost of the metallic
RGW. Both of the BFNs show good performance. The S-parameters are better than -10 dB
impedance in the band (27.5-40) GHz for the 3DP-RGW and (26.5-40) GHz for PRGW.
Moreover, about 1 dB insertion loss improvement is achieved using RGW-—that is,
compared to MS technology. The 3DP-RGW BFN is capable of steering the beam within
+39.5° with maximum measured gain of 14.95 dBi at 37 GHz and maximum phase error

of £6° while the PRGW Rotman lens was designed to steer the beam within £30° [J3].

1.7 Thesis Organization

The thesis is divided into six chapters. The first chapter covers a general overview regarding 5G,
the thesis motivations, and objectives. After that, the next chapter presents a literature review for
different mm-wave fabrication technologies—that is, along with different mm-wave antennas as

well as a brief comparison between them. What is more, this chapter addresses the 5G basic
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requirements as high gain antennas and beamforming networks, and it also provides the
methodology for designing such systems as well as the related theoretical background. Based on a
comprehensive study of different mm-wave antenna designs, the Quasi-Yagi and DLA were
selected to be the core of the thesis. Chapter three describes the designing of two variants of high
gain broadband mm-wave antennas by improving the propagation characteristics of a DSW—that
is, one that works as a dielectric lens in front of a Quasi-Yagi antenna, which is based on
subwavelength gratings gratings and effective medium theories. The first antenna was designed
using parallel lines dielectric corrugation, and the second one was designed using two-dimensional
circular air holes in a DSW. Chapter four is an analysis of the analog beamforming network, which
is based on the MS-Rotman lens with 80° scanning angle capability in the azimuth plane that is
presented. Chapter five discusses the implementation of the Rotman lens by RGW technology as
well as its printed version (PRGW), which was aimed at reducing the dielectric losses associated
with the MS one. And finally, the last chapter summarizes the results obtained in this thesis and

suggests further developments.



CHAPTER 2: Scope of Work and Literature Review

2.1 Introduction

For many mm-wave short range wireless communications network applications—such as 5G
cellular communication systems, imaging systems, mm-wave high-speed indoor or outdoor
wireless communication systems, as well as other applications—it is desired to have high gain
antennas in order to compensate significant losses, especially rain attenuation and atmospheric
absorption losses. At the same time, many challenges that researchers are facing involve
developing antenna systems to counter such losses. Similarly, beamforming networks are essential
5G requirement because, in some cases, the signal blockage cannot be avoided by using a direct
route between two mm-wave transceivers. Therefore, BFN is used to re-route the signal in the
desired direction. One of the challenges is the proper design of a low cost, reduced size, and
efficient antenna system. 5G requirements were determined based on users’ expectations for the
new applications and services. These requirements were quantified, related, and detailed by
different standardization organizations such as the radio sector of international telecommunication
union (ITU-R), the 3rd Generation Partnership Project (3GPP), Institute of Electrical and
Electronics Engineers (IEEE), The Federal Communications Commission (FCC) in the USA, and
other bodies. Robust statistical spatial channel modeling, streamlined beamforming algorithms,
new power-efficient and air-interface standards, more advanced high gain antennas systems, and
beamforming networks are the main requirements among many other design challenges [2]. What
really matters with antenna designers from these requirements are those related to antenna, and
beamforming networks. Antenna and beamforming network design—with a high and stable gain
in the recommended mm-waves band—is a crucial issue. Recently, several antennas and
beamforming networks of different fabrication technologies, geometries, and performance have
been investigated for mm-wave applications [15-32]. The following sections will define the scope
of work of this dissertation and provide further elaboration regarding various proposed modern
mm-wave fabrication technologies, antenna structures, and beamforming networks to obtain

reasonable gain and bandwidth performance at mm-waves band.
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2.2 Fabrication Technologies

Conventional mm-wave antennas are made as planar and nonplanar structures. Planar structures
consist of thin film metallic patterns in a single layer or multi-layer medium. They are low profile
and can be easily integrated with MMIC technology as well as low profile applications. Multi-
layered PCB and low-temperature co-fired ceramics (LTCC) circuits are the two low-cost
conventional fabrication technologies [16]. However, the main disadvantage of traditional planar,
PCB-based mm-wave antenna is the higher dielectric loss—with loss tangents values of the order
of 102—which degrades radiation efficiency, radiated power capabilities, and fabrication
difficulties when reduced to the sizes necessary to operate within this band. Combining high
performance in the low mm-waves band with low fabrication costs—which offer the capability for
high volume production—is one of the significant current trends in planar mm-wave circuit
technology. LTCC has low dielectric loss, precise and stable line dimensions, precise dielectric
relative permittivity, high-quality surface finish, and low processing costs. Moreover, LTCC has
the potential to incorporate multi-layer structures and buried passive components—with minimal
processing steps—Ileading to very compact mm-wave subsystems [16,17]. That said, nonplanar
structures—such as horn antennas—and some antenna structures that involve rectangular
waveguides are relatively bulky, expensive, and not compatible with MMIC. Alternatively,
substrate integrated waveguide (SIW) is an approach for low-cost mm-wave RF circuits.
Essentially, it provides a compact, high-Q, high power capacity, and the possibility of integration
with low profile feeding structures. Accordingly, it can also minimize radiation loss and parasitic
radiation [18]. Although SIW takes advantage of both waveguide and microstrip structures, the
use of dielectric materials still introduces unwanted losses that would not be acceptable for high-
frequency applications. One of the promising guiding structures is the RGW. This guiding
structure is fabricated in different forms, such as metal, printed RGW (PRGW), and metalized 3D-
Printed RGW (3DPRGW). The metallic RGW and the 3DRGW are bulky structures connected to
the mm-wave devices, whereas the PRGW is implemented using a traditional PCB technology.
RGW provides low signal distortion and low losses compared to microstrip line and SIW [19,]2].

Integrating multifunctional modules (digital, RF, optical, etc.) into a single platform provides a
wide range of features such as intelligence, high performance, low cost, and low power-

consumption wireless communication systems. Microelectromechanical systems (MEMS) enable
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the production of antennas and RF components with features of reconfigurability in the
polarization, frequency, and radiation pattern. Moreover, the monolithic fabrication of the
antenna—together with these tunable RF components— significantly reduces the power losses as
well as the parasitic effects compared to ordinary discrete components [20]. One limitation of
MEMS technology is that analog control generally does not provide sufficient reliability or
temperature stability, so, instead, digital elements are used in a manner similar to the use of PIN
diodes in semiconductor technology. This implies increased network complexity in terms of a unit
cell and biasing. Another issue, although MEMS is becoming a mature technology and can provide
excellent properties up to V or W band, new technologies are still needed to address the growing
interest in the mmwave [21]. Recently, a number of MEMS-based mm-wave antennas has been
reported upon [21-27].

Latest revolutions in the development of silicon semiconductor technologies—such as
complementary metal oxide semiconductor (CMOS) and BiCMOS—allow the development of
single-chip integrated mm-wave radars with On-chip embedded antennas [28-30]. The On-chip
fabrication technology is also called Radio Frequency Integrated Circuit (RFIC) technology. 3D
printing technology is also one of the mm-wave fabrication technologies that integrate antenna

with a small mm-wave platform [15, 31, 32].

2.3 Millimeter Wave Antennas

Generally, antennas are classified in terms of different factors that include gain, matched
impedance bandwidth, radiation type, and size of the structure. Based on specific requirements for
a mm-wave communication system, the antenna type is selected and designed to meet those
requirements. Microstrip antenna is the most common type of antenna, with a wide range of
applications due to its apparent advantages of lightweight, low-profile, low cost, planar
configuration, ease of conformal, superior portability, suitable for an array of purposes with the
ease of fabrication, and integration with MMICs. Similarly, Leaky-wave antennas have been
extensively studied in the last few decades, and their main attraction is their high directivity, wide
bandwidth, and ability to scan with frequency. The leaky wave antenna consists of a guiding
structure that is designed to leak at least 90% of traveling wave energy before it reaches the end of

the antenna—that is, provided the antenna length is 5-20 wavelengths long. Based on the
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geometry, principle of operation, and structural perturbations, leaky-wave antennas can be divided
into several categories. However, the most basic distinction is between one and two-dimensional
leaky-wave antennas. These can be identified as periodic, uniform, or quasi-uniform structures
[33, ch. 2; 34, ch. 11]. A fractal antenna is another type of antenna that uses space filling or self-
similar design in order to increase the effective length—or increase the boundary of material—
that it can receive or transmit via electromagnetic radiation within a given total surface area or
volume whilst preserving the electrical length of the antenna. Fractal structures act as natural
inductive loading into an antenna. In space filling, the geometry of a fractal antenna is generated
through several iterations of a generator shape. For some fractals, the overall geometry is
duplicated on a reduced scale within a small region [34, ch. 6; 35]. A slot antenna is a type of very
low-profile aperture antenna. It can be conformed to any configuration. A slot antenna has the
advantage of resolving the bandwidth limitation of Co-Planar Waveguide (CPW) antennas (CPW
fed microstrip antenna), which are widely used in many applications in microwave and mm-wave
frequency bands. The bandwidth of a standard CPW antenna is about 1-2%, but such bandwidth
is inefficient for future 5G communications systems at mm-wave band [36]. Therefore, CPW fed
slot antennas are used to provide wider bandwidth. A tapered slot antenna (TSA) is a traveling
wave planar antenna that attracts antenna designers for its wide bandwidth and high gain. The
energy in the traveling wave is strongly bound to the very small separated conductors—that is,
compared to the free space wavelength—and it becomes increasingly weaker as the separation is
increased and more coupled to the radiation field. The TSA is well-suited for integration with
uniplanar circuits due to its slot line geometry [37-39]. Another form of travelling wave structures
is Dielectric rod antenna, which has been researched for many years. Dielectric rods are easy to
design and low-cost antennas. They are, also, easy to machine and have a light weight, but, more
importantly, they are easily integrated with miniature waveguide systems [40]. Likewise,
Dielectric resonator antennas (DRAs) offer many attractive advantages over other low-gain
antennas such as microstrip antennas or dipoles. These advantages include the design flexibility as
well as a high radiation efficiency, even at mm-wave frequencies, which due to the absence of
surface wave losses and minimal conductor losses. DRAs can be designed from various shapes of
dielectric material. DRAs are suitable for an array of potential designs where no mutual coupling
between elements makes designing easier [41,42]. However, DRAs are moderate gain antennas.

Another form of antennas is the Lens antenna. it can change spherical waves into flat plane waves
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in order to achieve a higher gain and a narrower beamwidth. It is similar to the ability of an optical
lens to straighten the spherical wavefronts. When incident waves face the discontinuity between
the dielectric medium of lens and air, part of incident rays are transmitted and, partially, get
refracted. Many lens techniques, shapes, and materials had been investigated in the literature for
mm-wave antennas [43]. Although these lens systems exhibit a high gain of 23 dB, the use of lens
makes the system bulky and non-planar. DLAs can also be made as planar structures—that is,
usually with some additional treatment for bandwidth and gain enhancement, which is presented
in [J1]. Log Periodic Antenna (LPDA) is an antenna that has its impedance and radiation
characteristics periodically repeat. LPDAs are usually frequency independent to ensure that their
pattern, gain, and impedance remain acceptable and relatively stable over a wide frequency range
[34]. An LPDA planar version (PLPDA) is realized using PCB fabrication technology. It can also
be implemented using SIW technology [44]. Planar Yagi-Uda or Quasi-Yagi antenna is a new
antenna structure formed by combining the microstrip radiator technique and the traditional Yagi-
Uda array concept. However, the electromagnetic coupling between the driven element and the
parasitic elements is not only through space—such as the traditional Yagi-Uda antenna—but also
by the surface waves in the substrate [45,46]. The printed quasi-Yagi antenna has attracted much
attention for it use in microwave and millimeter wave applications, which is because of the
advantages such as low profile, lightweight, high gain, broadband, high radiation efficiency, and
ease of fabrication. For these advantages, Quasi-Yagi antenna is selected to be the main part of the

proposed single antenna element in this work with some modifications and additions.

2.4 Beamforming Networks

Beamforming is a key enabling technology for 5G. It is, essentially, used to overcome two main
problems: mm-wave blockage by objects and signal attenuation over long distances. In addition,
beamforming helps by focusing a signal with a concentrated beam that points only in the specific
direction—that is, rather than omnidirectional broadcasting. This approach can strengthen the
signal in the desired direction and, also, reduce interference with the surrounding environment.
There are three main types for beamforming. Analog, digital, and hybrid beamforming. Our focus
in this research is on the analog beamforming which has two major classes. Matrix-based analog

beamforming and lens-based analog beamforming. The Butler matrix, the Blass matrix, and the
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Nolen matrix are well-known examples of matrix-based analog beamforming networks. The Butler
matrix is simple and easy to realize and has been widely used in microwave band. However, it has
limitations due to phase shifter and crossover designs, that leads to a low achievable gain, and a
low scanning plane. All these issues make it hard to be utilized for mm-wave short range wireless
communication networks. Similarly, the Blass matrix design and the Nolen matrix design involve
many couplers and phase shifters which make them narrowband beamforming networks [8-13].
On the other hand, the Rotman lens-based BFN is a true time delay (TTD) device, as it does not
suffer those limitations. It provides beam steering independent of the frequency. Thus, it exhibits
wideband properties. Figure 2.1 shows two well-known analog beamforming techniques: Butler

Matrix and Rotman lens.
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Figure 2.1: Beamforming Networks: (a) Butler matrix and (b) Rotman lens
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2.5 Literature Survey

Quasi-Yagi antenna and planar dielectric lens antenna (DLA) are selected from different types of
mm-wave antennas for advantages of low profile, lightweight, ease of fabrication and installation,
high directivity, and high radiation efficiency to develop a new type of mm-wave antennas. Section
2.3.1 covers a survey of different Quasi-Yagi antennas available in the open literature, while

section 2.3.2 presents different Rotman lens-based analog BFNSs.

2.5.1 Qausi-Yagi Antenna

The Qausi-Yagi antenna’s bandwidth performance is highly reliant on its feeding network.
Consequently, different excitation and transition methods have been proposed in the literature to
achieve broadband.

A microstrip line-to-coplanar strip line (MS-to-CPS) transition is proposed in [47]. This excitation
method results in about 30.3% fractional bandwidth (FBW). Using coplanar waveguide-to-
coplanar-strip (CPW-to-CPS) transition, 11.6%-44% FBW can be achieved as reported in [48],
and [49]. Coplanar stripline-to-slotline (CPS-to-SL) is used in [50], and [51] providing FBW of
52.6%, and 97%, respectively. A Quasi-Yagi antenna with 83.7% FBW is reported in [52] using a
microstrip-to-slot line transition (MS-to-SL) structure. CPS-to-SL and MS-to-SL have the
maximum FBW between these techniques. MS-fed [53], and CPW-fed [54] are also used for
exciting the Quasi-Yagi antenna with a broadband. The printed Quasi-Yagi antenna has been used
as an endfire antenna in different frequency bands for diverse applications. In [55] a Quasi-Yagi
antenna is proposed for WiMAX and WLAN applications. The antenna achieves two wide
bandwidths, 2.3-3.7 GHz (46.7%) and 5-6.25 GHz (22.2%), and high stable gain (8.5 + 0.9 and 9
+ 1 dB) within these two operation bands. However, the antenna structure is bulky and difficult to
be integrated with planar structures. A printed Yagi-antenna with bandwidth of (1.84-4.59) GHz
and gain (4.5-9.3) dBi for WLAN, WCDMA, LTE applications is presented in [56]. Nevertheless,
there is a large variation in the antenna gain over the reported bandwidth. The author suggests
decreasing the number of the directors to retain gain stability. However, this will reduce the total
gain. Another Quasi-Yagi antenna that is demonstrated in [57]. The design, simply, integrates an
arc-shaped strip, which serves as a near-field resonant parasitic (NFRP) element, and a coplanar-

waveguide (CPW)-fed semiloop antenna. The antenna has a very compact electrical size of 0.17A¢
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x 0.43M0 and 5.6 dBi directivity. However, this Quasi-Yagi antenna has a narrow bandwidth of
(5.06%) FBW and does not meet the requirements of 5G antenna system. A microstrip-fed
millimeter-wave Yagi-Uda antenna with applications as a single element radiator or for switched-
beam systems with gain of 10 dBi is presented in [46]. The antenna has a wideband operation (22—
25 GHz). Although 1x2 antenna array of this Yagi-Uda has (9-13) dBi gain, still insufficient for
5G communication link [2,58]. In addition, the antenna electrical size of 2.3 Ag x 3.3 Ao is relatively
large. In [59], a 60-GHz 1x4 antenna array with ladder-like multi-directors is presented. The
single-stage multi-directors are introduced for gain improvement, side lobes reduction, and
bandwidth extension. The antenna exhibits a medium gain of 11 dBi. Such gain does not meet the
minimum 5@G system gain requirement [2,58].

Similarly, DLAs are widely used for gain enhancement purpose, but the DLAs of high gain are,
mostly, designed with thick substrates or bulky structures. A patch fed planar dielectric slab
waveguide extended hemi elliptical lens antenna is described in [60]. The lens weighs only 90 g.
The maximum lens dimensions are 11 Ao X 13 Ao in the lens plane and it is 0.6 Ao thick. The
operational bandwidth is 18 to 30 GHz with 18.5 dB measured gain at 28.5 GHz. In [61], a 120mm
diameter and 6.4mm thick planar Luneburg lens antenna is presented. The lens is composed of a
shape contoured fixed dielectric constant disc, with a total weight of 45 g with 16.8 dB gain, 10%
fractional bandwidth (FBW) and cross-polarization better than -20 dB. The size of both antenna
systems reported in [60,61] is electrically large.

In this work, we present a new type of planar antenna as a potential candidate for 5G applications.
The proposed antenna is a combination between a Quasi-Yagi antenna, that is excited by MS-to-
SL to have a broadband, and a planar dielectric lens. The single element of the proposed antenna
has four major advantages over the previously mentioned antennas. A gain improvement of 3.5—
5.5 dB compared to the two elements array reported in [46], more efficient in terms of wide
bandwidth with more than 17 GHz (42 % FBW), smaller compact size, the same gain of [46] can
be obtained with only 0.540 % 4.8 including the planar dielectric lens. The basic idea of the new
antenna relies on modifying the geometry of the Quasi-yagi antenna elements and controlling the
wave propagation characteristics of a thin dielectric slab waveguide (DSW) by introducing a
perturbation in the DSW. Although this method has been used previously to improve the
performance of different antenna systems and microwave components [62-65], however, the

provided effective permittivity calculation was reported with via diameter dependency only, while
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there is another factor that should be accounted in designing this type of planar dielectric lenses,
which is the spacing between air-vias. The provided effective permittivity calculation here includes
the radius and the spacing between the air holes in two dimensions based on the subwavelength
gratings and the effective medium theories. Consequently, a design methodology for high gain
planar Quasi-Yagi with dielectric lens antenna is presented. The proposed methodology provides

more flexibility to the design and fabrication processes.

2.5.2 Beamforming Network

Recently, Rotman has attracted much attention for use in 5G wireless networks. In [66], Rotman
lens fed a wideband (25-30) GHz microstrip antenna array for use in 5G wireless communication
applications is presented. The BFN is realized using a simple and low cost printed circuit board
(PCB) technology to operate at 28 GHz with (-40° to +40°) scanning range. However, the reported
measured reflection coefficients indicates a poor matching performance (S;;< -8.5 dB). Another
BFN with similar fabrication technology is presented in [67]. The basic idea is realizing a folded
Rotman lens with the use of aperture coupling by multi-branch slots for the transition between the
lens layers. In addition, rectangular slots are used to feed an array of patch antenna elements on
the top layer. The BFN exhibits a scanning capability of £30° and good impedance matching
between 26 GHz to 29 GHz with a maximum gain of 14 dBi. Although 50% size reduction is
achieved, compared to the conventional Rotman lens, the multi-layer structure increases the
overall thickness to 6 mm making it relatively bulky. Also, the use of patch antenna limits the
bandwidth of the BFN. Substrate integrated waveguide (SIW) Rotman lens is presented in [68-
71]. Seven beam ports and nine array ports Rotman lens for beam switching application is
presented in [68]. The system has a scanning capability over £24° in X-band. Nevertheless, in SIW
Rotman lens the distance between adjacent beam ports and adjacent array ports must be large to
avoid interference between neighbor waveguides. Consequently, the lens size increases compared
to PCB-based Rotman lens. More importantly, metallic vias deteriorate S-parameters and
amplitude distribution on array elements [69]. A dual-layer Rotman lens with 50% size reduction,
compared to a conventional one, is introduced in [70,71] using SIW technology in the 24-GHz
band. However, the multilayer structure and the size of 7.2 A0 x12 A0 is electrically large.

Furthermore, SIW Rotman lens-based beamforming or multibeam systems of [68-71] show a very
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narrowband performance (~4%-7%), which reduces the spectrum utilization of a TTD component
such as Rotman lens. Alternatively, ridge gap waveguide (RGW) technology is proposed to realize
Rotman lens for the advantage of only metal and air are used; therefore, the dielectric losses
associated with PCB or SIW technologies are eliminated [15,72]. A RGW Rotman lens is proposed
in [73] for beam scanning in millimeter wave applications. The design shows a good performance
in terms of S-parameters, especially the transition between RGW and WR28 in the input and output
ports. However, 56 mm is needed just for transition section between RGW and WR28 for each
input, or output port, in addition to 50 mm for the parallel plate region of Rotman lens results in a
massive structure. Besides, to the authors’ best knowledge, the physical implementation and
measurement results of mm-wave RGW Rotman lens are not reported yet in the open literature.
Also, machining of such device in the mm-wave band is exceptionally costly. Subsequently, there
are some trials to reduce the implementation cost using metalized three-dimensional printing
technology (3D-Printed) as reported in [15]. This might explain why only a few solutions have
been reported so far to implement mm-wave Rotman lens using RGW or 3D-Printed. Another
possible technique is the printed version of RGW (PRGW), which is, by far, lower cost than RGW.
In [74] PRGW Rotman lens operating at 60 GHz is proposed. The lens scanning range is £40°.
This solution reduces the dielectric losses, where the wave, in this case, propagates mainly in the
air. However, the size of the BFN will increase, especially, when it is scaled for 28, or 38 GHz
suggested for 5G [2,5,6] and also the use of air instead of a dielectric material increases, generally,
the physical size. The inkjet processing technique is also possible for realizing Rotman lens with
a low profile and low cost such as proposed in [75].

In this work, Rotman lens feeding eight Quasi-Yagi antenna array is implemented in two different
fabrication technologies, the PCB and RGW. The proposed lens was designed to operate in the
frequency band 26-40 GHz, where it is reported as one of the candidates for 5G wireless
communications system for both indoor and outdoor devices [76]. The lens was designed
according to Hansen’s design procedure for optimum Rotman lens parameters with maximum gain
and minimum phase error [77]. The proposed work takes care of both the amplitude and the phase
error at the same time to determine the design parameters of the proposed Rotman lens. The
performance of the proposed BFN is compared to related beamforming systems with different

fabrication technologies and exhibits a relatively high gain, broadband, and reasonable scanning
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performance in addition to the presented PCB—based BFN is low-cost, low profile MMIC

compatible.

2.6 Theoretical Background and Methodology

In this section, the theoretical background and the design methodology for the proposed single
antenna element and the Rotman lens-based beamforming network are presented.

Subsection 2.6.1 explains the analysis of the expected losses in the antenna structure and the
propagating modes in the DSW. After that, a brief design methodology is summarized in
subsection 2.6.2.

Similarly, the proposed Rotman lens-based BFN was designed with the PCB technology to
satisfy the performance optimality in terms of two important factors: phase error and amplitude
performance. Subsection 2.6.3 provides the analysis of the proposed Rotman lens-based BFN,
while subsection 2.6.4 summarizes a brief design methodology.

Compared to the PCB, RGW provides low signal distortion and low losses. It depends, mainly,
on the soft and hard surface principle explained in subsection 2.6.5. The starting point for designing
RGW is determining its operational frequency band, which is ideally, the stop band of a unit cell
of a certain electromagnetic band gap (EBG). Because the surrounding surfaces are periodic
structures that form parallel plate gap waveguides with one textured metal pin surface, they should

be designed based on numerical analysis for a unit cell of specific EBG as in subsection 2.6.6 [78].

2.6.1 Analysis of the Expected Losses and the Propagating Modes

As described in the above, the first part of the proposed antenna is fed by a microstrip line. Thus,
there will be an attenuation due to the conductor loss. Nevertheless, this type of loss is considered
low compared to the attenuation in a lossy dielectric material. However, the length of the
microstrip line is very short compared to the dielectric lens of the proposed antenna. The dielectric
loss is the dominant effect of wave propagation in the DSW [79]. Even though the dielectric
attenuation level for all frequencies in the band ranges below (0.93 to 1.27) dB throughout the
entire DSW length, the gain sharply drops when the frequency exceeds 32 GHz. Therefore, the
investigation is extended to the propagating modes that could be supported by the DSW.
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It is commonly desired to operate an antenna system with a single mode of propagation, and this
can be achieved by respecting the cutoff frequency for a certain mode in a DSW. Because the
geometry of the proposed antenna has a rectangular DSW, it supports TMmn, modes. For a thin
DSW with a high dielectric constant, the boundary between the surrounding free space (air) and
the DSW can be approximated by a perfect magnetic conductor (PMC), as depicted in Figure 2.2a.
The wave inside an ordinary DSW is a combination of fundamental mode and undesired modes.
Therefore, the DSW surface should be modified to block HOM propagation. Subwavelength
grating provides a solution for such a situation. This is, simply, achieved by introducing grooves
to the DSW surface shown in Figure 2.2b, provided that the groove period is much smaller than
the wavelength (d < A.fy) to preserve the homogeneity of the propagation medium.
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Figure 2.2: Schematic diagram for the modes propagation: (a) Plain DSW. (b) Corrugated DSW.
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The effective dielectric constant of the corrugated DSW depends on the corrugation duty cycles

(fw) and (f,), shown in Figure 2.3, which determine the corrugation width and depth, respectively:

Eer =& +f(1—¢) (2.6.1)
f=0=f)A=fn)

Figure 2.3: Corrugation duty cycles.

However, if the subwavelength grating condition is not held (d is not < A;), then the corrugated
DSW is no longer homogenous medium and the wave will experience two different media. The
first medium is the wide groove region, which has an effective dielectric constant given by (2.6.1)
and f,, = 0 in this region. The second medium is the corrugation tooth, which has a dielectric
constant value of the original material of the DSW (¢,.). Hence, the wave is reflected towards the
boundary of the DSW and the surrounded medium, that will cause another reflection as illustrated

in Figure 2.4.
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X Q >
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Figure 2.4: Inhomogeneous DSW due to improper corrugation period.
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For a single mode of propagation, the effective dielectric constant of the grating surface should be
designed in order to allow the fundamental mode to propagate with a real phase constant (1) while
all possible propagating HOMs would have imaginary phase constants ( S50, f30, ---) —that is,

according to the following equation:

P
Brmo _ |} _ 22 2 m=123,.. (2.6.2)
k 2a1/£eff

a is the DSW width.

If the rectangular corrugations in the DSW are replaced by perforating, two-dimension circular

holes’ lattice, as depicted in Figure 2.5, the effective permittivity is given by

Eeff = & t %(1 - &) (2.6.3)
Ny, =[(a—2c+s,)/(2ry + sy)] (2.6.4)

Where 1y, is the radius of the circular hole, Nj, is the number of holes along x-axis and depends
on some fabrication constraints such as clearance margin (c¢) from substrate’s edges and edge-to-
edge spacing between adjacent holes (s,), a is the substrate’s width, and s, is the edge-to-edge

spacing between two adjacent holes along z-axis. Period d, = (21, + s,) and d, = (21, + 5,).

Figure 2.5: Perforated DSW in two dimensions.

22



Chapter 2 Scope of Work and Literature Review

2.6.2 Designing Methodology of the Proposed Single Antenna Element

The proposed Quasi-Yagi antenna with perturbed DSW based on gratings and effective medium

theories can be designed according to the following brief and simple designing steps:

1.

Determine the frequency bandwidth (fi,in - fmax) assuming about 40% as an initial guess
FBW.
Select a substrate with a high dielectric constant to minimize the antenna size. The substrate
thickness should allow good corrugation depth from the mechanical prospective (avoid
ceramic material), and the thickness should be as minimal as possible to avoid cross-
polarization, especially for higher mm-wave frequencies.
On the top layer of the selected substrate, set the length of the following antenna parts to be:
a. Ground plane width of 1.34 A, of the center frequency in the band.
b. One Agsf driver for high directivity.

c. Use one (or more) multi-director of about (0.25 to 0.3) 4, £ width with about
(0.1 = 0.15) Agff spacing.

d. Keep around 0.25 4,5 distance between driver and antenna ground plane.

e. Taper the driver to improve the antenna bandwidth performance.

f. Make a reasonable slot between the two sides of the driver to allow MS-to-SL
transition. The slot’s width is about (0.1 4,f5) and, generally, should be optimized
to achieve a good antenna impedance matching.

On the bottom layer of the substrate, use a U-shape microstrip line of width corresponding
to an impedance R;,, , where R, is the Quasi-Yagi array’s input impedance measured at the
center of the driver element. The dimensions of the balun should be optimized to counter the
imaginary part of the input impedance (R;,, + jX;,,) and, also, provide a good matching. This
line 1s followed by section(s) of microstrip line to match the antenna to 50 Q port.

Calculate the maximum effective dielectric constant that ensures single mode of operation
using (2.6.2).

Select proper air-hole radius and period using (2.6.3 ).

Determine the number of holes along x-axis using (2.6.4).

Set the total length of the antenna according to the required gain assuming an average

aperture efficiency is 85%.
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2.6.3 Performance Analysis of the Proposed Rotman Lens-based BFN

A typical Rotman lens has M-beam ports, N-array ports, and D-Dummy ports. The lens can form
M-discrete beams in different angular directions. According to Hansen’s procedure for designing
Rotman lens, the designer should specify the number of radiating elements () to obtain specific
gain performance [77]. Also, the spacing (d) between array elements on the array axis, is
determined based on the wavelength of a designated frequency, and the desired maximum beam
steering angle (+60o). The radiating element should have a 3dB beam width (BW) greater than or
equal (2680). Those are the general requirements of the BFN. Then, the minimum number of
Rotman lens beam ports (M) for continuous beamforming is calculated according to the 3dB BW
of the resultant N-elements array’s pattern for the maximum frequency in the designated band as

follows:

M =

260 l (2.6.5)

BWarray

After determining the number of beam ports and array-ports, the parallel-plate waveguide
region that connects beam ports and array-ports is designed based on four significant parameters
(f1,a, B, and y). Figure 2.6 illustrates some of these parameters, where f; is the (on-axis) focal
length, f, is the off-axis focal length, and both are taken from the three points F,, F;, and F,
(“foci”) of the beam port contour, which is the reference for the input waves and therefore, has no
phase errors. If Rotman lens was fabricated on a dielectric substrate, the substrate permittivity (&)
is specified, and the dimensions of the lens are reduced by a factor of /€, [80]. For a designated
maximum scanning angle 8o and a specific array length of (N-1)d, a primary geometrical constraint
on the lens on-axis focal length is set to maintain a good amplitude performance as well as keep

angles and distances between different input and output ports that are relatively closed to each

other [80]:

fi = 2(N —1)d sinf, (2.6.6)

The focal angle a is the angle between the on-axis and off-axis focal lengths and the ratio between

them is S8 [77].

B =f/fi (2.6.7)

24



Chapter 2 Scope of Work and Literature Review

y is an expansion factor, which is the ratio between the sin of beam steering angle (6),

corresponding to the off-center focal point, and the sin of the focal angle («) as follows [77]:

y = sinf/sina (2.6.8)

Y5 1s the position of a typical antenna element on the array axis as shown in Figure 2.4. Another
critical parameter is the indirect factor of utility {, which has a crucial effect on the amplitude and

the phase error performance of the lens [77].  is given by

C=y3v/f1 (2.6.9)

a and B must be conjunctionally selected with other parameters to obtain an acceptable
amplitude performance and minimize the phase aberrations. These aberrations are resulted by the
difference in path lengths between a central ray of length (h = H/f;) through the center of the
array-ports contour and any other ray of length (/= L/f;), both of which are traced from an arbitrary
point on the beam ports contour through the lens and normally terminate to the generated
wavefront as shown in Figure 2.6. The normalized path difference is a function of both the scan

angle 6 and the position along the array contour {, and can be derived geometrically [81].

6P = Je, (1 —h) + \[e, W + y;sinb (2.6.10)

Where ¢, is the effective dielectric constant in the transmission lines region. Furthermore, various
optimization methods can be used to solve the following objective function for a and f which

minimize the total absolute path difference for all ports.

M N
6P | 7oral = z V& (L= h) +J&a W + y,sind (2.6.11)
1 1

Moreover, ( is bounded by an upper limit which varies with the focal ratio for a given focal angle
as shown in Figure 2.7. This limit sets a constraint on « and £ values during the optimization
process. For specific acceptable path difference calculated using (2.6.11) and a given (max, an
appropriate range of a and £ can be chosen from Figure 2.7 [77]. However, the lens performance
optimality is not obtained only from the phase error point of view. Amplitude performance, on the
other hand, is also an important design factor that must be considered. Without providing both of

phase error and amplitude performance together, the picture of BFN performance optimality is
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somewhat incomplete. The performance of the Rotman lens in terms of the amplitude and the phase

error is addressed shortly here and articulated in Chapter 4.

Figure 2.6: Hansen’s Modified Rotman Lens.
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Figure 2.7: Variation of the upper limit on parameter { with the focal length for different focal angles.

The last essential parameters for designing Rotman lens are the normalized lengths (W= w/ f;)
of the transmission lines connecting each array-port to the body of the lens. They are obtained by

solving the following quadratic equation [77]:
aW? + bW +c=0 (2.6.12)

Where a, b, and c are functions in a, 8, and C.

(1-p)7° ¢

R T (2.6.13)
_ 20 2(1—-pB)  @Psina(l1—p)

b= =2t S G S T Beosa)? (2.6.14)

AN %sin’a *sinta (2.615)

(1 — Bcosa) B 4(1 — Bcosar)?
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The phase centers of the corresponding array ports are obtained using Peter Simon formulation

as follows [82]:

0.5¢%sin%a + (1 —
x, . 05Psina+ (- Rw/fy 2616
fi (1 — Beosa)
Y2 w
—=0(1—— 2.6.17
A 73 @617
Similarly, for the phase centers of the beam ports:
X1 .
A = po[1 —cos(a@ + ¢)] (2.6.18)
V1 y
— = pysin(a + ¢) (2.6.19)
fi
_ (1-p)?
Po = 1-— 2(1——'3(10&1) (2620)
& = sin~1 (sinf/y) (2.6.21)
1 —
6 =sin"(— PO sind) (2.6.22)
0

Once the phase center coordinates of all beam ports and array-ports are obtained, a horn of
width about (A/2) is created around each phase center [77]. The axis of the horn is normal to the
port curve. These horns are tapered out of the lens parallel plate region, with a reasonable length,
to provide a better impedance match between the feed and lens body. Otherwise, received wave
will be transferred into higher order modes in the tapered region and cannot propagate through the
feed, but will be reflected [83].

Finally, the side walls of Rotman lens are attached to D number of matched dummy ports to
absorb the incoming wave on it and provide a reflection-less termination of the parallel-plate
region. There is no specific number of dummy ports that should be selected for Rotman lens design,
even in the original proposal of [81]. The vast majority of Rotman lens designs have multiple
dummy ports, such as [66-70] and [73-75]. On the other hand, some Rotman lens designs adopt
only a single dummy port in each side as reported in [71]. According to [84], the side walls
curvature, and the dummy ports number and size have some impact on the side lobe level but no
visible effect on the main beam. Therefore, dummy ports number, size, and position should be
optimized to obtain an acceptable phase and amplitude performance, where they still contribute to

the magnitude and phase variation at the array ports due to the multipath reflection. It should be
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noted that some Rotman lens designs do not employ dummy ports and are replaced by absorbing
material [15,85]. Also, because there is some energy lost to the dummy ports, [15] suggests a bed
of nails technology to guide the waves instead of dummy ports for effective energy reuse.

The amplitude performance is approximated to estimate the amount of electromagnetic (EM)
coupling between any two ports by applying aperture theory and uniform distribution to each port
[82,86].

Sij = jo(kw;sing,) X j, (kszin¢j) X ‘Z‘T‘:’ e_j(krdiﬁkew’r%) (2.6.23)

Jo(x) = sin(x)/x (2.624)

where & and k. are the phase constants in the parallel plate region and the transmission lines,

to the array ports side, region respectively, d;; is the distance between the port i and port j phase

centers, w;, w;, are the port widths, and ¢L., ¢j are the angles between the normal to the port

aperture and the line connecting the port phase centers.

2.6.4 Rotman Lens Design Methodology

The proposed optimum mm-wave analog beamforming network can be designed according to the
following brief and simple designing steps:

1. Select N number of a typical antenna element that has broadband, a wide 3dB BW
(BWaiement), and gain performance satisfies the required total array gain.

2. Determine the maximum scanning range (+6,), provided that 20y < BW,ement (of the
maximum required frequency).

3. Calculate the minimum required number of Rotman lens beam ports (M) using (2.6.5)
based on the required application. Note that increasing M increases the scanning
accuracy. On the other hand, it increases the mutual coupling between ports.

4. Calculate the minimum required on-axis focal length (f7).

5. Calculate the indirect factor of utility { using (2.6.9) by setting ¥3 = Ymax and = Cmax.

6. Choose appropriate values of @ and [ that satisfy (max from Figure 2.7 as initial guess.
Further optimization can be done using (2.6.11) and (2.6.23) to ensure optimum

performance for both of phase and amplitude.
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7. Calculate and plot the path difference for the range of [-Cmax , {max] using (2.6.10) and
(2.6.11). repeat 6 if the path difference exceeds specified maximum permissible limit or
amplitude performance declines below a minimum specified level using (2.6.23).

8. Solve the quadratic equation (2.6.12) to obtain W.

9. Calculate the phase center coordinates for both beam and array ports as in [82].

10. Create a horn of width about (A/2) around each phase center coordinate with an axis
normal to the port curve.

11. Taper the horn, with a reasonable length, toward the feed.

12. Create D number of matched dummy ports at the two side walls of the lens. Otherwise,

use absorbing material or guiding structure.

2.6.5 Soft and Hard Surfaces

Soft and hard surface boundaries are well known from acoustics. They are artificially made by
corrugating a conducting surface with transverse corrugations (Soft or Stop surface), dielectric-
filled longitudinal corrugations (Hard or Go surface), or loading a dielectric substrate with
transverse (Soft or Stop surface) or longitudinal (Hard or Go surface) metallic strips [87,88]. The
concept of the soft surface can be explained by the example of the corrugated circular horn antenna,
which is where the corrugations make the field transverse components that are almost zero at the
wall and equal to the value of the transversely tangential field component. This implies that the
corrugated surface—referred to as sofi—stops the electromagnetic wave propagation. One of the
essential applications of a soft surface is providing side lobe reduction of antennas in any plan for
any sort of polarization [88]. However, a hard boundary prevents the propagation of only the
longitudinal field component and supports the propagation of the transverse fields, which is, of
course, provided that the grooves are filled with dielectric material with permittivity larger than
one [89]—thus, only TEM mode will propagate. RGW employs both soft and hard surfaces in
which said surfaces act as periodic strips of PEC-PMC surface. What determines the wave
propagation or suppression is the direction of the propagation with respect to the direction of the

PEC-PMC surface, which is shown in Figure 2.8 [88].
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Figure 2.8: Soft and hard surfaces based on the direction of wave propagation.

2.6.6 Electromagnetic Band Gap

When electromagnetic waves interact with a periodic structure—referred to as Artificial
impedance surface or engineered electromagnetic surface—it results in some interesting
characteristics, which have several applications. The engineering of these surfaces involves
altering the impedance boundary conditions of the surface of a structure and, thus, controlling the
wave propagation characteristics. Initially, these descriptions began as Photonic Band-Gap (PBG)
structures, which principally deal with types of structures and frequencies pertaining to optics.
PBG structures are 1D, 2D, and 3D periodic structures—both dielectric and conducting—which
manipulate the electromagnetic wave propagation as a means to not allow it to propagate within
certain frequency ranges or band-gaps. The PBG designation was extended to include other types
of structures and frequencies, such as FElectromagnetic Band-Gap (EBG) structures. EBG
structures control the frequency band (stop band, passband, band gaps) [90]. This is accomplished
by altering the surface of a structure, by modifying its geometry, and/or adding other layers exactly

as the soft and hard surface principle—but in 2D or 3D as opposed to 1D.

2.7 Summary

Millimeter wave fabrication technologies could place millimeter wave technology at the forefront
of the new applications and services demanded by a wide range of users. Some of these
technologies are characterized by ease, low-cost, and monolithic while others provide better
performance with a higher cost or additional restrictions. PCB, LTCC, and SIW are well-known

planar fabrication technologies. Recently, modern guiding structures such as RGW and its printed
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version PRGW have been introduced to replace the traditional ones of high losses or low power
handling. Besides, the advanced development of semiconductors allows RFIC and MEMSs mm-
wave devices and antennas to reach a significant level of realization.

Generally, antennas are selected based on specific requirements for a mm-wave communication
system include gain, matched impedance bandwidth, radiation type, and size of the structure.
Quasi-Yagi antenna and planar dielectric lens antenna (DLA) are selected from these types of mm-
wave antennas for advantages of low profile, lightweight, ease of fabrication and installation, high
directivity, and high radiation efficiency to develop a new type of mm-wave antennas.

The beamforming network is an essential 5G requirement, where the signal blockage, for some
cases, cannot be avoided using a direct route between two mm-wave transceivers. Therefore, BFN
is used to re-route the signal in the desired direction. The selected BFN for this work is based on

Hansen’s procedure for designing Rotman lens.
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CHAPTER 3: Quasi-Yagi Dielectric Lens Antenna

3.1 Introduction

In this chapter, a new type of planar antenna as a potential candidate for mm-wave wireless
networks and 5G applications is presented. The proposed antenna is a combination between a
Quasi-Yagi antenna and a planar dielectric lens. The proposed antenna design configuration is
discussed in section 3.2, subsection 3.2.1, while subsection 3.2.2 explains the propagating modes
in the DSW. Section 3.3. presents two variants of dielectric lenses along with the simulation
results, parallel lines dielectric corrugation (PLDC) in subsection 3.3.1 and Ray combiner
dielectric lens (RCDL) in subsection 3.3.2. The experimental results are provided in section 3.4

and finally the chapter summary is in 3.5.

3.2 Antenna Design Configuration and Analysis

3.2.1 Antenna Design Configuration

The proposed Quasi-Yagi antenna, basically, consists of two major parts as shown in Figure 3.1.
The first part includes driver dipole, reflector, two-stage directors and, microstrip to slot line (MS-
to-SL) transition structure and is located on the top layer of the substrate. On the bottom layer, a
U-shaped MS-to-SL balun is placed to feed the driver dipole. This part works as an excitation
source for the DSW, which is the second part of the antenna. The conventional rectangular driver
of the printed Quasi-Yagi antenna has a narrower bandwidth compared to the tapered one, while
the tapered driver has tilted edges with respect to the reflector. Therefore, the driver is tapered to
improve the antenna bandwidth performance. The initial length of the driver dipole is selected to
be around one effective wavelength (Aefr) of the center of frequency in the desired frequency band,
to increase the dipole directivity compared to half-wavelength dipole used in the ordinary Yagi-
Uda antenna [91]. Furthermore, the antenna directivity is boosted by two stages of passive multi-
directors closely spaced by 0.1 Aer between the first director and the driver and 0.142 Aerr between
the second stage of directors and the first stage. Another function of multi-directors is providing a
good impedance matching for the antenna [59]. The closer spacing between the driver and the first

director as well as between the two directors ensures maximum electromagnetic coupling due to
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space wave and the substrate’s surface wave [45]. About 0.25 Aetr from the driving dipole, the
microstrip ground plane is located and acts as a reflector with 1.34 Aerr width. The antenna was
designed to have an input impedance of 50 Q and is connected to a microstrip line with wy =
0.365mm (Zo = 50 Q) followed by another microstrip line of w, = 0.178mm width (Z; = 67 Q).
This impedance is selected initially to match the input impedance of the Quasi-Yagi array at the
center of the driven element and is usually small. It is strongly influenced by the spacing between
the reflector and the driver [91]. The last microstrip line is curved in U-shape to feed the driving
dipole through an MS-to-SL transition, providing a single-ended-to-differential conversion with a
wide bandwidth. The U-shaped MS-to-SL balun is optimized to achieve a good impedance
matching. The directivity of the proposed Quasi-Yagi antenna is enhanced by extending the plain
dielectric substrate as a dielectric lens. 7able 3.1 contains the design parameters of the proposed
antenna.

Since the desired frequency band is 28-38 GHz, as candidate frequencies for 5G applications,
the center frequency is selected around 34 GHz. Consequently, the antenna’s gain stability is
expected to vary + 1 dB around the center frequency. However, simulation results show that the
performance of the Quasi-Yagi antenna with a plain DSW lens is, dramatically, degraded as the
DSW length increases as shown in Figure 3.2. The antenna gain is not achieved as expected and

converges to the original gain of the planar Quasi-Yagi antenna without extended DSW lens.

3.2.2 Propagating Modes Analysis

The wave propagation characteristics in the extended DSW are investigated, as explained
previously in chapter 2 (subsection 2.6.2) to understand the reason behind the dramatic gain
decline. Figure 3.3 shows that the dielectric attenuation level for all frequencies in the band is
minor compared to the gain sharp drop when the frequency exceeds 32 GHz. Therefore, the
propagating modes which could be supported by a thin DSW are analyzed. Then, 10.44 GHz,
20.87 GHz, and 31.31 GHz are the cutoff frequencies of the three first modes in the plain DSW,
consequently, higher order modes (HOM) are expected to propagate with the fundamental TM1o
mode. Figure 3.4 confirms the above hypothesis where the magnetic field distribution of these
modes indicates that TMio , TMy0 and TM3o are supported by the plain DSW. Nevertheless, the

symmetry of the antenna structure prevents TM»o mode from propagation while TM3o mode is
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expected to exist. It is well known that if there is no source of excitation for a certain mode in a
waveguide, this mode won’t propagate. However, the length of the printed dipole might be a design
concern, where it might be a source of undesired propagating modes. When the dipole length
exceeds one full wavelength, the current distribution on the two sides of the dipole starts to change
its polarity [91]. The negative polarity current could excite undesired HOM (TM30) which can be
supported by the DSW. As the frequency increases, the dipole electrical length increases, therefore,
the negative current polarity portion increases accordingly as shown in Figure 3.5. Some large
canceling effects in the radiation pattern would be expected [34]. This could explain the dramatic
gain declining in the upper operational band frequencies of the Quasi-Yagi antenna (32-38) GHz.
The effect of HOM becomes worst as the length of the extended ordinary DSW increases, where
it destructively interferes with the fundamental mode due to the total internal reflection (TIR), as
well as, the increase of attenuation with length. It also justifies the shift in the maximum gain to
the lower band frequencies which have low attenuation, and mainly, are below the cutoff frequency

of TM30 HOM.

Table 3. 1: Dimensions of the Proposed Antenna

Parameter (mm) Parameter (mm) Parameter (mm)
a 4.5 W2 1.05 Gaz 0.940
b 58.5 Wrs 0.15 rh 0.500
wr 0.235 Lys 2.40 dr 0.254
W 0.330 La 3.35 Sx 0.254
Wp 0.178 Lai 2.05 Sz 0.254
Wd 0.924 La> 1.05
Wl 0.924 Guai 0.26
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Figure 3.1: Planar Quasi-Yagi antenna with a plain DSW.
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Figure 3.2: Quasi-Yagi antenna gain over frequency for different plain DSW lengths.
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Figure 3.3: Attenuation over frequency for a plain DSW of 50 mm length.
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Figure 3.4: Magnetic field distribution in a plain DSW for different frequencies. TM»o can be

supported but it won’t be excited due to the antenna structure high symmetry.
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(34 GHz)

Figure 3.5: Current distribution on a finite length dipole with an opposite current polarity for
different frequencies.

Since HOMs are undesired for their influence on the antenna performance, they should be
suppressed. There are different techniques to avoid their propagation. One way is to limit the
operational bandwidth to lower than lowest HOM cutoff frequency to avoid its propagation. In
practice, 5% of the HOM cutoff frequency safety margin is usually recommended [79]. Though,
this way results in a narrow bandwidth system. Another way is to limit the length of the dipole to
one effective wavelength so that HOM excitation through opposite polarity current is prevented.
However, this technique reduces the directivity of the finite length dipole and makes the antenna
matching so difficult, where the input impedance, in this case, goes to infinity. Alternativly,
perturbing the antenna structure by introducing, for example, rectangular corrugations or holes in
the waveguide perpendicular to the propagation direction [92]. In other words, DSW’s surface
should be shaped to act as subwavelength gratings. This implies varying the surface homogeneity
and hence reducing the effective dielectric constant of DSW. This technique implies, also,
controlling DSW surface phase condition in a way allows the fundamental mode to propagate and

suppress the undesired HOM as shown in Figure 3.6 [93-95].
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30GHz 32GHz 34 GH

Figure 3.6: Magnetic field distribution in a corrugated DSW for different frequencies. TMo is
supported, while TM3¢ is suppressed in the corrugated DSW.

3.3 Simulation Results

3.3.1 Parallel Lines Dielectric Corrugation

Parallel lines Dielectric Corrugation (PLDC) is a corrugation in a dielectric substrate with a
corrugation period, width and depth of d, w. and L., respectively. Figure 3.7 shows the PLDC

geometry, which is, basically a ruled subwavelength grating but is used in the endfire direction.

Figure 3.7: PLDC geometry as a ruled subwavelength grating.
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For a high and stable gain with a broadband Quasi-Yagi dielectric lens antenna, free of HOMs,
PLDC should be designed according to (2.6.1) and (2.6.2). The dielectric constant of the corrugated
part of DSW is reduced from &, to .. Therefore, the cutoff frequencies of TM3o become out of
the 30-38 GHz band. Moreover, the propagation characteristics are highly improved compared to
the case of Quasi-Yagi antenna with a plain DSW as shown in Figure 3.8a. When the corrugation

period is much less than the effective wavelength (d < A¢/,/€.55) of the maximum frequency in

the band (i.e. 38 GHz), the gain is stable, where only the fundamental mode is propagating along the
guiding structure to the end of corrugated DSW, providing the expected gain. It can be seen, also, in
Figure 3.8b that the antenna has a good impedance matching (below -15dB) for all periods
satisfy (d < Ao/ \/@) , but if the corrugation period becomes a significant fraction of the effective

wavelength, then the DSW is no longer a homogeneous medium and the wave will be reflected and
transmitted to the surrounding medium with a large portion is reflected to the antenna and the gain
will sharply decline.

The corrugation width and depth control the gain and bandwidth of PLDC lens antenna.
Considering the corrugating in DSW is a sort of spatial modulation, it is well known that a
rectangular corrugation in the spatial domain is transformed into a sinc function in the frequency
domain. When the corrugation cross-section area (w..L) increases, the gain increases consequently.
On the other hand, the frequency bandwidth is inversely proportional to corrugation width we,
analogous to a wide or narrow duration time domain pulse. So w. should be optimized for maximum
gain and frequency bandwidth. Figure 3.9 depicts the gain and bandwidth variation with corrugation
width. w. = 0 means zero width corrugation (f,,, = 0), the thickness of the entire corrugated DSW is
reduced to (#-Lc), hence, the corrugation duty cycle (f = (1 — f)). An important notice regarding
the gain controlling of PLDC, that the gain is not affected by the corrugation period by itself,
provided that it is much smaller than the wavelength. In fact, the corrugation duty cycle controls the
gain and the bandwidth of PLDC. The corrugation duty cycle controls, basically, the phase constant
of the modes. Figure 3.10 shows two cases for two different corrugation periods with the same duty
cycle have identical gain. In other words, the corrugation duty cycle controls the propagation, the
gain and the bandwidth of Quasi-Yagi antenna with PLDC lens. Radiation patterns of PLDC are

compared to radiation patterns of an identical antenna with a plain substrate as shown in Figure 3.11.
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PLDC has a better performance over the plain one in terms of suppressing the HOMs, especially, for

high frequencies.

3.3.2 Ray Combiner Dielectric Lens

Ray Combiner Dielectric Lens (RCDL) is a dielectric lens with hybrid subwavelength gratings that
works as a spatial modulator for a propagating wave in DSW. It can be designed using the same
methodology as the PLDC, except that, it contains two types of subwavelength gratings, one and
two-dimensional gratings as shown in Figure 3.12. A sequence of (L. Xwys), d,- spaced rectangular
slots is introduced perpendicular to the direction of the propagation to provide a smooth transition
between the plain part of the DSW and the two-dimension circular holes’ lattice of r,radius with
d,and d, sampling periods in x and z direction, respectively. For designing RCDL, d,.and d,, periods

should satisfy d < Ao/,/ €.5f. An extraction model of the effective constant is illustrated in

Figure 3.13. To validate the equivalent effective dielectric constant model, the Quasi-Yagi antenna
with RCDL was simulated for three different combinations of hole radius and periodicity in z-
direction selected from Figure 3.13, to have the same effective dielectric constant calculated by
(2.6.3) and are compared to a Quasi-Yagi antenna with a holed part replaced by a plain dielectric

slab of the same thickness and equivalent dielectric constant.

The simulation results depicted in Figure 3.14 show that the performance of the proposed Quasi-
Yagi antenna with RCDL, for the selected combinations, agree well with the performance of the
equivalent model. As the hole radius increases, the effective dielectric constant decreases and
consequently, HOMs are forced to be evanescent according to (2.6.2). By increasing the hole
radius, the antenna impedance matching is improved as shown in Figure 3.15a, where only the
fundamental mode is propagating. Though, Figure 3.15b shows that the hole radius is inversely
proportion to the antenna gain. The hole radius should be optimized for a certain gain performance.
In contrast, the increase of holing period leads to an effective dielectric constant increase.
Therefore, HOMs would have real phase constant and start to interact distractively with the
fundamental mode. This interaction deteriorates the antenna impedance matching as shown in
Figure 3.16a, while the antenna has a good impedance matching for small holing periods where

only the fundamental mode is propagating.
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As the period becomes a significant fraction of effective wavelength, RCDL becomes an
inhomogeneous medium. In this case, the wave is transmitted to the surrounding medium with a
large portion is reflected to the antenna (in the same manner explained in subsection 2.6.1 in the
previous chapter) as shown in Figure 3.16a. Subsequently, the gain sharply declines as shown in
Figure 3.16b. 1t can be seen from Figure 3.17 that the total efficiency of the proposed RCDL Quasi-
Yagi antenna is about 90 % within 30-34 GHz and decreases almost linearly along with increasing
of the attenuation due to the loss tangent of the dielectric. Besides, the total efficiency of the RCDL
Quasi-Yagi antenna is improved compared to that of the Quasi-Yagi with a plain DSW. Similarly,
the simulation results show an aperture efficiency ranges from 95.6 % at 30 GHz to 54.7 % at 38
GHz. The simulated E-plane (E), H-plane (H), and cross-polarization (XPol) radiation patterns of
the RCDL Quasi-Yagi antenna are illustrated in Figure 3.18, at 30 GHz, 34 GHz, and 38 GHz,
respectively. The corresponding 3 dB beamwidth in E-plane and H-plane are around 32.6°, 28°, and
28°, respectively. Both E and H plane fields are symmetric with centered beam and almost have a
similar 3 dB beamwidth. The simulation results show that RCDL highly improves the gain
performance of the Quasi-Yagi antenna compared to the plain DSW lens and ranges between 14.7
to 15.8 dB. The side lobe level (SLL) is better than -15 dB for the band 30-34 GHz and better than -
12 dB in the entire desired band. Moreover, the simulated cross-polarization level is about -29 dB

within 3dB beamwidth in the entire 30-38 GHz band.
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Figure 3.10: PLDC performance dependency on the corrugation Duty Cycle.

42



Chapter 3 Quasi-Yagi- Dielectric Lens Antenna

3.4 Prototyping and Experimental Results

To validate the proposed design methodology, one Quasi-Yagi antenna with perturbed substrate
was fabricated and tested as shown in Figure 3.19. The antenna is 4.5mm by 58.5 mm size. The
simulated and measured reflection coefficient of the antenna are shown in Figure 3.20a, while the
gain is depicted in Figure 3.20b. The antenna impedance matching is below —15 dB over a wide
frequency band with some peaks around -10 dB at higher frequencies due to fabrication oversizing
as shown in Figure 3.21. The matching impedance bandwidth covers the band (24 — 40) GHz
which is equivalent to 42% fractional bandwidth. The measured gain is about 14 to 15.2 dB over
the band from 28 GHz to 38 GHz as shown in Figure 3.20b. The radiation pattern at frequencies
from 30 to 38 GHz are shown in Figure 3.22. A Cross-polarization level is better than -22 dB
within the 3dB beamwidth for the entire frequency band. It can be seen from Figure 3.16, Figure
3.18, Figure 3.20 and Figure 3.22 that the simulation results agree well with the measured results.
Furthermore, the loss tangent, according to the substrate’s datasheet, is 0.0023 at 10 GHz, but this
value might be changed when the dielectric substrate is operated at 30-38 GHz and might result in
additional losses. Besides, dielectric loss is inevitable decreases at higher frequencies. However,
the measured results are quite encouraging taking into account the connector, cabling, and
misalignment losses. The two-dimension circular holes’ lattice in DSW lens improves the gain and
the bandwidth performance of the proposed antenna system compared to plain DSW lens.
Furthermore, the proposed antenna is compared to some relevant planar mm-wave antennas, such
as Dielectric Lens antenna at 28.5 GHz, as well as, other Quasi-Yagi antennas at 3.3 GHz, 24 GHz,
and 60 GHz. The performance of the proposed antenna is fairly better according to the reported

results as summarized in Table 3.2.
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Figure 3.12: RCDL geometry as hybrid subwavelength gratings.
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Figure 3.19: RCDL prototype.
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Table 3. 2: Comparison of the Proposed Quasi-Yagi Dielectric Lens with other related works.

References Excitation Frequency FBR, XPol. Gain Efficiency Electrical Size
GHz dB dB dBi % mm?
[46] MS-fed 22-26 20@24 GHz -16 10 90 @ 24 GHz 230k %33 Ao
[56] MS-Patch  1.84-4.59 >10 -16 9 83 @ 3.5 GHz 0.58 A x 1.1 %
[59] MS-to-SL  57-66 - 15 1.7 - 1.84 4 % 2.0 Ao
[60] Patch-fed 26-30 - <-15 18.5 85 @ 28.5 GHz 11 A% 13 X

This work  MS-to-SL 24-40 25@30 GHz <-20 15 90 @ 30 GHz 0.45 Ao x 5.9 Ao

Fabricated

. o Designed

Figure 3.21: Fabrication oversizing.
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3.5 Summary

A new millimeter-wave Quasi-Yagi antenna with a perturbed dielectric lens—based on
subwavelength gratings and effective medium theories for gain enhancement, bandwidth broaden,
and higher order mode suppression—is presented. The proposed design methodology is validated
by the designed, fabricated, and measured antenna. The experimental prototype results show that,
compared to the ordinary DSW lens, the gain of the proposed antenna has been improved. The
proposed antenna exhibits a good impedance matching that is better than -10 dB in the band, which
is 24-40 GHz more than 17 GHz (42 % FBW). The measured cross-polarization level is also better
than -22 dB. The antenna measured gain ranges between 14 to 15.2 dB over the operating
frequency band 30-38 GHz. Therefore, this antenna can be considered as a competitive planar
high gain antenna for 5G applications. It can be scaled to 60, 77, or 94GHz for 5G wireless point-

to-point, point-to-multipoint backhaul communication systems as well as automotive radar.

54



CHAPTER 4: Rotman Lens-bsed Analog Beamforming

4.1 Introduction

Beamforming is a method of using an array of antennas—that each have a shifting phase and
amplitude—to precisely focus a signal toward a specific angular direction, which is accomplished
whilst ignoring interfering signals that come from other directions. It is, essentially, used for mm-
wave band to overcome two main problems: blockage by objects and signal attenuation over long
distances. Furthermore, the propagation environment at mm-wave frequencies lends itself to a
beamforming structure, which is where antenna arrays are required to obtain the necessary link
budget [96].

In this chapter, seven-beam ports Rotman lens feeding eight Quasi-Yagi antenna array is
implemented in the PCB technology. The proposed lens was designed to operate in the frequency
band of 2640 GHz. The lens was designed according to Hansen’s design procedure for optimum
Rotman lens parameters, and with a maximum gain and minimum phase error [77]. The proposed
work addresses both the amplitude and the phase error performance while, at the same time,
determining the design parameters of the proposed Rotman lens. The performance of the proposed
BFN is compared to related beamforming networks with different fabrication technologies, and it
exhibits a relatively high gain, broadband, and reasonable scanning performance, which is in
addition to being of a low-cost and low profile in terms of MMIC compatible.

The rest of the chapter is organized as follows. Section 4.2 discusses the beamforming network
design configuration of Rotman lens based on Hansen’s modification of original Rotman and
Tuner equations. Section 4.3 shows the simulation results of the proposed BFN. A prototype of
the proposed BFN along with its measured results and discussion are presented in Section 4.4.

Lastly, the summary is presented in Section 4.5.

4.2 Beamforming Network Design Configuration and Analysis

Rotman lens was invented in 1963 by W. Rotman and R.F. Turner [81]. Afterward, several
methods were proposed as a means of improving the performance of Rotman lens, which were
based on modifying the lens geometry or using optimization methods, (e.g., [77,80,82,97]).

Hansen’s modification of Rotman lens is adopted in this work. The design configuration and
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analysis of the proposed Rotman lens is explained in subsection 4.2.1, while, subsection 4.2.2

discusses the configuration of a single antenna element used for the BFN.

4.2.1 Rotman Lens Design Configuration and Analysis

The proposed BFN was designed with eight array ports (N = 8), as shown in Figure 4.1. The original
design requires seven beam port (M =7), to steer the beam within a maximum scan angle of + 40°,
and minimum array element spacing of 0.54. If Rotman lens was designed with beam ports less
than M, the generated beams will not overlap within 3 dB BW of the resultant array pattern, and,
hence, there would be a signal drop while the steering process. However, some applications—such
as satellite communications—require no overlapping between the generated beams within 3 dB
BW. In this case, the system is described as a multi-beam rather than a beamforming network, for
it can still generate beams pointing in different directions, but overlap beyond 3 dB B [70,71,86].

A minimum on-axis focal length of 4.5 is calculated using (2.6.6). Therefore, f; is set to be
54¢. Consequently, C is calculated using (2.6.9). The proposed Rotman lens was fabricated on a
dielectric substrate with a permittivity of (g, = 10.2), thus, all dimensions of the lens are reduced
by a factor of /&, [80].

Since the main objective is to minimize both of the variations in the amplitude of the array-ports
and the variation in the phase difference between adjacent array-ports, a and 8 are carefully chosen
by repeating the steps 6 and 7 of the design methodology in subsection 2.6.4. To explain the effect
of @ and f on the phase and amplitude performance of a Rotman lens design, provided that all other
parameters remain unchanged, three different a-f pairs are selected. Accordingly, the path
difference and the amplitude variation are calculated for each a-f pair. Figure 4.2 shows the path
difference for three different a-f pairs at the center frequency. Based on (2.6.11), the total absolute
path difference of @ = 35° and = 0.875, shown in Figure 4.2a, is 0.7994, increases to 0.9318 for
a = 35° and f = 0.92, displayed in Figure 4.2b, and even more in case of @ = 40° and f = 0.92,
depicted in Figure 4.2c. However, the path difference minimization does not reflect the whole
performance of the BFN, where the amplitude performance shown in Figure 4.2d indicates that about
4.363 dB amplitude variation between the center beam and the outer one in case of @ = 35°, 8 =
0.875, which is relatively high. This variation is improved to 2.243 dB in case of « = 35° and § =
0.92, and even better for « = 40° and f = 0.92 with only 1.754 dB of amplitude variation. In other
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words, Rotman lens designer should satisfy, for typical applications, a reasonable phase error, and
amplitude performance together. Table 4.1 summarizes the amplitude and the total path difference
performance for the three a-f pairs.

The last major part of the Rotman lens design is the transmission lines which adjust the phase of
each array-port and are calculated using (2.6.12 — 2.6.22). To have equal length transmission
lines, so that the system is frequency independent, additional space between the lens array-ports
and the array antenna elements is necessary.

Finally, each sidewall of Rotman lens parallel plat region is attached to one dummy port horn,
which has a wide aperture that assembles having multiple dummy ports at the sidewall; this also
reduces the number of the dummy loads needed for terminating the side walls of the parallel plate

region.

Beam Ports

0
Dummy Port —* ./\
@

*+—— Dummy Port

Array Ports

Figure 4.1: Simulated 7x8x2 Rotman lens design.
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Table 4. 1: Path difference and amplitude performance comparison for three a-f pairs.

o g Total Path difference Amplitude Variation
|6P|Total (dB)

35° 0.875 0.7994 4.363

35° 0.920 0.9318 2.243

40° 0.920 1.2092 1.754

Other parameters are settobe y =1, f;/A =4, and 6, = 45°

4.2.2 Antenna Design Configuration

The single antenna element of the proposed BFN is a Quasi-Yagi antenna of [J1]. Unlike the
narrowband microstrip patch antenna, this type of antennas provides ultra-wideband that makes it
a good selection for TTD beamforming networks. The selected Quasi-Yagi antenna with its
dielectric lens follows the endfire radiation antennas’ family. Likewise, Vivaldi antenna own ultra-
wideband and the endfire radiation. Vivaldi antenna has wider BW and broader frequency band
than Quasi-Yagi antenna. However, Quasi-Yagi antenna provides higher gain, more compact size,
and lighter weight than Vivaldi antenna [98]. Another advantage of the endfire antennas that makes
them suitable for planar Rotman lens-based BFNs is that their main radiation is less affected by
the unwanted radiations, emitted by twisted transmission lines of the array or beam port sides than
the broadside antennas, especially at mm-wave frequency band. Since one of our main objectives
in this chapter is to design a compact size BFN, Quasi-Yagi antenna is selected for its compact

size, low profile and light-weight in addition to its ultra-wideband.

4.3 Simulation Results

Following the calculation and parametric optimization of the lens parameters (as discussed in section
4.2), the analog beamforming network was designed with the parameters specified in Table 4.2. The
performance of the beamforming network is evaluated for the single antenna element, lens structure,

and the overall integrated beamforming network as follows.
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Figure 4.2: Path difference and amplitude performance for different a-f pairs: (a).a = 35°, f = 0.875,
and 6y = 45°. (b) a = 35°and f = 0.92. (c¢) « = 40° and = 0.92. (d) Normalized radiation patterns for
three different a-f pairs. The rest of parameters are (y = 1, f;/41 =4, and 6, = 45°).

4.3.1 Single Element

Quasi-Yagi antenna of [J1] was designed with lower gain for broader 3dB beamwidth performance
so that it allows a wide scanning range. As shown in Figure 4.3a, the single element of Quasi-Yagi
antenna exhibits broadband of (26-40) GHz. The antenna shows an average gain of 7 dBi and BW
better than (>83°) in the band (26-34) GHz and gradually decreases to 70° for (34-40) GHz, which
is normal due to the larger aperture with respect to operating wavelength as shown in Figure 4.3b.

This is reflected on the absence of the 3 dB BW overlap beyond 34 GHz.

4.3.2 Rotman Lens

The simulation results indicate good impedance matching for the proposed lens, where reflection
coefficients of all beam ports, as illustrated in Figure 4.4a, are better than —13 dB. The ideal average
power level at the eight element array-ports fed by the center beam port, in the absence of material
losses, is about -9 dB for each port. However, the selection of, relatively, high dielectric material
with high tangential loss (tand = 0.0023) results in a dielectric loss, in addition to metallic and

other types of loss.
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Table 4. 2: Main Parameters of the proposed PCB Rotman lens.

Parameter Symbol Value
On-axis focal length fi S50

Focal angle a 40°

Focal ratio )it 0.9
Expansion Factor 4 1
Scanning range +6y +40°
Number of Array-ports N 8

Number of Beam ports M 7

Number of Dummy-ports D 2
Substrate thickness h 0.381 mm
Total Lens length [ 70.00 mm
Total Lens width w 50.00 mm
dielectric constant &r 10.2

Also, there is a modest amplitude tapering experienced by array-ports, due to different distances
from beam port. The tapering effect increases when feeding from the edge beam port. All these
effects contribute to power level reduction. Consequently, the BFN’s gain decreases compared to
the gain of ideal N element, uniformly excited and equally spaced linear array. The relative total
transmitted power accounts for all types of loss and is calculated using the simulated S-parameter of

all array-ports fed by each beam port as follows [70]

N
2,
P = Z|5ij| Jj=12,..M (4.3.1)
i=1

The proposed BFN has good S-parameters magnitude at the array-ports, with a relative
transmitted power level ranges between -1.5 dB to -2.9 dB over 26-40 GHz as shown in Figure 4.4b.
The rest of the ports are not reported for symmetry reason. These levels indicate an efficiency above
71% for the center beam port, 60.3% for beam port 3, 55% for beam port 2, and 51.3% for beam

port 1. These losses are expected as discussed and increase unavoidably with the increase of the

61



Chapter 4 Rotman Lens-based Analog Beamforming

scanning angle, especially, at higher frequencies. However, the lens size is significantly reduced

compared to air-filled or low dielectric material Rotman lens design as shown in Figure 4.5.

7T =
m
Z
6 c
‘©
o
5T
QO
N
43
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_40 | | | | 3
26 28 30 32 34 36 38 40
Frequency (GHz)
(a)
— 26 GHz —33 GHz
— 28 GHz —34 GHz
—30 GHz =36 GHz
=32 GHz ---38 GHz

180
Theta (Degree) vs. dB

(b)
Figure 4.3: Simulated Quasi-Yagi antenna performance over (26-38) GHz: (a) Gain and reflection
coefficient (Si11). (b) Radiation patterns.
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The phase distributions across the array-ports show a linear behavior as depicted in Figure 4.6.
Although the phase error of the three focal points is theoretically zero, the multipath reflection might
result in some phase deviation. The phase error for the center beam port is about £3.5°, increases to
the maximum phase error of £6.6° for beam port 1 due to the multipath reflection and the mutual
coupling between adjacent ports. A phase error of £5.4° is for beam port 2 and +6.2°, for beam port
3. Nevertheless, the radiation patterns, in the next section, indicate that the phase error is still within

an acceptable range.

4.3.3 Rotman Lens-Based Beamforming network

Eight Quasi-Yagi antennas are integrated with the proposed lens as shown in Figure 4.7. The main
beam points at seven different angular directions, as shown in Figure 4.8 covering the range of +40°.
The beam directions are uniformly distributed at £40°, £26.7°, £13.33°, and 0°. The maximum
achieved simulated realized gain is 14.5 dBi at 28 GHz for the center beam. There is a side lobe of
a significant level (SLL ~ -9 dB) when beam port 1 is activated at 28 GHz, however, it is out of the
designated field-of-view. The radiation patterns of 38 GHz show a gain drop beyond 3dB at +40°

due to the single antenna element’s 3dB BW, as explained previously in section 4.3.1.

4.4 Prototyping and Experimental Results

To validate the proposed analog BFN, Rotman lens with seven input ports feeding eight Quasi-Yagi
antenna array was fabricated and tested as shown in Figure 4.9. The lens is 50mm by 70mm size.
The measured reflection coefficients depicted in Figure 4.10 show good impedance matching below
—10 dB over a broad frequency band (26-40) GHz, for all beam ports. The maximum measured gain
for the center beam is about 14 dBi at 28 GHz. The radiation patterns shown in Figure 4.11 validate
the system steering capability by providing beams at -39.7°, -26.5°, -13.3°, 0°, +13.3°, +26.5°, and
+39.5°.

The radiation patterns have some ripples, especially for the wide angle rays, this is due to some
imperfections of the chamber room. The steered beam radiation patterns are vulnerable to such
ripples due to the contribution of their side lobes to multipath reflection from different walls of the
chamber room, while the central beam has no or less ripples. It can be seen from Figure 4.4a,

Figure 4.8, Figure 4.10 and Figure 4.11 that the simulation and measurement results are in a good
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agreement. Measured gain is slightly less than the simulated one and ranges between 13.8 to 14
dBi for the center beam port. This difference might be caused by the excessive dielectric losses in
the additional length that is needed to separate the connectors at the input port side, and also the
use of the end lunch connector to excite the microstrip line introduces additional losses. However,
the measured results are quite encouraging taking into account the misalignment losses.

The proposed analog BFN is compared to some relevant works as summarized in Table 4.3. It
exhibits a reasonable gain level, especially with its compact size. It is smaller than all systems
mentioned in the table except [67], [69], and [15] but is better than both of [67] and [69] for its
FBW and better than [15] for its low-cost, low profile, and extremely light-weight. Besides, the
proposed system has a wide scanning range of +£40° which is better than most of the relevant
systems in Table 4.3. [71] has wider scanning range and a quite high gain but is very narrowband
with only 4.17 % FBW. [99] and [15] present BFN systems of 100% FBW, which is really a quite
broadband, but they have a low scanning range ( |6y| < 30°) compared to the proposed BFN

system in this work.
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Figure 4.4: Simulated S-parameters performance of the proposed Rotman lens-based BFN: (a) Reflection

coefficients’ magnitude. (b) The normalized transmitted power for each beam port. The rest of the ports are
not reported for symmetry reason.

Figure 4.5: The relative size of the proposed Rotman lens with high dielectric material.
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Figure 4.7: Integration of the antenna array with Rotman lens.
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Figure 4.9: Proposed BFN prototype.
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Table 4. 3: Comparison of the proposed beamforming network with other related works

Reference Number of Ports  Frequency = FBW  Scanning Range  Gain  Electrical Size Fabrication Technology Antenna Element

MxNxD GHz % degree dBi mm?

[69] TxTx8 15.5-16.5 6.25 -30° to +30° 13 530 % 64 X SIW Vivaldi

[71] Tx15%2 23.6-24.6 4.17 -48° to +48° 226  T2lM%x 12X SIW Slotted WG

[73] 5x7x14 26.4-40.1 41.2 -20° to +20° - >178 M %x 178k RWG WR28

[74] 11x16x8 60 - -40° to +40° - Not reported PRGW -

[15] 5x5%0 6-18 100 -30° to +30° 9-13  52xX% 6.12% 3DP-RGW Double ridge horn

[75] 5x8x8 50-70 333 -30° to +30° - 760 % 877N inkjet -

[99] 8x10%28 6-18 100 -28° to +28° 2-206 12 M x 12 A PCB Double ridge

[67] 7x10%8 26-29 10.9 -29° to +29° 143 4.02%x 8402 PCB Patch

[66] 5x6%x4 25-30 18.2 -40° to +40° - 73 hx 1125 PCB Patch
This work Tx8%2 26-40 424 -40° to +40° 140 55X %x7.70% PCB Quasi-Yagi

4.5 Summary

An analog beamforming network using a compact-size Rotman lens fed eight Quasi-Yagi antenna
array for 5G and mm-wave applications is presented. The proposed system was fabricated using
standard planar low-cost processing PCB technology for MMIC in the 26-40 GHz band. The
antenna and the beamforming network design methodology is described in details, and its
performance is confirmed experimentally. The system exhibits good impedance matching and
beam steering capability. A range of £40° is achieved which is better than most of the relevant
systems in Table 3. The BFN bandwidth (S;; < —10 dB) is larger than 42 % and is limited by the
single antenna element bandwidth. With such performance and compactness, the proposed system
is qualified for a wide range of potential 5G applications such as the advanced MIMO and hybrid

beamforming networks.
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CHAPTER 5: Rotman Lens-based BFN with RGW

5.1 Introduction

RGW is a promising technology for mm-wave devices, and integrated systems as only air and
metal are used so that the propagating mode is a quasi-TEM inside an air gap [100-104].

This chapter mainly concerns the RGW for the implementation of Rotman lens-based analog
BFN. Section 5.2 addresses the basic concept of RGW technology, which depends on two main
principles—Soft and Hard surface and EBG structures—which were already discussed in chapter
2. These principles are used for designing an RGW unit cell in subsection 5.2.1, which is carried
out while a PRGW unit cell is covered in 5.2.2. Section 5.3 explains why this technology has been
selected to replace the traditional guiding structure (such as MS technology). After that, Rotman
lens-based BFN (introduced in chapter 4) with MS technology is replaced by a new one with the
RGW technology in section 5.4, the simulation results of the new BFN is presented in subsection
5.4.1. Similarly, subsection 5.4.2 covers simulation results of the Rotman lens-based BFN with

the PRGW. Finally, the summary comes in section 5.5.

5.2 Ridge Gap Waveguide System Design Configuration and Analysis

Simply put, RGW is to create a parallel plate guiding structure that consists of a metallic ridge
surrounded by a periodic structure—that is, to act as an artificial magnetic conductor (AMC) [105]
(as shown in Figure 5.1) and an upper metallic plate, which, essentially, allows the wave
propagation in a specific region and prevents the propagation in all other directions. The gap
between the upper plate and the ridge is smaller than A/4. The propagating mode inside the air gap
is a quasi-TEM, while the transverse fields are forced to be zero in the surrounding areas, which

is according to the Hard and Soft Surfaces principle.
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Front view

L.

3D view

Top view

Figure 5.1: Geometry of RGW with upper plate is hidden.

5.2.1 RGW Unit Cell Analysis

The starting point for designing RGW is determining its operational frequency band. Ideally, the
stop band of the unit cell is the operational band of the integrated RGW system. Because the
surrounding surfaces are periodic structures that form parallel plate gap waveguides with one
textured metal pin surface, they should be designed based on numerical analysis for a unit cell of
specific EBG. Figure 5.2a illustrates the dispersion diagram of an RGW unit cell, which was
computed using CST Microwave Studio Eigenmode solver. The gap waveguide with ridges was
not included in the simulations because the focus was only on the cut-off region where no waves
are allowed to propagate. In essence, it shows that the periodic structure of this unit cell can prevent
the electromagnetic wave propagation from 24 GHz to 52 GHz. the cell dimensions are given in
Table 5.1. After designing the unit cell, a ridge with a width of W for certain characteristic
impedance Zy is constructed and simulated as shown in Figure 5.2b. The ridge characteristic
impedance is approximated by a strip line equation to calculate the initial dimension [106]. More
details pertaining to the effect of different parameters of the unit cell are found in [78]. The distance
between the ridge and the nail center should be around half of the unit cell period (). It can be

seen that the wave propagates as a quasi-TEM and the bed of nails successfully prevents the wave
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propagation beyond the ridge area. Figure 5.3 depicts the electric field distribution on the RGW
at the center frequency. The S-parameters are simulated using CST and HFSS are shown in Figure
5.4, which confirm the role of the bed of nails in preserving the quasi-TEM propagating mode
within the ridge area—specifically, for the frequency band 26 GHz to more than 52 GHz.

100

¥

Qe / ;

> --Mode 1
§ ==Mode 2
g T e
e ; i
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(b)

Figure 5.2: The parallel plate gap waveguide with one textured metal pin surface: (a) The unit cell
dispersion relation. (b) The wave propagation as a quasi-TEM in the RGW system for different
frequencies
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Figure 5.3: The Electric field distribution on the RGW at the center frequency.

Table S. 1: Unit cell dimensions of the proposed RGW

Parameter Value (mm)
a 1.600
h 0.398
) 2.500
r 0.300
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Figure 5.4: The S-parameters of the RGW with the proposed unit cell.

5.2.2 Printed Ride Gap Waveguide

PRGW is a RGW that is implemented using a traditional PCB technology. It is a new cost-effective
guiding structure for mm-wave systems because the propagating mode is a quasi-TEM inside an
air gap, which provides low signal distortion and low losses compared to microstrip technology
[J2],[19],[74]. The printed ride line is realized by connecting the microstrip line to the ground
through metallic pins, and then the surrounded AMC surface is realized using a mushroom-shaped
unit cell (as shown in Figure 5.5). The dispersion diagram of a PRGW unit cell is illustrated in
Figure 5.6a and the dimensions are tabulated in Table 5.2. It shows that the periodic structure of
this unit cell has a band-gap from 26.5 GHz to 40 GHz. Therefore, the PRGW is constructed and
simulated as shown in Figure 5.6b. It can be seen that the wave propagates as quasi-TEM and the
mushroom surface prevent wave propagation beyond the ridge area for different frequencies. As
the frequency approaches the edges of the band-gap, the electric field leaks from the printed ridge
through the mushroom surface. Figure 5.7 shows the electric field distribution on the PRGW at
the center frequency. The S-parameters of the PRGW are shown in Figure 5.8 confirm the role of
the mushroom surface in preserving the quasi-TEM propagating mode—that is, within the printed

ridge area for the frequency band 26.5 GHz to 40 GHz.

79



Chapter 5

Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide
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Figure 5.5: Geometry of PRGW with upper plate is hidden.
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Figure 5.6: The printed ridge gap waveguide with mushroom-shaped unit cell: (a) The unit cell dispersion
relation. (b) The wave propagation as a quasi-TEM in the PRGW system for different frequencies
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Figure 5.7: The Electric field distribution on the PRGW at the center frequency.

Table S. 2: Unit cell dimensions of the proposed PRGW

Parameter Value (mm)
a 0.500
h 0.127
/ 0.381
D 0.860
d 0.100
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Figure 5.8: The S-parameters of the PRGW TL with the proposed mushroom-shaped unit cell.

5.3 Comparison Between Ridge Gap Waveguide and Microstrip Technologies

The microstrip waveguides have been widely used in microwave technology in many applications
for their simple structure, cost-effective and ease of fabrication process. However, MS technology-
based systems suffer excessive dielectric losses, especially at high-frequency bands. Thus, RGW
is introduced to replace MS technology [J2,19]. Both the MS and the RGW have advantages and
disadvantages compared to each other. Both technologies carry quasi-TEM mode, but the MS-
based guiding structure involves a dielectric loss due to its substrate. On the other hand, the RGW
has no dielectric loss where the wave propagates inside an air gap. Both technologies have
conductor loss, and the MS has higher conductor loss than the RGW [105]. In terms of the size
and cost, MS technology is smaller than RGW, especially when high dielectric materials are used.
However, the mechanical strength of the RGW component and power handling is much higher for
the same components based on MS. Hence, it is only the application or the required performance
that bias the choice between the two technologies. PRGW is a compromise solution, where it
possesses ease of fabrication with the PCB technology, in addition to the advantage of the wave
propagation in air only as the metallic RGW. Another alternative choice is the 3DP-RGW. In
which, a copper electroplated PerFORM, which is an opaque white plastic that behaves similarly

to polycarbonate and has elevated heat resistance, is used instead the whole metal RGW [107].
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5.4 Simulation Results

Rotman lens-based BFN (introduced in chapter 4) with MS technology is replaced by a new one
with the RGW technology, in subsection 5.4.1. Similarly, subsection 5.4.2 covers the Rotman lens-

based BFN with the PRGW.

5.4.1 RGW Rotman Lens-based BFN

This subsection discusses, mainly, the simulation results of the transition between the RGW line
and the microstrip line in subsection 5.4.1.1. Then, the integration between the proposed single
element and the RGW line in subsection 5.4.1.2. The proposed Rotman lens, implemented in the
RGW, is explained in subsection 5.4.1.3. Finally, the overall RGW beamforming network is

covered in subsection 5.4.1.4.

5.4.1.1 Microstrip Line to RGW Transition

In order to connect the RWG Rotman lens to standard 50 € connectors, a simple microstrip line
and a matching section in the ridge are designed and simulated as shown in Figure 5.9a. The
transition section requires a substrate of a dielectric constant close to one. Because the microstrip
line and is a sort of a dielectric filled parallel plate structure, while the ridge gap waveguide is an
air filled parallel plate-like structure. Therefore, the permittivity of the matching section substrate
should be reduced. There are different methods to implement specific values of the dielectric
constant using standard substrates of higher dielectric constant which are discussed in many
applications like the dielectric lens antennas and the microwave devices [J1, 62—65]. Perforating
method is selected in this work. Accordingly, an equivalent effective dielectric constant model was
designed using the equation (2.6.3). The values of d, and d, are set to be 1.25 mm, which is the
minimum recommended value by the fabrication rules. Similarly, the maximum possible hole
diameter is 1.00 mm due to some fabrication rules, where a minimum clearance between the hole
and the line edges must be maintained. The geometry of the transition section between MSL to
RGW along with S-parameters with and without perforating are depicted in Figure 5.9. It can be
seen that the transition section has good impedance matching (|S11|<-15 dB) in the entire

operational bandwidth.
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5.4.1.2 Integration Between Quasi-Yagi Antenna and RGW

The RGW-to-MS transition section, designed in the previous subsection, is replaced by a quasi-
Yagi antenna as shown in Figure 5.10a. The overall system reflection coefficients, depicted in
Figure 5.10b, is better than -10 dB in the entire frequency band 26-40 GHz. However, compared
to the single element described in chapter 3, the relatively large ground results in narrower 3dB
BW for the frequencies higher than 36 GHz, as shown in the radiation patterns of the antenna in

Figure 5.10c.

5.4.1.3 RGW Rotman Lens Design

Rotman lens with eight array ports was simulated in the RGW technology as shown in Figure 5.11.
The lens was designed according to the methodology described in chapter 2 (2.6.4) for optimum
amplitude and phase error performance in the frequency band 26-40 GHz. The original design
requires Nine beam ports, to steer the beam within a maximum scanning range of + 40°, and a
minimum array element spacing of 0.5Xo. Thus, a minimum focal length of 4.5\ is calculated.
Therefore, the focal length is set to be 5. To have a frequency independent system, additional
space between the lens array ports and the array antenna elements is necessary. the analog

beamforming network was designed with the parameters specified in Table 5.3.

Table 5. 3: Main Parameters of the proposed RGW Rotman lens

Parameter Symbol Value
On-axis focal length fi 50
Focal angle o 40°
Focal ratio S 0.92
Expansion Factor y 1
Scanning range +6) +40°
Number of Array-ports N 8
Number of Beam ports M 9
Number of Dummy-ports D 2
Total BFN length LBFN 192 mm
Total BFN Width WBFN 124 mm
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Figure 5.12 shows the electric field of the propoded RGW Rotman lens. It can be seen that the
propagating mode in the parallel plate region is a pure TEM, and the transmission lines are isolated
from each other, carrying a quasi-TEM. The simulation results indicate good impedance matching
for the proposed lens, where reflection coefficients of all beam ports, as illustrated in Figure 13a,
are better than —10 dB. The proposed BFN has good S-parameters magnitude at the array-ports,
with a relative transmitted power level ranges between -0.8 dB to -2.85 dB over 27.5-40 GHz, as
shown in Figure 13b. The rest of the ports are not reported for symmetry reason. It should be noted
that there is a modest amplitude tapering experienced by array-ports, due to different distances
from beam port. The tapering effect increases when feeding from the edge beam port. Besides, the
spillover losses and the absorbed power by the dummy loads contribute to power level reduction.
Consequently, the BFN’s gain decreases compared to the gain of ideal N-element, uniformly
excited, and equally spaced linear array. The relative total transmitted power accounts for all types
ofloss and is calculated using Equation (4.3.1). These losses are expected as discussed and increase
unavoidably with the increase of the scanning angle, especially, at higher frequencies. However,
the lens amplitude and phase error performance are quite good. The phase distributions across the
array-ports show a linear behavior, as depicted in Figure 5.14a and Figure 5.14b in the entire
operational band except below 27.5 GHz. this might be due to a lens size, where its on-axis focal
length is about 5A¢ of the center frequency and should have been selected larger to allow reasonable
parallel plate region for TEM mode propagation in case of larger operational wavelengths.
Although the phase error of the three focal points is theoretically zero, the multipath reflection
might result in some phase deviation. The phase error for the center beam port is about, + 40°
increases to the maximum phase error of + 6° for beam port 3 due to the multipath reflection and
the mutual coupling between adjacent ports. Besides, the phase error increases for rays between
foci [57]. Nevertheless, the radiation patterns, in the next section, indicate that the phase error is

still within an acceptable range.
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Figure 5.9: MSL to RGW transition: (a) 3D structure. (b) Reflection coefficient magnitude.
(c) Transmission coefficient magnitude.
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Figure 5.11: The proposed 9x8%2 RGW Rotman lens.

Figure 5.12: The electric field distribution in the simulated proposed RGW Rotman lens with

smooth curved lines.
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Figure 5.13: Simulated S-parameters of RGW Rotman lens: (a) Reflection coefficients magnitude

of the beam ports. (b) Normalized transmitted power of the beam ports. The rest of the ports are
not reported for symmetry reason.
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Figure 5.14: Simulated phase performance of the proposed Rotman lens. Each bundle denotes the variation
of the phase progression in the array antenna elements with the frequency corresponding to one beam port
excitation. Each color represents the phase difference between a pair of adjacent array ports. The rest of the
ports are not reported for symmetry reason.

5.4.1.4 RGW Rotman Lens-Based BFN

Eight Quasi-Yagi antennas are integrated with the proposed RGW Rotman lens as shown in Figure
15. The overall structure consists of three main parts. The first part is the RGW Rotman lens. the
second part is the antenna array layer, which contains the array elements in the frontend along with
the MSL to RGW transition section and the input ports in the backend. The last part is the ground
layer on top of an air-gap. The main beam points at nine different angular directions, as shown in
Figure 16 covering the range of + 40°. The beam directions are uniformly distributed at + 40°,
+ 30° + 20° + 10° and 0°. The maximum achieved simulated realized gain is 15.2 dBi at 37 GHz
for the center beam. The radiation patterns show a gain drop beyond 3dB BWW at for frequencies

above 37 GHz due to the single antenna element’s 3dB BW, as explained previously in section A.

90



Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

Chapter 5

'NAg paseq-sua] ueunoy DY pasodoid ayJ :G1°¢ 281

<+— SU31 Uewioy MDY

g p

‘Ilﬂlllll'l'll
m w b 3

<+— J19Ae7 d1jjex\ doy

91



Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

Chapter 5

"ZHD 87 18 NAd paseq-sua] ueunjoy] DY pasodod atp Jo surs)ied uorjerpel paje[nuig :e9['¢ 3InNs1J

00T

(33163Qa) eyl

08T-

"v yod-weag |

Z vod-weag

| yod-weag

.....................

0ST-

.......................

SR ton.,Emwm

g pod-weag

9 pod-weag

H

LT A
0Z-

0T

ST

Ie9 pazijeay

(1gp) u

92



Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

Chapter 5

"ZHD 0§ 18 NIg paseq-suo] uewnjoy s\OY pesodoid a1 Jo sureped uonerpes paje[nwig :q9[°¢ 2Ins1J

(93162Q) L3941

08T OST 00T 0s 0 0S- 00T- 0ST- ow.nm.N
ST-
........ o.ﬂl
............... :LMI
................. | _ e B to_n-Emwm 0
~ pyod-weag == | g pod-weag
.................. , m tOQ:Eﬂﬂm — : " h tonusmom I.m
. ZUod-weag = | g Mod-weag =
....................... —. tOQlEﬂﬂ_m — .. m tQ.n_lEN@.m I' o.ﬂ
. m ST

(19p) uieo pazijeay

93



Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

Chapter 5

"ZHD ¢ 18 N9 paseq-sua] ueunoy MDY pasodoxd a1 Jo surejjed uorjerpes pajejnwig :991°¢ aIns1g

(92462Q) e30Y1L

08T O0ST 00T

0S 0 0S- 00T- 0ST- O0S8T-
m : : _" . 0g-

................................ ; ‘,._ 0z-

ST-

...................... °ﬂl
.............................................. ml
| A ................. 6 pod-weag I 0
...................... p pod-weag == | A fo.guodwesg g

¢ pod-weog == m L Hod-weag ==

PP Y NtOn_-Emmm L T W AT R T R Y B Y A Y SN A WY 8 ,,,,,,,,,,,,,,,,,,, 9 __.._Oﬁ_n_..._mmm I .................. oOT

|l Hod-Wedy e " G yod-weag wm ST

(19p) uieo pazijeay

94



Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

Chapter 5

'ZHD 0F 18 NId peseq-sua] ueunjoy Oy pasodoid a1 Jo suejjed uonerper paje[nwurg :po1°¢ aIns1

(92163Q) e3RYL
00T 0S 0 0S- 00T- 0ST- 08T-

YNNI {1177 e NATEV
....... R AT TR I 4 ,« TN .

........ AN —_— COVIVAY (1) A AN s s L Y /S-S

)

m 6 yod-weag ==
| / yod-weag
pe g 110 0-UWR DY

m . g uod-weag

0
(1gp) uiep pazijeay

¢ pod-weag \J O L O W
¢ pod-weag " " |
-z wod-weag
| Hod-weagqg

111
o
i

To]
i

95



Chapter 5 Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

5.4.2 PRGW Rotman Lens-based BFN

5.4.2.1 Microstrip Line to PRGW Transition

Connecting the PRWG Rotman lens to standard 50 Q connectors, can be done by using MSL to
RGW transition section discussed in the previous subsection and shown in Figure 5.17a. It can be
seen that the transition section has good impedance matching (|Si1|<-10 dB) in the entire

operational bandwidth as depicted in Figure 5.17b.

(a)
3 s -
3 -10\ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr s
= -15 \ > Im - [ 4
E *--' s el am o mm o an o \‘\ ,. .
> -20p" v ﬁ.—.\ 2
= .25 4 =—S1,1_CST L {\- 7~
2 .30 -a-51,1_HFSS ] W\ /
k] - HA\
9 .35 ==52,1_CST ' H
g -40 =¥.52,1_HFSS ' f
n|' '45 [ ] ]
Y _s0

26 28 30 32 34 36 38 40
Frequency (GHz)
(b)

Figure 5.17: MS to PRGW transition: (a) 3D structure. (b) Simulated S-parameters.
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5.4.2.2 PRGW Rotman Lens Design

Rotman lens with eight array ports was simulated in the PRGW technology as shown in Figure
5.18. The lens was designed for optimum amplitude and phase error performance in the frequency
band 26.5-40 GHz. The original design requires five beam ports, to steer the beam within a

maximum scanning range of + 30°, and a minimum array element spacing of 0.5A.

Figure 5.18: Simulated Rotman lens design with PRGW technology.

97



Chapter 5 Rotman Lens-based Analog BFN Implementation with Ridge Gap Waveguide

It can be seen that the propagating mode in the parallel plate region is pure TEM and the
mushroom surface efficiently prevents the wave propagation beyond the printed ridge area as the
array ports’ transmission lines are isolated from each other. Figure 5.19 shows the performance of
the PRGW Rotman lens in terms of S-parameters phase of the array-ports and the reflection
coefficients of the beam ports. All of the beam ports are matched with better than —10 dB. The phase
distributions across the array-ports show a linear behavior as depicted in Figure 5.19a. The
maximum phase error is +6° for beam port 2. This can be explained by non-focal points might have
more phase error than focal points which theoretically have zero phase error.

The significant performance improvement achieved using the PRGW technology compared to
the MS Rotman lens is the power level at the array ports. The normalized transmitted power of the
PRGW system indicate that about 1 dB improvement of the insertion loss, which mainly represents

the dielectric loss of the MS Rotman lens.
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Figure 5.19: Simulated S-parameters of the proposed PRGW Rotman lens: (a) The Phase
performance of the proposed Rotman lens. (b) Reflection coefficients magnitude at the beam ports.
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5.5 Prototyping and Experimental Results

The RGW Rotman lens, 1 X8 Quasi-Yagi antenna array, and the MS-to-RGW transition sections
are shown in Figure 5.20. To ease the RGW Rotman lens fabrication and avoid the extremely cost
of the CNC full metal RGW Rotman lens, the lens is made with the metalized 3D-printing
technique. The antenna and the excitation of the RGW, described in the previous sections, are
manufactured using PCB technique. The measured reflection coefficients at the beam ports are
plotted in Figure 5.21, while the radiation patterns are shown in Figure 5.22. All reflection
coefficients are lower than -10 dB over the (27.5-40) GHz band. The antenna scanning range is
about +39.5°. The radiation patterns, measured and simulated, for selected frequencies between
27.5 and 40 GHz in E-plane are provided in Figure 5.22. The maximum measured gain is 14.95
dBi at 37 GHz. The simulations and measurements are in a good agreement, despite the slightly
higher SLL observed experimentally for some beams. However, considering the complexity of the
beamformer stack-up (Figure 5.20) and fabrication constraints (the clearance between adjacent
holes is 0.254 mm); the misalignment between MS transmission lines and the matching section in
the RGW lines, and the fabrication tolerance, the results are quite satisfactory.

The proposed RGW beamforming network is compared to some relevant works as summarized
in Table 4.3. It exhibits a reasonable gain level and scanning capabilities, which have been verified
experimentally. The proposed system here has a wider scanning range (£39.5°) than [73] of (£20°)
maximum steering angle. Also, machining of such device in the mm-waves band is exceptionally
costly, while the proposed system in this thesis (3DP-RGW) is much lower cost than the metal
RGW of [73]. The PRGW of [74] has similar scanning range as the proposed 3DP-RGW in this
work. However, the reported amplitude variation between array ports of [74] is (-10 dB), which
indicates a poor amplitude performance. Besides, to the best authors’ knowledge, the physical
implementation and measurement results of mm-wave RGW and PRGW Rotman lens are not
reported yet in the open literature. [15] presents a beamforming network of 100% FBW, which is
really a quite broadband compared to 38% of the proposed system in this work, but it has a lower
scanning range (+£30°) and lower gain (9-13 dBi) compared to the proposed beamforming network
in this work. In addition, the beamforming network of [15] is proposed for the band 6-18 GHz,

and scaling it to mm-wave band might result in some expected gain and bandwidth limitations.
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5.6 Summary

An analog Rotman lens-based beamforming network (BFN) using RWG technology, along with
the excitation and the antenna array elements was designed, simulated, manufactured, and
measured. The proposed system was realized using the metallized 3D-Printing technology, in order
to reduce the implementation cost of the full metal RGW Rotman lens. The measured results
demonstrate that the system scan range equals +39.5° in the band 27.5-37 GHz decreases to 30° in
the band 37-40 GHz .The antenna bandwidth for VSWR < 2 is larger than 38% and is limited by
the bandwidth of the radiating part and its beamwidth as well. Aiming to reduce the
implementation cost, the printed version of the RGW (PRGW) is proposed and simulated. The
PRGW Rotman lens-based BFN shows a good amplitude and phase error performance in the band
26.5 GHz to 40 GHz. The maximum phase error was 6° with about 1 dB insertion loss improvement
compared to MS Rotman lens-based beamforming network were achieved. The performance of
the proposed beamforming network makes it very attractive for potential 5G applications such as

the advanced MIMO and hybrid beamforming networks.
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6.1 Conclusion

This thesis dealt with two main requirements in the mm-wave band. As high gain antennas are
among the essential requirements of 5G, different millimeter antenna structures and configurations
were studied. For the advantages of low profile, lightweight, ease of fabrication and installation,
high directivity, and high radiation efficiency, the Quasi-Yagi antenna and dielectric lens were
selected to form a new antenna of enhanced gain and bandwidth. The enhancement is achieved by,
based on subwavelength gratings and effective medium theories, treating a thin dielectric slab
waveguide (DSW) to ensure a single mode of operation. The first part of this work proposed a new
type of Quasi-Yagi antenna that showed a promising behavior. Two different variants of the
dielectric lens have been presented: parallel line dielectric corrugation (PLDC) and ray combiner
dielectric lens (RCDL). These lenses enhanced the gain and the impedance matching bandwidth
of the ordinary Quasi-Yagi antenna, which was fabricated with the printed circuit board (PCB)
technology. Then, a brief and straightforward design methodology for designing these types of
antennas was provided. The characteristics of the new Quasi-Yadi dielectric lens Antenna
(QYDLA) made it suitable for a wide range of millimeter wave applications.

The prototype’s experimental results showed a gain improvement compared to the conventional
DSW lens. The proposed antenna exhibits a good impedance matching better than -15 dB in the
band 24-40 GHz more than 17 GHz (>42 % FBW). Measured cross-polarization level is better
than -22 dB. The antenna measured gain ranges between 14 to 15.2 dB over the operating
frequency band 30-38 GHz. Therefore, this antenna can be considered as a competitive planar high
gain antenna for 5G applications. It can be scaled to 60, 77, or 94GHz for 5G wireless point-to-
point, point-to-multipoint backhaul communication systems, and automotive radar.

The second major part of this thesis has been dealing with the beamforming networks because
the nature of mm-wave propagation lends itself to a beamforming structure, which is where
antenna arrays are required to obtain the necessary link budget. Therefore, an analog beamforming
network (BFN)—using a compact-size Rotman lens—feeding eight Quasi-Yagi antenna array for
5G and mm-wave applications was presented. The proposed system was fabricated using standard
planar and low-cost processing PCB technology in the 26—40 GHz band. The antenna and the

beamforming network design methodology was described in detail, and its performance was
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experimentally confirmed. The system exhibits good impedance matching and beam steering
capability. A scanning range of £+40° was achieved, which is better than most of the relevant
systems. The BFN bandwidth ( |S11| < -10 dB) is greater than 42% and is limited by the single
antenna element bandwidth. The performance and compactness of the proposed system qualify it
for a wide range of potential mm-wave communication systems, such as the advanced multiple-
input multiple-output (MIMO) and hybrid beamforming networks.

The last part of this thesis addresses the implementation of the proposed analog Rotman lens-
based BFN using an RGW guiding structure. The fascinating characteristics of the RWG made it
suitable for mm-wave applications because only air and metal are used—that is, to ensure the
propagating mode is a quasi-TEM inside an air gap. This approach resolved a major problem
associated with the standard guiding structures—such as microstrip (MS) technology—where the
dielectric losses increase with the increase of frequency. The simulation and measurement results
showed a good performance in terms of the amplitude and the phase along with 30°- 40° scanning
range. The measured reflection coefficient (|S11|) performance is better than -10 dB for the
frequency range between 27.5 — 40 GHz (38% FBW). The scanning range of the propose system
is £39.5° to approximately +30° for higher frequencies above 37 GHz because of limitations of 3
dB beamwidth (BW) of the single element. However, fabrication of the metallic RGW Rotman
lens is remarkably complex and costly as compared to other technologies at mm-wave frequencies.
Therefore, the printed ridge gap waveguide (PRGW) provides an alternative solution that is easy
to fabricate and cost-effective.

Lastly, a PRGW Rotman lens-based BFN was designed and simulated as a proof of concept for
a solution that combines the ease of fabrication with the microstrip technology and the advantage
of the wave propagation in the air only as of the metallic RGW. The simulation results showed
that the PRGW Rotman lens was capable of steering the beam within £30° with a maximum phase
error of £6° and about 1 dB insertion loss improvement compared to MS Rotman lens. This result

therefore concludes the set objectives of the thesis.
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6.2 Future Work

The work in this thesis can be furthered by the integration with Microelectromechanical systems
(MEMS). The monolithic fabrication of the BFN together with these tunable components reduces
drastically the dielectric losses associated with the PCB version of the BFN. RF-MEMS switches
could be used at both ends of Rotman lens so that attenuated signals, due to the dielectric substrate,
are detected and regenerated. In other words, the Rotman lens-based BFN will function as a trigger
for repeaters connected to RF-MEMS switches. Furthermore, the idea of using Rotman lens-based
BFN can also be developed with the help of digital signal processing in order to cover 360° rather
than the 3 dB beamwidth (BW) of a single antenna element. The required coverage area is divided
into sectors; each sector has an antenna array of N elements which are connected to a switch via
equal length transmission lines. The switch is connected to the array ports of the Rotman lens-
based BFN. This development would improve overall system efficiency—that is, the 360°
scanning could be achieved with the same number of beam ports and, consequently, the same

number of RF chains.
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