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ABSTRACT

Millimeter-Wave Components and Antennas for Spatial and Polarization

Diversity using PRGW Technology

Mohamed Mamdouh Mahmoud Ali, Ph.D.

Concordia University, 2020

The evolution of the wireless communication systems to the future generation is accom-

panied by a huge improvement in the system performance through providing a high data

rate with low latency. These systems require access to millimeter wave (mmWave) bands,

which offer several advantages such as physically smaller components and much wider

bandwidth compared to microwave frequencies. However, mmWave components still need

a significant improvement to follow the rapid variations in future technologies. Although

mmWave frequencies can carry more data, they are limited in terms of their penetra-

tion capabilities and their coverage range. Moreover, these frequencies avoid deploying

traditional guiding technologies such as microstrip lines due to high radiation and mate-

rial losses. Hence, utilizing new guiding structure techniques such as Printed Ridge Gap

Waveguide (PRGW) is essential in future mmWave systems implementation.

The main purpose of this thesis is to design mmWave components, antenna subsystems

and utilize both in beam switching systems. The major mmWave components addressed

in this thesis are hybrid coupler, crossover, and differential power divider where the host

guiding structure is the PRGW. In addition, various designs for differential feeding PRGW

antennas and antenna arrays are presented featuring wide bandwidth and high gain in

mmWave band. Moreover, the integration of both the proposed components and the

featured antennas is introduced. This can be considered as a significant step toward

the requirements fulfillment of today's advanced communication systems enabling both

space and polarization diversity. The proposed components are designed to meet the

future ever-increasing consumer experience and technical requirements such as low loss,

compact size, and low-cost fabrication. This directed the presented research to have a

contribution into three major parts.

The first part highlights the feeding structures, where mmWave PRGW directional

couplers and differential feeding power divider are designed and validated. These compo-
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nents are among the most important passive elements of microwave circuits used in an-

tenna beam-switching networks. Different 3-dB quadrature hybrid couplers and crossover

prototypes are proposed, featured with a compact size and a wide bandwidth beyond 10

% at 30 GHz.

In the second part, a beam switching network implemented using hybrid couplers is

presented. The proposed beam switching network is a 4 × 4 PRGW Butler matrix that

used to feed a Magneto-electric (ME) dipole antenna array. As a result, a 2-D scanning

antenna array with a compact size, wide bandwidth, and high radiation efficiency larger

than 84 % is achieved. Further gain enhancement of 5 dBi is achieved through deploying a

hybrid gain enhancement technique including AMC mushroom shapes around the antenna

array with a dielectric superstrate located in the broadside direction. The proposed

scanning antenna array can be considered as a step toward the desired improvement in

the data rate and coverage through enabling the space diversity for the communication

link.

The final activity is related to the development of high-gain wide-band mmWave an-

tenna arrays for potential use in future mmWave applications. The first proposed con-

figuration is a differential feeding circular polarized aperture antenna array implemented

with PRGW technology. Differential feeding antenna designs offer more advantages than

single- ended antennas for mmWave communications as they are easy to be integrated

with differential mmWave monolithic ICs that have high common-mode rejection ratio

providing an immunity of the environmental noise. The proposed differential feeding an-

tenna array is designed and fabricated, which featured with a stable high gain and a high

radiation efficiency over a wide bandwidth. Another proposed configuration is a dual-

polarized ME-dipole PRGW antenna array for mmWave wireless communication. Dual

polarization is considered one of the most important antenna solutions that can save costs

and space for modern communication systems. In addition, it is an effective strategy for

multiple-input and multiple-output systems that can reduce the size of multiple antennas

systems by utilizing extra orthogonal polarization. The proposed dual- polarized antenna

array is designed to achieve a stable gain of 15 ± 1 dBi with low cross- polarization less

than -30 dB over a wide frequency range of 20 % at 30 GHz.
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Chapter 1

Introduction

1.1 Millimeter Wave Wireless Communication

Lately, there has been an expanding interest in Millimeter Wave (mmWave) antennas and

components for use in short-range communications, future mmWave mobile communica-

tion, sensors networks, and imaging systems. The inventive and compelling utilization of

Information and Communication Technologies (ICTs) is becoming progressively critical

to enhancing the economy of the world. Wireless communication networks are the most

basic element in the worldwide ICT strategy supporting numerous industries. It is one of

the fastest developing and most unique parts of the world [2]. The advancement of wire-

less technologies has significantly enhanced different people's aspect of life through the

ability to communicate and live in both business operations and social functions [3]. The

remarkable achievement of wireless communications is reflected by the rapid pace of tech-

nology development. Start with the Second Generation wireless communication system

launched in 1991 to the 3G system in 2001, the wireless communication has transformed

from a traditional telephony system to a technology that supports high data rates with

expanded capabilities [4]. The 4G wireless systems were designed to satisfy the require-

ments of International Mobile Telecommunications- Advanced (IMT-A) through using

advanced techniques [5]. In 4G systems, an advanced radio interface is used for Multiple-

Input-Multiple-Output (MIMO) with Orthogonal frequency-division multiplexing. The

4G wireless networks can support high data rates with faster signal transmission. Long-

Term Evolution (LTE) is the development of 4G systems that have been deployed around

the globe introducing higher capacity and enhanced wireless communication. Fourth

generation (4G) networks have been reached the theoretical limit on the data rate and

therefore are not adequate to accommodate the challenges such as the spectrum crisis and
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high-energy consumption. In this way, we need breaking through wireless technologies

to overcome the problems associated with existing technologies such as Fifth Generation

(5G) wireless technology [4].

With the improvement of wireless communication technologies and its broad applica-

tions, wireless communication will have a significant value to society. They will provide

people with a variety of fundamental and high-value communication services, which are

the key driving force of the next wireless communication technology. These services would

be attractive to industry and of great value to society. These services include healthcare,

connected homes, self- driving, smart homes, entertainment, and other applications [6].

To achieve such demands, many of the industry initiatives identify a set of requirements

for future wireless technology. One of the main requirements of the future technology is

the low latency providing high-reliable and high-speed communication system enabling

the development of new applications. Also, providing the services for connected devices

in the presence of many concurrent users is important to improve the quality of life. Fur-

thermore, maintaining high quality at high mobility will enable the successful deployment

of advanced applications. Enhanced multimedia services through providing significantly

higher data rates will be considered a major concern for future mobile communication

systems [7].Therefore new mmWave bands are emerged as the availability of much wider

bandwidth compared to microwave frequencies can achieve the previously mentioned re-

quirements for future wireless technology [1]. In addition, mmWave frequencies offer the

advantage of physically smaller antennas and components result in practically realized

large-scale phased arrays at higher frequency bands due to the corresponding smaller

wavelength. Although millimeter waves open more spectrum, there are technical chal-

lenges need to overcome, which will be summarized in the following section.

1.2 Millimeter Wave Challenges

Challenges are the inherent part of the new development; so, like all technologies, the

next wireless generation has also key challenges that need to be tackled to achieve the

requirements discussed in the previous section. Numerous challenges are addressed in the

literature, which can be identified in the following. With the massive growth in mobile

data demand, the future wireless network is expected to be a very versatile technology,
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capable of providing the services with a high data rate to a large number of connected

devices, while maintaining a high quality of services [8]. In addition, increasing the

capacity of the network without significantly increasing the operating cost is considered

a key challenge for future wireless technology. Moreover, the hardware architecture for

implementing the future communication systems will be different depending upon the

band of operation. Highly Integrated Radio Frequency Circuits (HIRFCs) are required

for providing the necessary performance in the future communication frequency bands

[9]. Furthermore, atmospheric attenuation due to oxygen absorption or heavy rain is

a significant challenge to the mmWave communications [10]. Besides, these frequencies

affect the use of traditional guiding technologies as they suffer from radiation and material

losses, which limit their operation [11]. Due to the difficulties associated with mmWave

frequencies, the International Telecommunications Union's (ITU) reached agreements and

identified new spectrum to be studied [12,13].

The future wireless technology will use three frequency ranges to provide a wide cov-

erage area and support for all applications. These ranges are Sub-1 GHz, 1-6 GHz and

above 6 GHz [7]. Sub-1 GHz will support widespread coverage across urban, suburban,

and enable the Internet of Things (IoT) services. Moreover, the 1-6 GHz band offers a

good mixture of coverage and capacity benefits. While above 6 GHz will be utilized to

provide the ultra-high broadband speeds envisioned for the next wireless generation [1].

According to the latest World Radiocommunications Conference (WRC-19 in Sharm el-

Sheikh, Egypt), this band has been identified as a mmWave band starting from 24 GHz

up to 86 GHz [13]. These bands are divided into several sub-bands with different band-

widths as graphically shown in Fig. 1.1. These frequency bands are proposed to be

studied for consideration as a potential range that meets the ultra-high-speed expected

for mmWave technology. Therefore, to achieve great improvements in the performance

of future wireless communication systems, different technological directions are indepen-

dently emerging. There are many approaches for improving the system capacity and

coverage such as beam switching and massive MIMO. Beam switching can increase the

link signal-to-noise ratio (SNR) through the coherent addition of the signal transmitted

from the antenna array resulting in increased capacity and coverage. While MIMO can

enable space multiplexing results from the existence of multiple antennas in a system.
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Figure 1.1: The expected frequency bands for mmWave research [1].

1.3 Motivation and Problem Statement

1.3.1 Motivation

The race for innovative solutions to enable the next generation era of wireless commu-

nications has recently featured and expanded all over the world. In early 2013, China

is investing $180 billion in the development of future wireless technology by 2020 [14].

Three European leading universities are working collaboratively to bring the high-speed

future wireless network into completion, namely, the University of Dresden in Germany,

the Kings College of London, and the University of Surrey [15]. In addition, South Korea

is quite aggressive to develop and deploy 5G systems investing $1.5 billion [14]. Once

developed, the future wireless network will permit a peak data rate of 20 Gbit/s and 10

Gbit/s for downlink and uplink, respectively [16]. The future wireless communication

network is expected to be roughly 10 times faster than an existing fourth generation and

LTE networks [17]. In addition, low latency is expected to be lower than 4 ms that

may be used in emerging applications such as self-driving cars, high-speed virtual real-

ity videos, remote surgery and other tasks demanding quick response [16]. Furthermore,

more capacity will be achieved, which means more devices will simultaneously be able to

communicate enabling the Internet of Things (IoT). This can be accomplished by deploy-

ing different design approaches. One of them is enabling a space diversity, which provides

simultaneous services to many connected devices [18]. This can be achieved by using a
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Figure 1.2: Block diagram of mmWave beam switching subsystem with polarization di-
versity.

smart and more cost-effective antenna array transceiver with beam steering capabilities.

Another approach is deploying a massive MIMO system, which is one of the recommended

techniques for future wireless communication systems that can increase spectral efficiency

by using a very large number of transmit antennas [19]. However, utilizing many antennas

will increase the size of the antenna array. Therefore, deploying a polarization diversity

to implement a massive MIMO system is a cost-effective solution that can reduce the size

of the MIMO system by providing extra orthogonal polarization [20,21].

1.3.2 Problem Statement

The ultra-high-speed connections in the range of multi-gigabit per second could potentially

be achieved through using an ultra-wide bandwidth system which may be implemented

at higher frequency bands such as mmWave frequency band. These frequencies have

been considered for the operation of the future wireless communication system. How-

ever, the aspects of the mmWave band pose several challenges as discussed in Section

1.2. Therefore, the utilization of a modern guiding structure to satisfy the future wire-

less technology requirements and match the continuous development of a communication

system is necessary. Extensive work has been done in the literature to design mmWave

components and antenna based on modern guiding structure such as Substrate Integrated

Waveguide (SIW) [22, 23]. Although most of these designs have a low profile and a wide

impedance bandwidth, they have a relatively high transmission loss and a low efficiency
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of large mmWave structures. These losses result from the dielectric material where the

wave propagates. Recently, several research groups have carried out research to imple-

ment mmWave components based on Gap Waveguide (GW) technology that achieved a

high efficiency at the mmWave frequency band [24–26]. However, the main drawbacks are

a narrow bandwidth, large profile, and high fabrication cost due to the tight associated

fabrication tolerance. Therefore, a Printed Ridge Gap Waveguide (PRGW) technology

has been introduced to overcome most of the previously mentioned challenges [27]. The

use of this guiding structure to propose different types of mmWave components is consid-

ered a step toward the completion of future communications systems. These components

should achieve compact size and a low loss as well as easy fabrication resulting in eco-

nomic, energy-efficient, and high-performance components suitable for the massive future

consumer market requirements. Although the implementation of mmWave components

using PRGW technology has been recently introduced, they still need more development

to match the requirement of future technology. Few mmWave components such as filters

based on PRGW technology featured a wide bandwidth have been designed in the liter-

ature [27, 28]. However, other components such as hybrid directional couplers, crossover,

and differential power dividers based on PRGW still need to be developed as they are

essential components for scanning antenna array structures. In addition, several mmWave

antennas based on PRGW technology featured a wide bandwidth and high gain have been

designed and reported in the literature [29–31]. However, most of them are single-fed with

linear or circular polarized.

The thesis work is focused on the design and implementation of several mmWave

components and antennas that addressed the aforementioned drawbacks and challenges

discussed in Section 1.2. In the first part of the thesis work, we are focused on the design

and implementation of mmWave hybrid couplers and crossovers based on PRGW as they

are essential components to implement beam switching networks as shown in Fig. 1.2. In

addition, other components such as differential power dividers are presented as they are

part of the feeding structure needed to realize and feed various types of antenna arrays.

These components are designed to have superior characteristics including a compact size

with wide bandwidth that can satisfy the requirements of the future wireless communi-

cation systems. Second, a compact size beam switching network is designed using hybrid

couplers and integrated with antenna array to realize a beam scanning array. This ar-
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ray features wide bandwidth, compact size, and high efficiency which can be considered

as a valuable solution to enable the space diversity required for future communication

technology. The third part is presented the differential feeding Circular Polarized (CP)

antenna array based on PRGW. The antenna array is designed to be differentially fed that

can be easily integrated with differential circuits having desirable characteristics such as

high immunity toward environmental noise [32, 33]. Therefore, the deploying of differen-

tial circuits can be accomplished without the complexity that can introduce losses and

lowers the radiation efficiency. In addition, being CP will improve the reliability of the

communication link [34,35]. Furthermore, the proposed antenna has a compact size with

a high gain over a sufficient bandwidth. Finally, a wide bandwidth and high gain dual-

polarized antenna based on PRGW is presented. A dual-polarized antenna is necessary

for advanced wireless communication systems since it can reduce multipath fading losses,

improves the reliability of the communication link and enables the development of massive

MIMO antenna system [20,36,37].

1.4 Objective

The overall objective of this thesis is to design and implement mmWave components and

antennas required to realize beam switching system such as shown in Fig. 1.2. This system

will enable both space and polarization diversity to overcome the previously mentioned

challenges associated with the future wireless communication systems. This objective is

achieved by performing the following tasks:

• The first task is focused on the development of feeding structure, where practical

mmWave hybrid directional couplers, crossovers, and differential power dividers are

implemented with PRGW technology. The proposed components have improved

performance featuring a wide bandwidth to provide a high data rate required for

future wireless communication systems. Furthermore, the proposed compact size

couplers enable the integration with other components and reduce the overall system

cost. In addition, the proposed power divider is designed to provide an equal power

division with a stable 180o phase difference over a wide bandwidth. Such power

dividers is allowed the realization of the antenna array with a stable gain over a

wide bandwidth.
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• In the second task, a PRGW beam switching feeding network to form a scanning

antenna array is designed. A wide bandwidth and compact magneto-electric dipole

antennas is developed for integration with the feed switching network. The beam

switching network is designed using wide bandwidth hybrid couplers to achieve a

compact size and high radiation efficiency scanning antenna array enabling the space

diversity for future communication systems. In addition, several gain enhancement

techniques are proposed to improve the antenna array gain and extend the coverage

area.

• The third task is focused on the development of high gain and broadband mmWave

antenna array. A circularly polarized antenna is designed, which is a good solution

for reducing multipath fading problem as well as resilience to polarization mismatch

due to misalignment between transmitting and receiving antennas. In addition, the

proposed CP antenna is differentially fed instead of a single-ended fed for potential

integration with differential mmWave monolithic ICs and enjoy low-noise, high-

linearity, and large-dynamic range.

• Finally, a high gain and wide bandwidth dual-polarized antenna is designed, which is

an attractive antenna solution to provide two orthogonal polarizations and reducing

the size of the MIMO antenna system. Although mmWave frequencies can provide

a huge bandwidth enough for high data rate applications, they are subject to high

attenuation which limits the coverage range of operation. Therefore, to compensate

for the losses in such higher frequencies, we are presented a design of antenna array

featuring the previous characteristics with a high gain.

1.5 Contributions

The reported work in this thesis can be considered another step toward exploring and

developing mmWave subsystems based on PRGW technology that's aimed to enable both

space and polarization diversity for future wireless communication systems. Several pro-

totypes of mmWave components and antenna subsystems are developed and resulted in

five published articles [38–43]. The work contributions can be summarized as follows:
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• PRGW Hybrid Couplers: to the best of our knowledge, two different prototypes

for 3-dB hybrid couplers based on PRGW technology are designed for the first time

in the literature. The main contribution of [39] is to introduce a coupling mechanism

that provides a flat 3 dB forward coupling with superior electrical characteristics

in the mmWave frequency band. This coupler improved the performance based

on different design criteria, where a remarkable improvement in the performance

is achieved compared with the work done in [38]. The proposed coupler in [39] is

achieved a 26% relative bandwidth , which is more than four times the percentage

bandwidth presented in [38]. Although this work shows a wide operating bandwidth,

it has a relatively large size compared with the coupler designed in [38]. Therefore,

another coupler is designed, which is focusing on achieving better performance with

a compact size.

• PRGW Crossover: a prototype for a crossover device based on PRGW tech-

nology is provided for the first time in the literature [40]. The main contribution

in [40] is to introduce the design and implementation of compact size and a wide

bandwidth crossover for mmWave applications based on PRGW technology. The

proposed crossover is achieved a compact size with a 13.33 % relative bandwidth

and a matching and isolation level of -13.5 dB.

• PRGW Beam Scanning Antenna Array: Since the beam switching network

based on PRGW technology has not been visited in the literature, a prototype of

2-D scanning magneto-electric (ME) dipole antenna array fed by PRGW technology

Butler matrix is provided [41]. In this work, we are investigating the use of PRGW

technology as low signal distortion, low loss, and wide bandwidth in a beam switch-

ing network can be achieved. The main contribution of this work is to introduce

the design and implementation of a 2-D scanning antenna array fed by 4×4 PRGW

butler matrix at mmWave bands. This PRGW butler matrix is used to feed a 2×2

ME dipole antenna array to construct a 2-D scanning antenna array features with

a wide bandwidth of 20% and radiation efficiency higher than 84%.

• PRGW Differential Fed Circularly Polarized Antenna Array: a prototype

of a differential feeding circular polarized antenna array implemented with PRGW

technology is provided [42]. As the design of differential feeding circularly polarized
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antenna based on PRGW technology is not addressed yet in literature, this work

is focused on the design and implementation of PRGW differential feeding antenna

array for future wireless communications at 30 GHz. Based on the requirements of

the future communication system at 30 GHz, a differential-fed antenna array with

CP radiation characteristics is designed, where a deep matching level over a 16%

at 30 GHz is achieved. Furthermore, a 3 dB AR bandwidth over a 10% bandwidth

is achieved, which is enough for future wireless applications at 30 GHz. Finally, a

high gain of 14 dB with a 3-dB gain bandwidth of 16% is achieved.

• PRGW Dual Polarized Antenna Array: a prototype of a dual-polarized an-

tenna implemented with PRGW technology is developed [43]. Although several

mmWave antennas based on PRGW technology featured a wide bandwidth and

high gain have been designed in the literature, however, most of them are linear

or circular polarized. Therefore, a PRGW is adopted in the proposed work to im-

plement a dual-polarized antenna for mmWave applications. The proposed antenna

has a 20 % relative impedance bandwidth with isolation better than 20 dB at 30

GHz. In addition, the proposed antenna has achieved a gain of 10 dB with a stable

radiation pattern over the operating bandwidth.

1.6 Thesis Organization

This thesis is organized in six chapters as follows: The literature review of guiding struc-

tures as well as the mmWave components implemented with these guiding structures is

presented in Chapter two. Chapter three focuses on the design of PRGW directional

couplers, where different designs of mmWave hybrid directional couplers and crossovers

are presented. Chapter four presents the design of linear polarized 2-D scanning magneto-

electric dipole antenna array fed by the PRGW Butler matrix implemented using PRGW

directional coupler designed in Chapter three. While, chapter five presents different po-

larization antenna techniques, which include circular and dual-polarization. In chapter

five, a differential feeding circularly polarized antenna array implemented with PRGW

technology for mmWave applications is proposed. The same chapter also presents the

design of a dual-polarized antenna based on PRGW. Chapter six concludes the results

achieved in this thesis and summarizes the suggested future work.
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Chapter 2

Literature Review

Microwave circuits and components have been increasingly adopted in many applications

such as radio astronomy, long-distance communications, space navigation, radar systems,

and medical equipment. As a result, the microwave industry paid considerable attention

to develop the mmWave components to match the accelerating rate of microwave tech-

nology growth and communication system as well. The success of future wireless com-

munications technology can be achieved through supporting high data rates by deploying

diversity schemes as well as investigation of a new frequency band such as mmWave bands

to provide more applications. Hence, the research community needs to develop more and

more mmWave beam switching networks and its associated mmWave components such as

couplers, dividers, crossover, and antennas. These microwave components can be imple-

mented using a microwave guiding structure such as microchip line, stripline, rectangular

waveguide, and modern technology as substrate integrated waveguide (SIW), packaged

microstrip line, and ridge gap waveguide (RGW). The coming section will provide a review

of the different types of microwave guiding structures. This is followed by a description

of the state of art guiding structures which based on gap waveguide technology. After-

ward, a brief review of the major components deployed in the beam switching networks

is presented.

2.1 Microwave Guiding Structures

Electromagnetic guiding structures are fundamental components of the radio wave, mi-

crowave, and optical circuits [44]. The purpose of these structures is to guide the elec-

tromagnetic wave through a channel or a path with little attenuation. Understanding

the principle operation of these guiding structure requires the excellent conception of the

electromagnetic theory that was completely formulated by James Clerk Maxwell into four
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equations describing the wave propagation. Wave equation was obtained by Helmholtz

from the four Maxwell’s equations, which is partial differential equation that govern the

solutions of electromagnetic fields inside any guiding structure. Finding a unique solution

to a partial differential equation cannot be done without applying the boundary condi-

tions of the structure. Solving the wave equations will result in a full description of the

electric and magnetic fields which come in the form of transverse electric (TE), transverse

magnetic (TM), transverse electromagnetic (TEM) and hybrid models have both electric

and magnetic field components in the direction of propagation. These solutions address

the propagation of the wave inside many different guiding structures such as a rectangular

waveguide, coaxial line, microstrip line, and stripline [45,46].

Among all implementation technologies, the rectangular waveguide has superior elec-

trical characteristics in terms of losses, power handling and compliance with international

standard systems. Thus, this type of guiding structure is frequently deployed in many

systems such as satellite communications and wireless transmit or receive radar systems.

However, they can support only TE or TM mode which subjects to large dispersion.

Moreover, the inability to be integrated with monolithic- microwave integrated circuits

(MMICs). Furthermore, a complex process is required to assure good joints during the

fabrication process. As a result, new types of printed microwave guiding structures using

different technologies are investigated [24,45,46].

One of the modern guiding structure technologies is the microstrip line, which is

cheaper, easier in fabrication, and supports a Q-TEM mode [45]. The benefit of TEM is

that the media is non-dispersive, where the phase velocity and characteristic impedance

are constants over a wide band. This means the signal will be transmitted through the

guiding structure without distortion, which is preferred in communication systems [47].

However, at high microwave frequencies (30 GHz to 300 GHz), these traditional guid-

ing structures suffer from high radiation and material loss which limits its applications.

Therefore, a new guiding structure called a substrate integrated waveguide (SIW) has

emerged.

SIW can be considered as a dielectric-filled waveguide but in printed form. Although

this type of guiding structure has very small radiation losses compared to the microstrip

line configuration, it carries a TE mode as it is very close to the traditional rectangular

waveguide which leads to more signal distortion [24]. Moreover, the dielectric loss leads
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to an unacceptable ohmic loss which considers a major drawback of this technology.

All the aforementioned challenges concerning microstrip and SIW technologies lead to

discovering a new promising guiding structure for millimeter-wave application entitled gap

waveguide technology. This guiding structure has a low loss, which results in developing

components with featured characteristics [48].

2.1.1 Gap Waveguide Guiding Structures

Recently, artificial electromagnetic materials have been carefully studied and investigated

in the literature. Such materials are often referred to metamaterials which exhibit prop-

erties not found in nature. One of the most desirable properties is to achieve an artifi-

cial magnetic conductor material, which is useful in many microwave components. The

first conceptual attempt to realize magnetic conductivity (in the form of high surface

impedance) was the so-called soft and hard surfaces. The concept of soft and hard sur-

faces realized by corrugated surfaces was introduced by Cutler in 1944 [49]. This concept

based on the propagation along the corrugated surface that made up of parallel grooves,

separated by metal walls as shown in Fig.2.1. The direction of the wave propagation

relative to the direction of the corrugation determines whether it enables (hard surfaces)

or prevents (stop surfaces) the wave propagation at the surface [50]. Nowadays, these cor-

rugated surfaces most conveniently described as a periodic PEC/PMC surface. The PMC

strips can be realized as metal grooves with effectively quarter-wavelengths depth. The

soft surface is a kind of corrugation that stops the electromagnetic wave propagation. The

reason behind this feature is that this kind of corrugation eliminates both the transverse

electric field and the transverse magnetic field [24]. On the other hand, the hard surfaces

allow waves of arbitrary polarization to propagate along the strips and eliminate only the

longitudinal field components which result in the propagation of the only TEM mode.

These kinds of surfaces are considered as a 1-D periodic structure where the PEC/PMC

strips are repeated in one direction.

Other periodic structures implement the periodicity in two dimensions. These struc-

tures called Electromagnetic Band Gap (EBG) structures that stop wave propagation

along its surface in a similar way as the soft surface but for all directions [24]. These

structures prevent the wave propagation of all polarization and in all directions within

the stopband that defined by the unit cell dimension. There is a different realization for
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(a) (b)

Figure 2.1: Corrugated surfaces: (a) Soft surface. (b) Hard surface

(a) (b)

Figure 2.2: Electromagnetic band gap structures: (a) Bed of nails. (b) mushroom-shape

EBG surfaces such as quarter wavelength bed of nails or mushroom-like EBG. Fig.2.2

shows several types of EBG surfaces.

Gap waveguides were introduced by Kildal in 2009 [51] as a quasi TEM guiding struc-

ture. This technology can be considered as an application of the soft and hard surfaces

but in two-dimensional using periodic EBG structures. Firstly, gap waveguide can be

realized by inserting a conducting ridge into the bed of nails structure bounded by the

upper ground plate which referred to ridge gap waveguide (RGW) [52, 53]. These bed of

nails forms an artificial magnetic (AMC) surface where a ridge located between the nails

used to guide the signal [24,54]. The basic geometry of the ridge gap waveguide is shown
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(a) (b) (c)

(d) (e)

Figure 2.3: Gap waveguide structure: (a) Ridge gap waveguide. (b) Groove gap waveg-
uide. (c) Inverted microstrip gap waveguide. (d) Inverted microstrip printed gap waveg-
uide. (e) Printed ridge gap waveguide.

in Fig.2.3(a).

An analytic solution for the fundamental quasi-TEM mode of a ridge-gap waveguide

is proposed in 2011 [55]. This analysis based on simplifying the complexity of the analysis

of periodic structures by using appropriate boundary conditions. The basic assumption

is that the periodicity of the considered structure approaches zero. By this, a simple

and rigorous model suitable for the initial design of the structure can be obtained. This

means that the properties of EBG structures, soft and hard surfaces, and gap-waveguide

components can accurately be predicted in this way [56].

Other types of gap waveguides were proposed based on the same principle of RGW

such as a groove gap waveguide (GGW) shown in Fig. 2.3(b). It considers as a rectangular

waveguide between contactless metal plates [57]. With this structure, the different modes

can be supported as a function of the cross-sectional dimensions of the groove, in the

same way as in a conventional rectangular waveguide [58] . The bed of nails provides the

cut-off of the parallel plate modes of the structure, and within this cut-off bandwidth, the

allowed modes of the groove propagate [59]. As a result, the field is quite confined to the

groove which some of these waveguides are manufactured sharing the same plates with

high isolation.

Inverted microstrip gap waveguide (IMGW) [60] is considered as a development of

RGW which based on the presence of a thin substrate that lies over the bed of nails
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where the ridge is printed as shown in Fig.2.3(c). This gap waveguide technology can

facilitate the design process since the arrangement of the bed of nails around the res-

onators and lines in RGW technology is complicated [27, 28]. On the other hand, the

existence of a substrate will increase the losses and the size of the structure. Further-

more, the substrate layer above the nails adds more space between the bed of nails and

the upper ground plate which results in decreasing the stopband [27, 61, 62]. Replacing

the bed of nails with EBG mushroom structure to construct a printed type ridge gap

waveguide is shown in Fig.2.3(d). This printed ridge gap waveguide (PRGW) enables the

microwave components implemented based on RGW technology to be integrated easily

with monolithic- microwave integrated circuits (MMICs) and fabricated using tradition-

ally printed circuit board (PCB) techniques. The main drawback of this technology is

the existence of a substrate will increase the losses [63, 64]. Also, the operating band

(stopband) will be decreased since the substrate layer above the mushroom surface (and

the pins) adds more space between the mushrooms (creating the high impedance condi-

tion) and the upper ground [61, 65]. Hence, another approach to overcome the previous

challenges is that both mushrooms surface and microstrip line share the same substrate

as shown in Fig .2.3(e). Although this guiding structure provides wider bandwidth and

low loss, the circuit layout through alignment of the EBG units around the ridge will be

complicated for complex designs.

Printed ridge gap waveguide shown in Fig.2.3(e) is considered one of the essential guid-

ing structure technologies which used in this research work due to the recently reported

advantages which can be summarized as:

• Enables the use of low cost printed circuit board (PCB) techniques.

• Supports the propagation of Q-TEM mode.

• Good electrical contact between the building blocks is not needed.

• The complexity in fabrication is reduced.

• Low loss at millimeter-wave frequencies.

• The ability to be integrated with monolithic- microwave integrated circuits (MMICs).
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2.2 Beam Switching Butler Matrix Techniques and

Components

The evolution of future communication technology will be through the improvement of

the current technology, where new frequency bands below 6 GHz are attractive resources

for future wireless communications [1, 7, 13]. On the other hand, the bands above 6 GHz

are currently under study to test the viability of extending wireless services to support

the exponentially growing demand in upcoming years. Furthermore, to meet the future

wireless communication system requirements of more than 10 Gbps peak rate, two main

techniques such as beam switching and MIMO are required. Beam switching can increase

the signal-to-noise ratio (SNR) by pointing the transmitted power from the antenna array

in any direction within a certain solid angle depending on the antenna pattern of the

individual antenna elements. This not only can extend the range and coverage, but also

reduce interference with other nearby transmissions [66]. Beam switching is an essential

technique for different radio applications such as communications, surveillance, radar and,

with different array sensors, in sonar and audio fields [19,67]. There are two types of beam

switching, which can be categorized as analog and digital. In this section, we are focusing

on analog beam switching, which can be classified into two main parts. One is an active

beam switching system such as Phased Array Antenna (PAA) [68] and the other method is

a passive beam switching system, which deploys passive components to implement passive

beam switching networks.

2.2.1 Beam Switching Butler Matrix Techniques

Passive beam switching networks were introduced with many configurations, such

as Blass matrices [69], Rotman lenses [70, 71], Nolen matrix [72] and Butler matrix [73].

Among all these types, the Butler matrix has a simple configuration which can be realized

using a low number of components as shown in Fig. 1.2 [74–78]. In addition, it can

be deployed to achieve two-dimensional beam scanning which can be realized using only

directional couplers without any crossing which results in a compact structure with a wider

coverage area [78]. Butler matrix can be implemented by traditional guiding structures

such as microstrip lines and stripline [79, 80]. However, these guiding structures suffer

from high material and radiation losses which greatly limits their usage at mmWave
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frequency bands. Recently, the implementation of beam switching networks through

deploying modern guiding structures such as SIW technology has attracted significant

attention by the research community due to the ability to address the losses problems

[74–77, 80]. Several realizations of Butler matrix using SIW have been proposed through

the literature such as 1-D in [80], and 2-D switching beams [74–77]. Although these

designs exhibited good performance in terms of bandwidth and radiation characteristics,

they have a low radiation efficiency between 45% and 70% which may not be suitable for

future applications.

On the other hand, few trails are performed to implement beam switching networks

based on gap waveguide technology [81–84]. A Rotman lens with RGW technology is

proposed in [83]. Although this lens shows a wide bandwidth performance, it needs

a high fabrication tolerance that results in a much more expensive device. In [83], a

multilayer inverted microstrip gap waveguide scanning antenna array based on Rotman

Lens is reported. Although this design can cover a wide scanning range of ±40o, it is

a complicated structure implemented based on multilayer configuration. There aren’t

prototypes for all the previous mention Rotman lenses, where only simulated results

are presented. Therefore, the investigation of beam switching networks based on other

guiding structure including printed ridge gap waveguide deploying different techniques

are necessary to satisfy the future communication system requirements. In the following,

we will focus only on the passive mmWave components associated with the passive beam

switching such as power dividers, directional couplers, crossovers, and antennas which can

be implemented using different guiding structure.

2.2.2 Beam Switching Butler Matrix Components

Among all passive microwave components, directional couplers are essential compo-

nents in microwave systems for power splitting, power combining, and measurement op-

erations as they are one of the main components of a beam switching feeding network.

The main purpose of these components is to extract a directive sample from the input

power. They can be classified based on the coupling mechanisms as forward and back-

ward couplers. They can be realized through a coupled line, branch lines, multi-hole,

and patch configurations. They can be implemented using traditional guiding structures

such as microstrip line [85–88], stripline [89], and rectangular waveguide [90, 91]. Also,

they have been implemented based on modern guiding mechanisms such as substrate
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integrated waveguides [92–98] which are suitable for high-frequency ranges. For exam-

ple, traditional short-slot SIW hybrid couplers have been proposed in many articles be-

fore [96,97]. They have an average size of 2.5λg×1.3 λg with relative bandwidth between

3-13 % percentage bandwidth. In addition, the dominant mode is a TE mode, which has

more dispersion. Furthermore, SIW has a large insertion loss which exceeds 1 dB due

to dielectric losses [96]. Other coupler designs were introduced based on air-filled SIW

(AFSIW) technology [93, 98]. In this case, the losses decreased closer to gap waveguide

technology. The bandwidth is relatively wide which is exceeding 10 % at the expense of

the complex fabrication process. Some other designs using RGW technology have been

proposed to decrease the overall loss and support the signal transmission with minimal

dispersion [99, 100]. In this design, the size of coupler is 1.6λg×1.6 λg with a percentage

bandwidth of 14%. Although this coupler achieves low loss and high-power handling, it

has a big size and utilized an expensive fabrication process. Hence, it is difficult to inte-

grate with a monolithic microwave integrated circuit. Based on PRGW technology, few

trials have been presented in [101,102]. Although the coupler presenting in [101] provides

a 3-dB coupling over a wide bandwidth, it is implementing through multi-layer configura-

tion that increases the size and the losses as well as the complexity of the design. Hence,

it is not suitable to be integrated with a beam switching feeding network. A single layer

PRGW coupler using a dielectric gap filled has been reported in [102]. In this design, the

gap is filled with a dielectric to reduce the size of the coupler, however, more loss and

limited performance are achieved. A microstrip ridge gap waveguide hybrid coupler at 60

GHz is reported in [63]. This coupler has a good phase imbalance 90 ± 2.5o over a narrow

bandwidth of 11 % with large insertion loss of 0.9 dB. There is still a chance to design

a single layer, compact couplers, and wider bandwidth based on PRGW technology. In

addition, they will have superior characteristics at higher frequency bands such as low loss

since the wave propagates inside the air gap. Moreover, it supports a Q-TEM mode which

results in minimum dispersion supporting wave propagation with minimal distortion.

Crossovers are essential components in any beam switching network for signal dis-

tribution and routing applications. They can be considered a 0-dB directional coupler

that can be realized through many different configurations such as routing and multilayer

configurations. Among all configurations, cascading two 3 dB hybrid couplers to realize

a crossover is featured with simplicity and wide band of operation. Crossovers can be
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implemented using traditional guiding structures such as microstrip line [103] as well as

modern guiding mechanism such as substrate integrated waveguide [104–107] and packing

microstrip line technology [108]. However, many of these designs suffer from either poor

performance (i.e., narrow bandwidth, low isolation, large transmission loss and/or large

size) or complex structure, which greatly limits their practical application use. Based

on our knowledge, PRGW technology has been rarely used for crossover structures. One

trail has been done to implement a crossover based on PRGW technology [109]. Although

this design shows a wide bandwidth of operation of 26 %, it has a very large size with

dimensions of 5.1λo × 2.14 λo, where λo is the free space wavelength at 13 GHz. Hence,

it is necessary to design, develop and test this device as it is an essential element in a

beam switching feeding network.

Antenna are no less important as they are a necessary component of any wireless sys-

tem. The main purpose of these components is to radiate and receive the input power.

They were deployed in a variety of existing or future wireless communication networks

such as wireless sensor networks, mobile communication systems, and wave automotive

sensors. They were introduced in many configurations including wire antennas, slot an-

tennas, microstrip patch antennas, dielectric resonator antennas, cavity antenna, and

leaky-wave antennas [110–115, 118]. Much work has been done on the enhancement of

the performance of the antenna in terms of bandwidth, multiband operation, size reduc-

tion, and the shaping of the radiation pattern [116–122]. Moreover, innovative antenna

technologies, including dual-polarized antenna, differential feeding, and reconfigurable

antennas have been presented to satisfy the future system requirements. Among all an-

tenna technologies, differential feeding antennas are necessary to be easily integrated

with differential mmWave monolithic ICs that enjoy low-noise, harmonic suppression,

high-linearity, and large-dynamic range [123, 124]. Other advantages include low cross-

polarization radiation, high polarization purity, and wide bandwidth [32, 125]. Recently,

various differential feeding antenna designs have been reported in the literature which is

either fed by traditional technologies such as microstrip line [126, 127] or modern tech-

nologies such as low-temperature cofired ceramic (LTCC) [128] and substrate integrated

waveguide (SIW) [129, 130]. For example in [126], a 2× 2 patch antenna array is dif-

ferentially fed using a rate race and power divider at 13 GHz, which achieved a 10-dB

impedance bandwidth of 12.8% with a peak gain of 12.32 dB. A 4 × 4 differential-fed
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patch antenna array using low-temperature cofired ceramic (LTCC) process was proposed

in [128] at 60 GHz. The array is achieved impedance bandwidth of 11.7% with 18.62 dB

and low aperture efficiency of 63%. In addition, some of the reported designs were shown

a CP radiation capability at 60 GHz using a λg/4 height SIW opening-cavity structures,

which were proposed in [129,130]. In [129], an aperture antenna element with a rotation-

ally symmetric windmill-shaped patch was proposed at 60 GHz, which achieved a 3-dB

axial ratio (AR) bandwidth of 17.9% and a peak gain of 14.2 dB with a large aperture

size of 2 λo× 1.8 λo. Although most of these designs having a wide impedance and axial

ratio bandwidths with high gain at mmWave frequency bands, they are suffering from

a relatively high transmission loss and low radiation efficiency due to the existence of

dielectric where the wave propagates. On the other hand, feeding the antenna array us-

ing a printed ridge gap waveguide exhibited a large efficiency in many reported designs

because the wave is propagating inside the air gap instead of dielectric as in other tech-

nologies [57, 131–136]. Another antenna technology that is very necessary for the future

communication systems is a dual-polarization. The dual-polarized antenna is considered

an effective antenna technique for the MIMIO system as a size reduction in the array

size can be achieved through providing two orthogonal polarizations [21]. This gives dual

polarization antennas a major advantage compared to spatially separated single-polarized

ones. Other advantages include improvement for the communications link by reducing the

multi-path fading loss and enabling the polarization diversity [20, 37]. Recently, various

dual-polarized antenna designs have been investigated in the literature, which are imple-

mented based on microstrip line, Substrate Integrated Waveguide (SIW) technologies, and

Low-Temperature Co-fired Ceramics (LTCC) [137–140]. Although most of these designs

have a low profile, wide impedance, and isolation bandwidth, they have a relatively high

transmission loss and low efficiency of mmWave large array structures. These losses result

from the existence of dielectric material where the wave propagates. On the other hand,

few works have been done in the literature to implement dual-polarized antenna based

on Gap Waveguide (GW) technology that achieved a high efficiency at the mmWave fre-

quency band. However, the main drawbacks are a narrow bandwidth, large profile, and

high fabrication cost due to the great fabrication tolerance needed [139, 140]. Therefore,

PRGW technology has been deployed several times in the literature to overcome these

challenges. Based on our knowledge, several mmWave antennas based on PRGW tech-
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Figure 2.4: Thesis research methodology flow chart.

nology featured a wide bandwidth and high gain have been designed in the literature,

however, most of them are linear or circular polarized [29–31].

2.3 Research Methodology

According to the previously discussed literature review, several mmWave components and

antennas are still needed to be developed and designed based on a modern guiding struc-

ture such as printed ridge gap waveguide. This type of guiding structure has been used by

the research society as it has superior characteristics at mmWave frequencies. Therefore,

the following chapters will propose the design, implementation, and fabrication of essen-

tial mmWave components and antennas for future short-range and high-speed mmWave

applications. These components will be implemented based on PRGW technology, where

a common methodology is adopted to realize them, while detailed design procedure for

each component will be presented in the following chapters. The common methodology

is demonstrated in Fig. 2.4 and described as follow:

• Design Requirements: a 30 GHz is considered as the center operating frequency

for all the designed components, where the target relative bandwidth is larger than

10 %.

• PRGW Design: the PRGW guiding structure is realized by designing the EBG

unit cell operating at 30 GHz. The design of the EBG unit cell is performed using

the Computer Simulation Technology (CST) Microwave Studio Eigenmode Solver

[141]. This unit cell is printed on a substrate with a certain thickness and proper

22



dimensions to cover more than 10% bandwidth. Two types of substrate (Rogers

RT6002 and RO 3003) are used in the thesis work, which is recommended by the

fabrication agency.

• Initial Dimensions Extraction: detailed design procedures and guidelines in the

subsequent chapters are used for each component to determine the initial dimen-

sions.

• Simulation and Optimization: the simulation of the proposed components is

performed using the CST, which is a high performance 3D EM analysis software

for designing, analyzing and optimizing electromagnetic (EM) components and sys-

tems. Different CST solvers are used for simulation such as time domain and fre-

quency domain. Time domain solver is based on the finite integration technique

(FIT), where the Maxwell equations are numerically solved in their integral form.

While frequency domain is solving numerically Maxwell equations in their differen-

tial form based on finite element method (FEM). The proposed components have

been constructed using CST, where several parametric studies are performed using

time domain solver to obtain preliminary results.

• Fabrication: the proposed components are fabricated using a standard Printed

Circuit Board (PCB) process, where different layers are assembled and aligned to-

gether using plastic screws or glue with thermal pressure. A 2.92 mm end launch

connectors are used to allow the connection between the device under test and the

measurement equipment interface.

• Testing and Performance Evaluation: the S-parameters are measured using an

N52271A phase network analyzer, where the gain and radiation pattern measure-

ments were performed in the anechoic chamber system. These measurement setups

are shwon in Fig. 2.5. The performance of the designed components is evaluated

through a comparison between Both measurement and simulated resulted.
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(a)

(b)

Figure 2.5: Measurement setups. (a) N52271A phase network analyzer. (b) Anechoic
chamber system
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Chapter 3

Millimeter Wave PRGW Hybrid Directional

Coupler and Crossover

Communication systems are witnessing an outstanding revolution that has a clear im-

pact on all aspects of life. The world technology is drifting towards high frequency and

data rate solutions to accommodate future expansion in wireless applications. The future

technology will offer advanced features in the mmWave frequency band which requires in-

telligent subsystems such as beam switching. Therefore, the microwave components, spe-

cially couplers, still need a significant improvement to follow the rapid variations in future

technologies. Quadrature 3-dB hybrid microwave directional couplers are among the most

important category of passive microwave circuits. The main purpose of these components

is dividing or combining signal with appropriate phase as they are deployed in microwave

smart beam switching subsystems. Beam switching networks are considered an important

subsystem in the realization of the future wireless communication system. They are used

specifically to improve the quality and reliability of the wireless communication through

the improvement of the signal to noise ratio of the communication link. Another essential

component required to realize the beam switching network is a crossover. Being low loss,

wide bandwidth, and compact size will improve the performance of beam switching sub-

systems. Although the implementation of mmWave components using PRGW technology

has been recently introduced, they still need more development to match the requirement

of future technology. Few mmWave components based on PRGW technology featured a

wide bandwidth have been designed in the literature. However, other components such as

hybrid directional couplers and crossover based on PRGW still need to be implemented

as they are essential components for scanning antenna array structures.

In this chapter, several feeding structure components such as couplers and crossovers

are designed and validated based on PRGW technology. Two different prototypes for
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3-dB hybrid couplers based on PRGW technology are proposed. The mathematical for-

mulations and a systematic design procedure of the proposed couplers are presented. The

proposed design approach is used to achieve a compact low-loss PRGW hybrid couplers

able to cover wide bandwidth at 30 GHz. Also, a design of crossover based on PRGW

technology is presented. The proposed crossover has a compact size and designed to cover

a wide relative bandwidth and sufficient isolation levels. The proposed components are

fabricated and tested where the measured and simulated are in good agreement.

•

3.1 Ultra-Wideband PRGW Hybrid Coupler

3.1.1 Mathematical Formulation for Coupling Structure

Figure 3.1: Configuration of a four-port rectangular-junction circuit.

Starting with the fact that any arbitrary junction connecting four transmission lines

and satisfying certain conditions can work as a directional coupler [86,142,143]. Figure 3.1

shows a schematic of a four-port rectangular-junction structure with width W and length

L. Since this circuit is symmetrical about the plane PP ′, it can be analyzed through the

even/odd mode analysis methodology. Due to the symmetrical and reciprocal nature of

our component, the elements of the scattering matrix of the four-port networks, shown in

Figure 3.1, are given as follow [47]:
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S11 =
Se

11 + So
11

2 (3.1)

S21 =
Se

21 + So
21

2 (3.2)

S31 =
Se

21 − So
21

2 (3.3)

S41 =
Se

11 − So
11

2 (3.4)

where Se
11 and So

11 represent the reflection coefficients for the even and odd modes, re-

spectively, while Se
21 and So

21 are the transmission coefficients for the even and odd modes,

respectively. The circuit can be completely matched under two possibilities. The first one

is Se
11 = So

11 = 0 and the second is Se
11 = −So

11 ̸= 0. Thus, if the field distribution in

the connected junction satisfies one of the matching conditions, by optimizing the circuit

parameters we can have a directional coupler.

Considering the first condition, Se
11 = So

11 = 0 , this leads to having internally matched

network at the four ports, where Sii=0, for i=1,2,3 and 4. Moreover, substituting in

Equation 3.4, no coupling occurs between ports 1 and 4, implying that S14 = S41 = 0.

Similarly, ports 2 and 3 will be decoupled. This means that the coupler works in the

forward coupling mode, which is the objective design in this work. Hence, Se
11 and So

11

can be given as follow [142]:

Se
11 =

Ze
in − Zo

Ze
in + Zo

(3.5)

So
11 =

Zo
in − Zo

Zo
in + Zo

(3.6)

(3.7)

where, Zine and Zino are the input even and odd impedances, respectively, which can be

found as:

Ze
in = Ze

o
Zo + jZe

otan(Φe)

Ze
o + jZotan(Φe)

(3.8)

Zo
in = Zo

o
Zo + jZo

o tan(Φo)

Zo
o + jZotan(Φo)

(3.9)

27



where,Ze
o and Zo

o are the even and odd mode characteristics impedances for the rectangular

junction, respectively, while Zo is the characteristics impedance of the connected PRGW

line and Φe = βeL and Φo = βoL , where βe and βo represent the propagation constants

of the even and odd mode signal. Therefore, the forward wave coupling condition Se
11 =

So
11 = 0 can be satisfied if Ze

o = Zo
o = Zo, independently of coupling section length L.

Considering both the even mode and the odd mode, we have no reflection as Se
11 =

So
11 = 0. As a result, the magnitude of the transmission coefficient will be equal to unity

| Se
21 |=| So

21 |= 1, where the circuit is lossless. Hence, in both cases the only difference

will be the phase shift, where Se
21 = e−jΦe and So

21= e−jΦo . Hence, by using (3.2) and

(3.4), the scattering parameters of an ideal forward-wave directional coupler are given as

follow:

S21 =
e−jΦe

+ e−jΦo

2 (3.10)

S31 =
e−jΦe − e−jΦo

2 (3.11)

Thus, the following equation can be derived:

S21/S31 = −jcot(
Φ
2 ) (3.12)

where, Φ= (βe − βo)L. The above equation indicates that the phase difference between

two outputs equals 90◦ , and the power-split ratio depends on Φ. In addition, the condition

for equal power splitting is Φ equal to ±90◦.

The even and odd characteristics impedances for a four-port rectangular-junction inte-

grated into PRGW environment are calculated through applying the magnetic wall (even

mode) and the electric wall (odd mode) at the plane of symmetry PP ′. These impedances

are calculated using V/I model as the line impedance can be calculated by Z = V /I,

where V =
∫︁

Eydy and I =
∫︁

Hxdx are the voltage and current in the transverse plane

defined by x − y plane. Several E and H-field probes are located along a section of PRGW

line and after integrating the fields by using the CST post processing we can obtain the

impedance for the whole frequency band of interest. Figs. 3.2(a) and 3.2(b) show the
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(a)

(b)

Figure 3.2: Mode analysis of the proposed PRGW hybrid coupler. (a) Even mode
impedance. (b) Odd mode impedance.
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(a)

(b)

Figure 3.3: (a) Percentage error. (b) Phase difference between the propagation phase of
the even and odd mode signal.
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even and odd mode characteristics impedance for various coupling section width W over

the frequency band of operation. Hence, for wide band operation, the width W should be

selected to satisfy that Ze
o and Zo

o are very close over the whole frequency band of opera-

tion. Hence, the percentage impedances differences ∆Z between the even and odd mode

characteristics impedance is plotted versus the coupling section width W in Fig.3.3(a).

The coupling section width W= 8 mm is selected as initial value, where the percentage

differences exactly goes below 5%. Applying the even and odd mode analysis, the phase

difference Φ in the propagating phase of the even and odd mode are calculated for differ-

ent coupling section length and at the center frequency of 30 GHz which is plotted in Fig.

3.3(b). It can be noticed that the 90◦ phase difference can be achieved at L= 5.9 mm.

Hence, the dimensions obtained through the even and odd mode analysis for the coupling

section W =8 mm and L = 5.9 mm are considered as initial values for the realization of

the proposed coupler.

3.1.2 Design Procedure and Simulation Results

Figure 3.4: Dispersion diagram of PRGW section.

The design of a printed ridge gap waveguide and the EBG unit cell have been well

studied in the literature [27,28,144]. The EBG unit cell used to design the PRGW feeding

31



Figure 3.5: Configuration of the proposed coupler (Upper ground is removed for clear
illustration).

(a)

(b)

Figure 3.6: Electric and magnetic field distribution in the PRGW structure. (a) E-field.
(b) H-field.

structure is printed on Roger RT 6002 with dielectric constant εr = 2.94 and thickness

hs= 0.762. The selected dimensions of the EBG unit cell are 1.5 and 0.508 mm for the
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Figure 3.7: Simulated normalized field distribution of the gap waveguide in transverse
plane for different frequencies within the operating bandwidth.

Figure 3.8: The E-field distribution in the PRGW at different frequencies. (a) F=20
GHz,(b) F=30 GHz, and (c) F=40 GHz.
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cell size and gap height, respectively. The cell has a circular patch mushroom shape as

indicated in Fig. 3.5, where the patch diameter and the via diameter is 1.4 mm and 0.4

mm, respectively. This yields to a band stop from 23 to 38 GHz which covers the operating

frequency band of the proposed coupler as shown in Fig. 3.4. In addition, the electric

and magnetic field distribution for the designed PRGW line are shown in Figs. 3.6(a) and

3.6(b), respectively. To show the designed cell can provide the field confinement above

the ridge and suppress any leakage, the field distribution is plotted over the structure

which is shown in Fig. 3.7. The E-field decays in the order of 60 dB/λ. As the second

step of verification, the field distribution is calculated and plotted at different frequency

bands in Fig. 3.8. It can be depicted from this figure that the field is confined within

the designed band, while the leakage occurs below and above this bandwidth. The width

of the ridge WR=1.5 mm is selected to be approximately equal to the EBG unit cell

dimension to simplify the alignment of the unit cell around the coupling section as well

as the PRGW lines. This leads to having ZR=79 Ω. Since Ze
o = Zo

o ̸= ZR, the PRGW

line is connected to the coupling section through impedance transformer to match the

line impedance with the coupling section impedance as shown in Fig. 3.5. In addition,

the coupling section is designed in a tapered shape to provide a degree of freedom for

the tuning process. Through the mathematical formulation and the design procedure

discussed in the previous section, the initial dimensions of the proposed coupler at the

design frequency are obtained. Afterward, an optimization process around 10% of the

initial values is performed to obtained The final coupling section length L= 6.1 mm and

width W= 6.7 mm are obtained through the optimization process to achieve a forward

coupling, where the final dimensions are indicated in Table 3.1. The design procedure can

be summarized as follows:

• Determination of the center frequency of the operating bandwidth.

• The coupling section width W and length L are initially calculated based on the

even and odd mode analysis.

• Unit cell and PRGW line design.

• Design of impedance transformer.

• Optimization process for better matching level.
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Table 3.1: Dimensions of the coupling section in millimeters
Section i 1 2 3 4

△Li 0.32 2.1 0.7 4.5
△Wi 4.1 3 1.1 0.9

(a)

(b)

Figure 3.9: (a) Simulated PRGW hybrid coupler scattering parameters. (b) Phase re-
sponse of the proposed coupler.
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The simulation results of the proposed coupler are shown in Fig. 3.9(a). The proposed

coupler has a wide impedance and isolation bandwidth of about 26.5 % at 30 GHz with

-10 dB matching level. The phase difference between output ports is 90◦± ◦5 over 23%

relative bandwidth with amplitude imbalance of 3.5 ± 0.75 dB over a 13% of the operating

frequency band as shown in Fig.3.9.

3.1.3 Microstrip Line to Printed Ridge Gap Waveguide Transi-

tion

The design of microstrip line to ridge gap waveguide transitions is studied extensively in

the literature as they are essential parts to deploy the ridge gap waveguide technology in

many communication systems [27,28,145]. Hence, the transition should be featured with

wideband performance and deep matching level over the whole possible frequency band

supported by the PRGW line. It is required to connect a 79 Ω PRGW to a standard 50 Ω

microstrip line. The first step of the transition is connecting the ridge with a microstrip

line through a taper transformer as shown in Figs. 3.10 (a) and (b). The second step in

the transition design is reducing the input width of the PRGW line to provide a degree

of freedom to adjust the matching level and the bandwidth as well. The taper transition

initially starts with width Wt= 0.5 mm and linearly increase to the width of standard

50 Ω microstrip line. The length of this transformer is initially selected to be Lt= λg/2.

A back to back configuration with a double bend is considered in the simulation of the

transition. A tuning process is performed to achieve a -15 dB matching level over the

whole possible frequency band supported by the ridge as shown in Figs. 3.10 (c).

3.1.4 Experimental Validation

The proposed hybrid coupler is fabricated, where the prototype and measurement setup

are illustrated in Fig. 3.11(a) and 3.11(b). A TRL calibration kit is used to calibrate the

(N52271A) PNA network analyzer through transferring the reference plane at the input

of the PRGW line. The measured S-parameters are shown in Fig. 3.12(a) which demon-

strates a good agreement with simulated results. This figure shows that the proposed

hybrid coupler has a 26.5% measured relative impedance and isolation bandwidth cen-

tered at 30 GHz with matching level less than -10 dB. Fig. 3.12(b) illustrates a measured
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Figure 3.10: Block diagram of 90◦ bend PRGW with microstrip to PRGW transition. (a)
Top view (b) Side view.(c) Simulated S-parameters
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phase difference which shows a quadrature-phase between the output ports with ±5 ◦ over

a 23% percentage bandwidth. The measured amplitude of the through and the coupled

ports is balanced within ±0.75 dB in a percentage bandwidth of 13 % with an average

measured the insertion loss of 0.7 dB at the center frequency of the operating bandwidth.

These measured results are in a good agreement with simulation results, while the differ-

ences between both results may be attributed to the fabrication tolerances as well as the

alignment of the multilayer structure.

3.1.5 Fabrication Tolerance Analysis

An analysis of the response of the coupler according to the tolerances of the manufacturing

process is carried out by varying the substrates dielectric constant and the dimensions

for both the transition and mushroom cell layers. Fig. 3.13 shows the effect of varying

the dielectric constant εr as 2.94 ±0.25 on the response of the coupler. In addition, Fig.

3.14 shows the effect of varying the dimensions of the proposed coupler within ± 5%

from the optimum values. It can be depicted from these figures that the tolerances of the

manufacturing process slightly shifts the frequency response of the proposed coupler.

3.1.6 Performance Evaluation

In this section, we will present a comparison between the proposed coupler and other 3-dB

coupling structures implemented with different guiding technologies such as a waveguide,

microstrip line, substrate integrated waveguide, and ridge gap waveguide. This compari-

son assists in evaluating the potential of the proposed structure, which starts with sum-

marizing the proposed 3-dB coupler performance. The introduced coupler is implemented

using a printed ridge gap waveguide technology which demonstrated superior features at

mm-wave frequencies including low loss and minimal dispersion since the propagating

mode is a Q-TEM. The size of the introduced coupler is 1.3λo× 1.3λo, where λo is the

free space wavelength at the center frequency. In addition, the proposed coupler has an

ultra-wide bandwidth of a 26.5% with a matching level beyond -10 dB. Moreover, the cou-

pler isolation level is less than -15 dB over a 20% relative bandwidth. Furthermore, the

proposed component has a measured average insertion loss of 0.7 dB over the operating

frequency band. Moreover, the phase difference between through and the coupled ports

is balanced within ±5 ◦ in a percentage bandwidth of 23%. Many coupler configurations
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Figure 3.11: (a) Fabrication of the proposed coupler. (b) Measurement setup.
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(a)

(b)

Figure 3.12: Simulated and measured (a) PRGW hybrid coupler scattering parameters.
(b) Phase response of the proposed coupler.
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Figure 3.13: Simulated S-parameters at different value of material dielectric constant εr.
(a) S11, (b) S21, (c) S31, and (d) S41.

Figure 3.14: Simulated S-parameters at different different fabrication tolerance value. (a)
S11, (b) S21, (c) S31, and (d) S41.

41



Table 3.2: Comparison between couplers configurations
Technology Impedance Amplitude Phase Size

BW (S11 < -10 balance (dB) balance (λo × λo)
dB), fo

Rectangular 6.5% 3.1±0.2 90◦ ±0.3 1.6 × 1.7
waveguide [90] (14 GHz) BW = 6.5% BW = 6.5%
Groove gap 14.3% 3±0.75 90◦ ±1 2.7 × 5

waveguide [100] (14 GHz) BW = 7% BW = 14.3%
Ridge gap 14% 3.5±0.75 Not 1.6 × 1.6

waveguide [99] (15 GHz) BW = 7% included
Substrate integrated 18% 4.7±0.5 92◦ ±2 1.4 × 1.5

waveguide [92] (24 GHz) BW ∼ 10% BW ∼ 18%
Half mode substrate 11% 4.08±0.25 180◦ ±10 Not

integrated waveguide [94] (27.75 GHz) BW ∼ 7% BW ∼ 11% included
Microstrip line [88] 11.2% 4±1 90◦ ±1 1.3 × 1.1

(30 GHz) BW ∼ 11.2% BW ∼ 11.2%
Printed ridge 6% 3.6±1 90◦ ±5 1.1 × 1.1

gap waveguide [38] (30 GHz) BW = 6% BW = 6%
Proposed work 26.5% 3.7±0.75 90◦ ±5 1.3 × 1.3

(30 GHz) BW = 13% BW = 23%

implemented based on different guiding structures have been presented in the literature.

Rectangular waveguide (WG) short slot couplers have an average size of 1.6λo× 1.7λo

with a narrow bandwidth [90, 91]. Although these designs have advantages of low in-

sertion loss of less than 0.2 dB, they support a TE mode which is more dispersive. In

addition, they are not preferred for mm-wave applications due to difficulties in ensuring

good electrical contacts. Other coupler structures based on RGW technology have been

introduced in [99, 100] to overcome the challenges associated with traditional waveguide

technology. Although these coupler designs have an average large size of 1.6λo× 1.6λo,

they are supporting a Q-TEM mode which considered an essential feature in many com-

munication systems. One major disadvantage of RGW couplers is fabrication cost. Other

coupler configurations implemented based on printed structures such as microstrip line

(MS) have been introduced in [88]. Despite the fact that they having a wide bandwidth

with the smallest size, they have high radiation and dielectric loss which are remarkable

limitations for mm-wave applications. Several hybrid coupler configurations have been

presented based on modern printed guiding structure such as SIW [92,94]. These designs

have a wide bandwidth, but they have a large size and high dispersion. In addition, these

couplers have high losses due to the dielectric losses. Regarding the PRGW couplers, few
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trials were performed before [38,101]. All these trials were limited in terms of bandwidth,

while the proposed coupler has the same advantages with a much wider bandwidth. Table

3.2 summarizes the comparison between proposed hybrid couplers with samples of other

coupler configurations implemented using other guiding structures. It worth mentioning

that, other coupling structures have been extensively investigated in the literature based

on different topologies other than the hybrid coupling mechanism, where most of these

configurations implement week coupling. The week coupling structures give wider band-

width for small coupling values of -20, -30 or -40 dB for broad-wall couplers [146, 147],

where the structures are based on multi-hole coupling section with large size. On the other

hand, compact structures were proposed for week coupling such as loop couplers [148],

where the directivity is decreased compared with the broad-wall couplers.

3.2 Compact Ultra-Wideband 3-dB Hybrid Quadra-

ture Coupler

In this section, we are proposing a hybrid coupler whose design is driven by three ob-

jectives. First, it should be implemented by PRGW technology to be a candidate for

mmWave applications. Second, wide impedance and isolation bandwidth should be achieved

at 30 GHz. Last, the proposed design should have a compact size so that compact beam

switching systems can be achieved. The 3-D geometrical configuration of the proposed

coupler is shown in Fig. 3.15(a). The coupler layer consists of two PRGW lines crossing

each other at right angles connected by a square junction surrounded by electromagnetic

bandgap (EBG) mushroom-like unit cells. Many articles have addressed the design of

the EBG unit cell and PRGW structure [38, 99]. These cells are printed on 0.762 mm

thick Roger RT 6002 with a dielectric constant of 2.94 and a loss tangent of 0.0012. The

size of EBG unit cell is 0.18 λ× 0.18 λ with 0.508 mm air gap, where λ is the free space

wavelength at 30 GHz. These dimensions give a bandgap in the frequency range from

23 to 38 GHz. The microstrip line transition is designed in the transition layer having a

0.508 mm thickness and the same dielectric constant as the coupler layer. The transition

layer is used to excite the proposed coupler as well as a spacer between the upper ground

layer and the mushroom-like surface.
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(a)

(b)

Figure 3.15: (a) 3-D geometrical configuration of proposed coupler(Upper ground is re-
moved for clear illustration). (b) The coupling section.
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Figure 3.16: The H-field distribution of the proposed coupler.

3.2.1 Design Concept

In order to clarify the operating principle and the design of the proposed coupler, the

magnetic field (H-field) distribution in the middle of the air gap region is presented in

Fig. 5.17(a). It is worth mentioning that the proposed coupler can be modeled as a

branch line coupler since the H-field intensity is reaching the minimum in the center

of the patch and the maximum intensity is concentrated on the outer portion of the

patch. In other words, if the area where the H-field minimum removed, the resulted

configuration can act as a branch line coupler, where the removed portion is not affecting

the response. Therefore, the length of the cuts L1, L5 and the size of the coupling section

Wc that indicated in Fig. 3.15(b) should be adjusted to achieve the quarter wavelength

and proper impedances to operate similarly as a branch coupler. Also, the input power

is divided equally between the coupled and through ports only at the center operating

frequency, where the dimensions (A-B, B-C, C-D, and D-A) are selected to be equivalent

to the quarter wavelength at 30 GHz. The reason for the appearance of two resonances

in the S-parameters that are shown in the simulation and experimental validation section

may come from the fact that the cuts L1 and L5 produces two resonance modes that are

separated from each other and located approximately at 27 GHz and 32 GHz. Hence, the

optimum dimensions of the coupling section are selected to be Wc =5 mm, L1 = 1.9 mm,

and L5 =0.4 mm This results from the asymmetry of the coupling section that can be

45



Figure 3.17: Fabrication of the proposed coupler.

modeled as a single cavity resonator operates at two resonance frequencies. This working

principle is similar to that presented in [107], where two modes are employed to enhance

the bandwidth of a crossover component.

3.2.2 Simulation and Experimental Validation

The proposed coupler is fabricated using standard PCB process and assembled using

plastic screws as shown in Fig. 3.17. Since the connectors and the transitions yield more

insertion loss, the Thru-Reflect-Line (TRL) calibration is done to de-embed the effects

of end launch connectors and transitions in measurements. The S-parameters measure-

ments were taken sequentially by connecting two ports to the Vector Network Analyzer

(VNA) and the two other ports to 50 Ω matching loads. The measured and simulated

S-parameters of the proposed coupler are shown in Fig. 3.18(a), which demonstrates

that the proposed hybrid coupler has a 26.5% measured relative impedance bandwidth

centered at 30 GHz with a return loss and isolation better than 15 dB over the operat-

ing frequency band. Fig. 3.18(b) illustrates a measured phase difference which shows a

quadrature-phase between the output ports with ±5◦ over a 23% percentage bandwidth.

The measured amplitude of through and the coupled ports is balanced within ±0.75 dB

in a percentage bandwidth of 13 % with a measured insertion loss of 0.6 dB at the center

frequency of the operating bandwidth. These measured results are in a good agreement

with simulation results, while the differences between both results may be attributed to
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(a)

(b)

Figure 3.18: Simulated and measured,(a) S-parameters for the proposed coupler. (b)
Output ports phase difference.
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Table 3.3: Comparison between couplers configurations
Technology Impedance Amplitude Phase Size

BW (S11 < -10 balance (dB) balance (λo × λo)
dB),fo

Rectangular 6.5% 3.1±0.2 90◦ ±0.3 1.6 × 1.7
waveguide [90] (14 GHz) BW = 6.5% BW = 6.5%
Groove gap 14.3% 3±0.75 90◦ ±1 2.7 × 5

waveguide [100] (14 GHz) BW = 7% BW = 14.3%
Ridge gap 14% 3.5±0.75 Not 1.6 × 1.6

waveguide [99] (15 GHz) BW = 7% included
Substrate integrated 18% 4.7±0.5 92◦ ±2 1.4 × 1.5

waveguide [92] (24 GHz) BW ∼ 10% BW ∼ 18%
Half mode substrate 11% 4.08±0.25 180◦ ±10 Not

integrated waveguide [94] (27.75 GHz) BW ∼ 7% BW ∼ 11% included
Microstrip line [88] 11.2% 4±1 90◦ ±1 1.3 × 1.1

(30 GHz) BW ∼ 11.2% BW ∼ 11.2%
Printed ridge 6% 3.6±1 90◦ ±5 1.1 × 1.1

gap waveguide [38] (30 GHz) BW = 6% BW = 6%
Printed ridge 26.5% 3.7±0.75 90◦ ±5 1.3 × 1.3

gap waveguide [149] (30 GHz) BW = 13% BW = 23%
Proposed work 26.5% 3.6±0.75 90◦ ±5 1.2 × 1.2

(30 GHz) BW = 13% BW = 26%

the fabrication tolerances as well as the alignment of the multilayer structure.

3.2.3 Performance Evaluation

Finally, the performance of this work is evaluated through a comparison between the

proposed coupler and other reported couplers implemented with different guiding tech-

nologies. This comparison is summarized in Table 3.3. Compared with the SIW and

RGW couplers, the proposed PRGW coupler is with the smallest circuit size and low

insertion loss. Although the microstrip coupler in [88] has a smaller size, it has limited

bandwidth with higher insertion loss. Regarding the PRGW coupler presented in [38],

it has a narrow band performance, which achieves only 6 % relative bandwidth at 30

GHz. On the other hand, the presented work focuses on improving performance, where a

remarkable improvement in the performance is achieved. Compared with the wide band

coupler presented in [149], it has similar wide bandwidth, however, it’s size is larger than

the proposed one. In addition, lower loss with wide phase balance bandwidth is achieved.

Hence, the proposed PRGW coupler exhibits a miniaturized size and better performance.
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3.3 Compact PRGW Crossover

The conventional crossover consists of cascading two 3-dB hybrid couplers yield to a large

physical area, which may not be suitable for wireless mmWave applications. Various

techniques implemented by modern technologies have been developed to miniaturize the

size of the crossover [104, 106, 107, 150, 151]. However, many of these designs suffer from

either poor performance (i.e., narrow bandwidth, low isolation, large transmission loss

and/or large size) or complex structure, which greatly limits their practical application

use. Therefore, the main objective of this subsection is to introduce the design and

implementation of a compact wide bandwidth crossover for millimeter-wave applications

based on PRGW technology.

3.3.1 Compact Crossover design

The geometrical configuration of the proposed crossover is shown in Fig. 3.19. The

procedure of designing the proposed crossover starts with the design of electromagnetic

bandgap (EBG) structure unit cell and PRGW line which is printed on 0.508 mm thick

Roger RT 6002 with a dielectric constant of 2.94 and loss tangent of 0.0012 to cover 23.5-

36.5 GHz, frequency band. The size of EBG unit cell is 0.18 λ× 0.18 λ with a 0.508 mm

air gap, where λ is the free space wavelength at 30 GHz.

Similar design procedure is deployed to design a 0 dB coupler, where the coupling

section width W is selected to satisfy a 5% impedance difference between the even and

odd mode characteristics impedances over the frequency band of interest. By adjusting

the coupling section length L, most of the power is coupled to the output port, while the

other ports are isolated. Based on the even and odd mode analysis done in subsection

3.1, the coupling section W=8 mm is selected as an initial value, where the percentage

difference approximately goes below 5%. The maximum coupling can be achieved when

the length L gives a Φ equal to ±180◦. Hence, the coupling section length L = 10 mm is

considered as an initial value for the realization of the proposed crossover. Also, H-plane

impedance steps are employed to provide a degree of freedom in the tuning process and

size reduction, where the final dimensions of the proposed crossover are indicated in Table

3.4.
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Figure 3.19: Block diagram of the 3-D geometrical configuration of 0 dB coupler (Upper
ground is removed for clear illustration).

Table 3.4: Dimensions of the coupling section in millimeters
Section i 1 2 3 4 5 6 7 8

△Li 7.5 6 5.2 4.7 4.3 3.8 0.5 0.3
△Wi 0.22 0.24 0.26 0.31 0.25 0.33 0.26 0.92
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(a)

(b)

Figure 3.20: (a) Fabrication of the proposed crossover , and (b) The electric field distri-
bution of the proposed crossover.

3.3.2 Simulation and Experimental Validation

The proposed 3-layers crossover is fabricated using standard printed circuit board (PCB)

process and assembled using plastic screws. The photograph of the fabricated prototype

is shown in Fig. 3.20(a). The S-parameters measurements were taken in a sequential way
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Figure 3.21: Simulated and measured S-parameters for the proposed crossover

by connecting two ports to the vector network analyzer (VNA) and the two other ports

to 50 Ω matching loads. Also, the electric field distribution is shown in Fig. 3.20(b)

emphasizes the performance of the proposed crossover in terms of isolation.

The simulated S-parameters of the proposed crossover in Fig. 3.21 demonstrates that

the return loss is better than 10 dB over the band of interest from 28.5 to 32.5 GHz (13%).

The isolation between the input port and the other two ports (2 and 4) is better than

13.5 dB over the desired frequency band. The coupling between ports 1 and 3 is around

-0.5 dB from 28.5 to 32.5 GHz. Based on the simulated and measured results shown in

Fig. 3.21, this 0 dB coupler can be used as a crossover in the beam steering applications

with acceptable bandwidth.

3.3.3 Performance Evaluation

Finally, the performance of the proposed crossover structure is compared with the per-

formance of other crossover structures in Table 3.5. Obviously, compared with the SIW

crossover in [104], the proposed PRGW crossover has low insertion loss with wide band-

width. Although the slotted SIW crossover in [107] has a wider fractional bandwidth,

it has a larger size with higher insertion loss. Based on PRGW technology, a compact

size crossover has been reported in [150], however, it has a narrower bandwidth than the
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proposed component. While a wide bandwidth PRGW crossover is presented in [151],

however, it has a larger size. Hence, the proposed PRGW crossover exhibits miniaturized

size and high performance in terms of loss and bandwidth.

Table 3.5: Comparison between crossover configurations
[104] [107] [150] [151] This work

Center Freq.(GHz) 20 30 30 30 30
Tech. SIW Slot. SIW PRGW PRGW PRGW

BW (%) 10.5 16.7 1.6 13.3 13.3
Insertion loss (dB) - 0.9 0.6 0.5 0.5

Size (λ2) 2 3.1 2.1 2.8 2.25
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Chapter 4

Millimeter Wave Scanning Antenna Array Fed

by PRGW

Recently, millimeter-wave (mmWave) frequency bands are attracting more attention due

to its ability to support a higher data rate for the next-generation of wireless communica-

tion systems. In 2015, World Radio Communication Conference (WRC -15) is proposed

several mmWave frequencies ranging from 24 GHz to 86 GHz to accommodate emerging

applications which are very critical for both commercial and industrial purposes [6]. Such

applications will support a variety of fundamental personal communication services as well

as high-data-rate applications enabling high definition video transmission. These services

would have a high potential for the industry and support many sectors such as healthcare,

connected homes, secure transport, security applications, and entertainment. Besides the

huge frequency spectrum available in the mmWave band, intelligent subsystems such as

beam switching are necessary in order to address the challenges and expectations of future

technology. These can be summarized as high power efficiency, multi-user systems, and

large channel capacity with wide scanning coverage. In addition, adopting the state of

the art guiding structures, especially printed ridge gap waveguide (PRGW) to implement

beam switching network for scanning antenna array will improve the system efficiency

through providing low losses at mmWave frequencies.

In this chapter, we are investigating the use of PRGW technology as low signal distor-

tion, low loss, and wide bandwidth beam switching network can be achieved. The main

objective of this work is to introduce the design and implementation of a 2-D scanning

antenna array fed by 4×4 PRGW butler matrix at mmWave bands. The butler matrix is

implemented only using hybrid couplers that designed in the previous chapter to have a

compact, low loss, and a wide relative bandwidth with stable phase balance. The proposed

PRGW butler matrix is used to feed a 2×2 ME dipole antenna array to construct a 2-D
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scanning antenna array features with a wide bandwidth and high radiation efficiency. The

proposed antenna array is shown the ability to radiate 2-D beams, one in each quadrant

at 35o elevation angle. The proposed antenna array is fabricated and measured, where a

good agreement between the simulated and measured results is achieved. In addition, a

gain enhancement for the proposed ME-dipole two-dimensional scanning antenna array is

achieved. A hybrid gain enhancement technique including AMC mushroom shapes around

the antenna array with a perforated dielectric substrate lens located into the broadside

direction is proposed. Therefore, all of these features make the proposed scanning antenna

array candidates for millimeter-wave applications.

4.1 PRGW Beam Switching Network

In this section, a 2-D beam switching network (BSN) is proposed and theoretically an-

alyzed. Next, a 4× 4 Butler Matrix based on the 2-D BSN is realized using a PRGW

technology, where a 90o hybrid coupler is well designed to have a compact size with wide

operating bandwidth at 30 GHz. The purpose of this BSN is to provide a feeding network

to feed antenna array and achieve a 2-D scanning ME antenna array as will be presented

in the folowing sections.

4.1.1 Theory and Design

The block diagram of the proposed 2-D BSN is shown in Fig. 4.1, which consists of four

90o hybrid couplers having four feeding ports 1-4 with output ports 5-8 connecting the

antenna array elements. This configuration can provide phase differences Φx = ̸ S5p −
̸ S6p + 180o = ̸ S8p − ̸ S7p + 180o = ±90o and Φy = ̸ S5p − ̸ S8p = ̸ S6p − ̸ S7p = ±90o

along the x-axis and y-axis, respectively, where subscript p = 1, 2, 3, 4 represents the

corresponding input port. The phase differences Φx is added by 180o, since couple of

the output ports are opposite to each other along the x-direction. According to phase

differences Φx and Φy, the orientation (Φo, θo) of the scanning beam can be calculated

as follows [74]:
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Figure 4.1: Block diagram of the proposed 2-D BSN.

Φo = tan−1(
Φydx

Φxdy
) (4.1)

θo = sin−1

⌜⃓⃓⎷(
Φx

kdx
)2 + (

Φy

kdy
)2 (4.2)

where dx and dy are the spacing between two adjacent antenna elements in the x- and

y-direction, respectively, and k is the propagation constant in free space. The phase

profile of the theoretical 4× 4 Butler Matrix is given in Table 4.1, assuming here that

dx = dy = λ/2 at the 30 GHz to simplify the analysis. This phase profile results in four

beams that are located in four quadrants of the array.
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(a)

(b)

Figure 4.2: (a) Geometry of the proposed planar 4× 4 butler matrix with four hybrid
PRGW couplers (Upper ground is removed for clear illustration). (b)PRGW hybrid
coupler.
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Table 4.1: Theoretical phase profile of the proposed Butler matrix

Input Port Φx Φy θo Φo

Port 1 90o 90o 45o -135o

Port 2 -90o 90o 45o -45o

Port 3 -90o -90o 45o 45o

Port 4 90o -90o 45o 135o

Figure 4.3: Simulated PRGW hybrid coupler scattering parameters and output phase
difference.

4.1.2 Realization of 4× 4 Butler Matrix

Based on the block diagram shown in Fig. 4.1, the configuration of the proposed Butler

matrix consisting of four 90o hybrid couplers is shown in Fig. 4.2(a). Due to the low-loss,

minimum dispersion, and wide bandwidth of the PRGW technology in mmWave bands,

the proposed 3-dB planar quadrature hybrid couplers are implemented using PRGW

structure. The design of the coupler shown in Fig. 4.2(b) is addressed before in Sec. 3.1,

which achieved a 26 % relative impedance bandwidth at 30 GHz. In this section, this

coupler is re-tuned to operate from 27-33 GHz with a deep matching level less than -20

dB over 20 % relative bandwidth as shown in Fig. 4.3. In addition, the phase difference

(̸ S21 − ̸ S31) between output ports is 90◦± ◦2 over the whole operating bandwidth with

amplitude imbalance of 3.4 ± 0.5 dB over a 12% of the operating frequency band

As the Butler matrix network shown in Fig. 4.2(a) is completely symmetric, only

the performances of the input port (p=1) are shown in Fig. 4.4(a). The input reflection

coefficient and the coupling to the other input ports are almost better than -15 dB over
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(a)

(b)

Figure 4.4: (a) Simulated S-parameters of the PRGW Butler matrix. (b) Output phase
differences.

27-33 GHz bandwidth. The simulated transmission coefficients of port 1 is -6.5 dB with

maximum deviation of ± 1.6 dB. Fig. 4.4(b) shows the simulated phase differences Φx =

̸ S5p − ̸ S6p + 180o and Φy = ̸ S5p − ̸ S8p along the x-axis and y-axis, respectively, when

one of the input ports is excited (p=1-4), while each one of the output ports is terminated

with 50Ω load. The simulated phase differences Φx and Φy are very close to 90o and

-90o which are in an excellent agreement with desired theoretical results. The proposed

PRGW Butler matrix shows the maximum simulated phase errors of ± 5o over the whole

frequency band.
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Table 4.2: Dimensions of hybrid coupler in millimeters

Parameters W L WR a ∆L1 ∆w1 ∆L2 ∆w2
Values 7 6.3 1.6 1.8 0.5 1.5 3.8 0.3

Table 4.3: Dimensions of ME-dipole antenna in millimeters

Parameters Lstub Dstub Ls Ld Ws Wd ha

Values 1.6 1.3 0.4 2.2 3.8 4.4 0.508

4.2 Magneto-Electric (ME)-Dipole Antenna Element

The ME-dipole antenna is adopted in this work as a radiation element to be integrated

with the beam switching network and forming a beam scanning antenna array. The

ME-dipole antenna has recently attracted considerable attention due to the combination

of the two fundamental types of radiators, namely, magnetic and electric dipoles. Such

antenna offers enhanced performance compared to other radiators such as electric dipoles

and slot antennas [152]- [153]. The concept of ME-dipole antenna is based on exciting

simultaneously an electric dipole and a magnetic dipole, which yields identical E- and H-

plane far-field stable radiation patterns, and low back radiation with low cross-polarization

over a wide frequency bandwidth [29]. Furthermore, it has a sufficient beamwidth in both

E-and H-plane with a compact size, which is desirable for beam switching networks [74,80].

In this work, a compact magneto-electric dipole antenna is implemented based on PRGW

technology which exhibits a wide impedance matching bandwidth.

The geometry of the proposed ME-dipole antenna is presented in Fig. 4.5, which

consists of two Rogers RT6002 PCB laminates with dielectric constant εr = 2.94. Detailed

dimensions of the proposed antenna are indicated in Table 4.3. The proposed antenna is

composed of two patches connected to the ground through rows of metallic vias forming

an electrical dipole on the top substrate, while the magnetic dipole is realized by the

rectangular hole between the patches. This rectangular hole is extended to the bottom

layer of the top substrate, which used as a feeding slot excited by a PRGW line printed

on the bottom substrate. A good impedance matching is hard to achieve if the above

configuration is fed only by a feeding slot etched on the ground plane. Therefore, a circular

short circuit stub connected to the feeding line is deployed to achieve a deep matching

level. The simulated reflection coefficient of the proposed antenna with and without stub
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(a)

(b) (c)

(d)

Figure 4.5: The geometry of the proposed antenna: (a) 3-D view; (b) bottom view; (c)
top view; (d) side view.
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(a)

(b)

Figure 4.6: (a) The simulated reflection coefficient .(b) The realized gain and front-to-back
ratio of the proposed antenna.
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(a) (b)

(c)

Figure 4.7: The simulated radiation pattern at: (a) F=27 GHz; (b) F=30 GHz; (c) F=33
GHz.
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(a)

(b)

Figure 4.8: Simulated S-parameter, gain, front-to-back ratio at different ME-dipole pa-
rameters: (a) Ld; (b) Wd.

is presented in Fig. 4.6(a). It can be noticed that the matching level is significantly

improved in the existence of the matching stub which demonstrates the effectiveness of

its use. The proposed antenna has a wide bandwidth of 20% at 30 GHz with -15 dB

matching level. Fig. 4.6(b) exhibits stable simulated gain results of the proposed antenna

around 6.5± 0.5 dB with front-to-back ratio larger than 15 dB over the whole frequency

band. Simulated radiation patterns of the proposed antenna at different frequencies are

exhibited in Fig. 4.7. They are stable and symmetrical over the whole operating band

with a low cross-polarization level in both E- and H-planes.

To understand the impact of different ME-dipole geometrical parameters on S-parameter,

gain, and front-to-back ratio, parametric studies are performed by sweeping one of the

parameters while the others are kept constant. Figs. 4.8(a) and 4.8(b) show the simula-

tion results for reflection coefficient and gain for different dipole length Ld and width Wd.
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(a)

(b)

Figure 4.9: Simulated S-parameter, gain, front-to-back ratio at different ME-dipole pa-
rameters: (a) Ls; (a) Ws.

It can be depicted from these figures that the optimum values for Ld and Wd are 2.2 and

4.4 mm, respectively, and both Ld and Wd mainly affect the impedance matching rather

than the gain. Figs. 4.9(a) and 4.9(b) study the reflection coefficient and front-to-back

ratio at different slot sizes. It can be noticed that the optimum values for Ls and Ws are

0.4 and 3.8 mm, respectively. Both Ls and Ws parameters mainly affect the impedance

matching and the front-to-back ratio.

The proposed ME-dipole antenna exhibits a low profile with low fabrication cost com-

pared with the substrate integrated electric dipole in [152] and mesh grid antenna in [153]

with large sizes and complicated 5-layer fabrication process. The ME-dipole antenna

in [31], which is implemented in the inverted microstrip line gap waveguide technology

has a larger size since the microstrip line and mushroom surface do not share the same

substrate as the case of the PRGW technology used to excite the proposed ME-dipole
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antenna. In addition, considering a -15 dB matching level, the proposed antenna achieves

a 20% bandwidth compared with 8.3 % for the ME-dipole antenna in [31]. Based on

the previously reported superior features of the proposed ME-dipole antenna compared

with other radiators reported in the literature, the proposed antenna is considered as a

good candidate for integration with the designed beam switching network presented in

the previous section.

4.3 2-D Scanning Antenna Array

The above PRGW Butler matrix and the ME-dipole antenna are integrated to form a

2-D scanning beam switching network shown in Fig. 4.10. The inter-element spacing

for the array in x- and y-direction are dx = 0.6λ and dy = 0.54λ, where λ is a free

space wavelength at 30 GHz. Applying the analysis discussed in the previous section and

taking into consideration the exact inter-element spacing values dx and dy at 30 GHz with

the progressive phase shift Φx and Φy shown in Fig. 4.4(b), four scanning beams with

beam angle direction θo and Φo are calculated as (35o,-135o), (35o,-45o), (35o,45o), and

(35o,135o) when fed from port 1 to port 4, respectively. Figure 4.11 shows the simulated

radiation patterns at 30 GHz when different input ports are excited. All the previous

designed components are assembled together to construct the 2-D scanning antenna array

shown in Fig.4.10, where the simulated S-parameter, radiation pattern, gain, and efficiency

will be compared with the measurement in the experimental validation section.

4.4 Experimental Validation

The proposed 2-D scanning antenna array is fabricated and measured. The fabricated

parts are shown in Fig. 4.12(a). These parts are printed on Rogers RT6002 with relative

dielectric constant εr =2.94 and loss tangent of 0.0012. Multiple plastic screws at the

edges of substrates are used to align the fabricated parts together. The S-parameters of the

proposed scanning array is measured by an N52271A PNA network analyzer, where the

measured S-parameters and isolation of the proposed antenna array when the excitation

from port 1 are shown in Fig. 4.12(b), which demonstrates that both matching and

isolation levels are less than -10 dB over the frequency band of interest (from 27 to 33

GHz). The simulated and measured results are in a good agreement as illustrated in
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Figure 4.10: 3-D view of the proposed scanning antenna array.

Fig.4.12(b). The gain and radiation pattern measurement were performed in the anechoic

chamber system, as shown in Fig. 4.13. The far-field measurement setup is adjusted by

moving the array along with the horn antenna only in the upper hemisphere (-120 o to

120 o) at an interval of 5o due to the system limitation.

Measured and simulated 2-D radiation patterns when the excitation from port 1 and

port 3 are presented in Fig 4.14. The radiation patterns are stable over the whole op-

erating frequency band, where the maximum radiation is noticed at elevation angle 35o

with low sidelobe level less than -15 dB.The measured HPBW is approximately 46o and

44 o for ports 1 and 3, respectively, at 30 GHz. Furthermore, both radiation patterns

with excitation from port 1 (Φ= 45o) or port 3 (Φ= 135o) are very close to each other.

Theoretically, the expected gain for the proposed scanning array should be higher than

12 dB, however, a drop of 1.5 dB in the simulated gain is achieved. This drop mainly

from both the scan and the feeding network losses. The simulated and measured gain

of the proposed array when the excitation from port 1 is shown in Fig.4.15. This figure

demonstrates that the measured gain is 9.7 ± 0.4 dB, which is in a good agreement with

the simulated gain. The discrepancy in the measured gain may be due to measurement
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(a) (b)

(c) (d)

Figure 4.11: Simulated radiation patterns at 30 GHz. (a) port 1 excited. (b) port 2
excited. (c) port 3 excited. (d) port 4 excited.
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(a)

(b)

Figure 4.12: (a) Fabrication of the proposed 2-D scanning antenna array . (b)Simulation
and measured S-parameters.
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Figure 4.13: Radiation pattern measurement setup.

system tolerance and alignment as well as the fabrication tolerance of the proposed ar-

ray. Also, the losses of the microstrip line transition and the connector have not been

calibrated. Due to the difficulty in measuring the directivity using the available facility,

only the simulation radiation efficiency is shown in Fig. 4.15. It can be observed that the

proposed antenna array achieves a radiation efficiency of 84 % with small variation over

the frequency band of interest.

4.5 Performance Evaluation

The performance of this work is evaluated through a comparison between the proposed

2-D scanning antenna array and other reported scanning array implemented with different

guiding technologies. This comparison is summarized in Table 4.4. The proposed scanning

array is implemented using a printed RGW technology that exhibited superior character-

istics at mmWave frequency bands including low loss since the wave propagates inside the

air gap instead of a dielectric. This feature results in high radiation efficiency larger than

84%, while other scanning array implemented using substrate integrated waveguide (SIW)

technology have a radiation efficiency that does not exceed 70% as indicated in Table.4.4.

Moreover, the proposed design has a compact size of 5.6λ × 7.1λ with a wide impedance
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(a)

(b)

(c)

Figure 4.14: Measured and simulated 2-D radiation pattern for excitation from port 1
(left Φ= 45o) and port 3 (rightΦ= 135o): (a) F=27 GHz; (b) F=30 GHz; (c) F=33 GHz.
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Figure 4.15: Measured and simulated gain and efficiency of the proposed scanning antenna
array.

Table 4.4: Comparison between different 2-D scanning antenna array configurations de-
signed at 30 GHz band

Ref. BSN Antenna BW/ Efficiency Side lobe/ Size
structure array Gain HPBWs (λ × λ)

[74] Four layers 2×2 7.5%/ 68.7 % -14.6 dB/ 2.86 λ × 2.86 λ
12 dB (Measured) 28o, 39o

[75] Three layers 8×10 2.6%/ Not -10 dB/ 7.6 λ × 8.2 λ
20.4 dB indicated Not indicated

[76] Four layers 4×4 13.3%/ Not -12 dB/ 4.5 λ × 16.5 λ
13.2 dB indicated Not indicated

[77] One layers 4×4 13.3%/ 46% -10 dB/
12.5 dB (Measured) 30o, 32o 8 λ × 7 λ

This Two layers 2×2 20%/ 84 % -17 dB/ 5.6 λ × 7.1 λ
work 10.3 dB (Simulated) 44o, 46o
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(a)

Figure 4.16: (a) 3-D view the proposed high gain scanning antenna array. (b) dielectric
substrate lens. (c) Mushroom unit cell for AMC surface.

Table 4.5: Dimensions of the lens and AMC mushroom unit cell in millimeters
Dimension Value

Superstrate length (L) 20
Superstrate width (W ) 20

Superstrate thickness (hs) 6.4
Superstrate height (hg) 5.1

Unit cell period (a) 2
Unit cell diameter (R) 1.83
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Figure 4.17: The effect of lens and AMC on the simulated gain.

bandwidth of 20 % at 30 GHz which is wider than most of 2-D scanning antenna array

reported in [74–77]. For example, compared with the SIW antenna array in [74], which

consisted of four-layers stacked on top of each other and has a higher gain, the proposed

antenna array has a wider bandwidth, lower profile, and higher radiation efficiency. In

addition, the proposed scanning antenna array has the lowest side lobe level with wide

beamwidth. In order to enhance the coverage capability of the proposed scanning antenna

array, a hybrid gain enhancement technique is proposed. Fig. 4.16(a) demonstrates the

2-D scanning antenna array incorporated with the proposed hybrid gain enhancement

technique, which includes an AMC mushroom shape around the antenna array with a

dielectric superstrate located into the broadside direction. First, the AMC surface imple-

mented with a mushroom shape unit cell is placed around the 2×2 ME-dipole antenna

array as shown in Fig. 4.16(b). Different approaches for the realization of the AMC are in-

troduced in the literature, where the use of a mushroom shape can be considered the most

effective and simple technique that features a wide operating bandwidth. This AMC is

deployed to improve the antenna array gain in the operating frequency band by adjusting

the dimension of EBG mushroom shape unit cells and the spacing between the radiating

element and the AMC surface, where the optimum dimensions are listed in Table. 4.5.

This results in a 2.5 dB gain improvement at the center operating frequency as shown

in Fig. 4.17. This gain enhancement is due to the suppression of surface waves excited

in the dielectric substrate that results in a great improvement for the sidelobe levels and
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front to back ratios. Further gain improvement is achieved by using a superstrate that is

realized using a dielectric Roger RT 5880 substrate with dielectric constants εr= 2.2. The

main function of the superstrate is creating successive in-phase bounces of the trapped

waves between the superstrat and the AMC surface. As a result, a high gain is achieved

due to the constructive addition in the scanning direction. The superstrate is located

approximately at λo/2 from the surface of the antenna array, where the width, length,

and thickness of the superstrate are tuning to maximize the gain and the matching of the

scanning antenna array. Table. 4.5 indicates the optimum dimensions of the superstrate,

where a 5.5 dB gain improvement at the center operating frequency is achieved as shown

in Fig. 4.17. Therefore, a high gain scanning antenna array with a stable gain of 15± 1

dB over a wide bandwidth is achieved.
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Chapter 5

Differential Feeding Antenna Arrays Fed by

PRGW

Lately, there is an explosive growth in the research and development of the next-generation

wireless communication systems to address the challenges associated with the existing

technologies. Challenges include limited data rate and high-energy consumption. There-

fore, mmWave and higher frequency bands will be utilized to accommodate the required

high data rate enabling the development of new applications that will have a significant

value to the society. In addition, the evolution of guiding structure technologies and

antenna design will significantly improve the performance of a wireless system from a

hardware perspective. Guiding structure technologies with low loss, minimal dispersion,

low cost, and wide bandwidth are strongly recommended at mmWave frequency bands.

One of the states of art printed guiding structures is the printed ridge gap waveguide

(PRGW) technology which demonstrated superior features at mmWave frequencies in the

last few years. This technology is deployed many times in literature to implement ei-

ther microwave components such as hybrid couplers and filters or as a feeding network

to feed antenna arrays [27, 28, 154, 155]. High-performance antenna arrays are no less

important as they are necessary for the future wireless communication systems. They

should feature with high gain, wide bandwidth, and low cross-polarization to overcome

the path losses associated with mmWave frequencies. Although high antenna gains can

compensate for the losses experienced by mmWave transmissions, a slight movement of the

antenna array may result in degradation of the receiver sensitivity due to the main beam

misalignment. Therefore, circularly polarized antenna array designs offer advantages for

mmWave communications as they can receive a signal in the presence of misalignment

between transmitters and receivers. In addition, being easy to be integrated with differ-

ential mmWave monolithic ICs that have a high common-mode rejection ratio, immunity
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of interference, and large-dynamic range is essential to facilitate the design complexity of

the RF front-end. This can be achieved by designing differential feeding antennas instead

of single-ended feed. As a consequence, a low cross-polarization level with high noise

immunity can be achieved, which can improve the receiver sensitivity of the emerging

communication systems. Also, other antenna techniques such as a dual-polarization are

considered an effective antenna solution for the improvement of the communications link

by reducing the multi-path fading loss and enabling the polarization diversity.

To further enhancement the reliability of the wireless communication link through

improving the receiver noise sensitivity and enabling the polarization diversity, mmWave

differential feeding antenna arrays having different polarization techniques are presented

in this chapter. First, a differential feeding circularly polarized antenna array imple-

mented with PRGW technology for mmWave applications is presented. The proposed

antenna array is differentially fed, which offers the advantage of easy integration with

differential mmWave monolithic ICs. It is a planar structure realized by a rectangular

aperture incorporated with a circular-shaped polarizer to achieve a CP radiation. The

proposed antenna array is fabricated and measured, where a wide measured bandwidth

is achieved. Also, the proposed array is achieved a high radiation efficiency of 84% over

the entire bandwidth. This performance makes the proposed CP antenna array an at-

tractive candidate for practical millimeter-wave applications at 30 GHz frequency band.

Second, a dual-polarized ME-dipole antenna based on PRGW technology is presented. A

cross-shaped dipole backed by a square AMC side walls cavity is deployed to achieve a

radiating antenna with dual polarization. Two feeding PRGW lines located at different

layers are used to excite the dual-polarized antenna through the square cavity. A cross-

shaped slot is etched on the upper ground of the cavity to excited the ME-dipole antenna.

The proposed antenna is fabricated and measured where a good agreement between the

simulation and measured results is observed. The fabricated prototype is shown an over-

lapped wide bandwidth at 30 GHz, where a high isolation level between the two excited

ports is achieved over the whole bandwidth. A stable gain with low sidelobe level radia-

tion patterns is achieved through using an AMC surface around the ME-dipole antenna.

The proposed antenna is deployed to construct a 2×2 antenna array that is fed by a 1×4

differential power dividers. As a result, the proposed dual-polarized array is achieved a

stable gain with low cross-polarization over a wide bandwidth.
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Table 5.1: Dimensions of differential feeding power divider

Parameters a Lt1 Wt1 Lf WR1 Wf Ls

Values 1.8 2.85 1.6 5.5 1.37 0.65 1.9
Parameters Ws Li Wi WR2 h1 h2 h3

Values 5 0.34 4 1.37 0.5 0.5 0.127

5.1 Differential Feeding Circularly Polarized Antenna

Array

5.1.1 Differential Feeding PRGW Power Divider

In order to achieve a stable 180o phase difference between the output ports, a power di-

vider formed by two layers coupled through an I-shape slot is shown in Fig. 5.1(a). The

input port of the divider is located in the bottom layer, where the input signal propa-

gates through a PRGW line. To provide a proper coupling as well as a deep impedance

matching, the feeding PRGW line in the lower layer is terminated with a matching stub

as shown in Fig. 5.1(b). The λ/2 length I-shape coupling slot is incorporated with two

opposite PRGW lines to provide equally split signals with 180o phase difference to the

output ports as shown in Fig. 5.1(b). Both PRGW lines located in the upper and bottom

layers are designed using an EBG unit cell, which is printed on RO3003 substrate with

a relative dielectric constant of 3 and a thickness of 0.5 mm. The PRGW line and EBG

unit cell characteristics and dimensions are well addressed before in literature to achieve

a certain bandwidth [38, 154, 155]. Here, the EBG unit cell has a unit cell period = 1.8

mm and gap height = 0.254 mm, which result in a band gap from 23 to 36 GHz [42]. The

dimensions of proposed power divider are listed in Table 5.1. Its simulated S-parameters

are shown in Fig. 5.2. This figure shows that the proposed power divider achieves a deep

matching level less than -15 dB over a 20 % relative bandwidth at 30 GHz. In addition,

the power is divided equally into the two output ports with 180o phase difference and 0.3

dB insertion loss. This power divider will be deployed to feed the differentially fed CP

antenna as will be presented in the following section.
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(a)

(b)

Figure 5.1: (a) 3-D view of differential feeding power divider. (b) Geometries of two
layers.
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Figure 5.2: Simulated S-parameters of the differential fed power divider.

5.1.2 Single Element Antenna Design

Most of the existing mmWave CP antennas are mainly based on using a feeding net-

work exciting radiating elements (patches or slots) with equal amplitude and 90o phase

difference, which have a narrow band performance [156,157]. However, few trails are per-

formed to excite a CP aperture antennas that have a wider bandwidth, especially at 30

GHz mmWave band. Accordingly, a perturbation method for an aperture antenna using

a circular-shape polarizer to generate a CP wave is introduced. Fig. 5.3(a) shows a 3-D

view of the proposed CP antenna fed by the designed differential feeding power divider.

The geometrical configuration of the proposed antenna is shown in Fig. 5.3(b), which

consists of a rectangular aperture having a circular-shape polarizer formed by patch sur-

rounded by an open-end ring. The antenna is printed on RT 5880 with a relative dielectric

constant of 2.2 and a thickness of 0.127 mm. The aperture size is selected to be λ × λ to

have a large aperture efficiency and compact size. The antenna is optimized at 30 GHz,

where the detailed dimensions of the proposed antenna are indicated in Table 5.2.
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(a)

(b)

Figure 5.3: Geometry of the proposed CP differential feed antenna. (a) Perspective view.
(b) Antenna top view.
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Table 5.2: Dimensions of differential feeding antenna in millimeters

Parameters wa1 la1 wa2 la2 wa3
Values 8.2 8.6 3.7 1.47 0.5

Parameters t1 lc Ra1 Ra2 Ra3
Values 0.26 0.4 1.45 2.36 2.85

5.1.2.1 Working Principle

As shown in Fig. 5.4(a) the rectangular aperture antenna with a circular-shape closed

ring polarizer is linearly polarized. The electric field distribution is shown in Fig. 5.4(a)

indicates that along X-direction, the electric field distribution is symmetrical and out of

phase, while along the Y-direction, the horizontal electric field distribution is symmetrical

and in phase. As a result, the closed ring generates only Ey polarization along the Y-

direction. In order to generate horizontal polarization, an open circular ring is introduced

to perturb the horizontal electric field distribution and generates another polarization,

i.e., -Ex polarization along the X-direction as shown in Fig. 5.4(b). As a result, the two

polarization, Ey polarization, and -Ex polarization are forming pair of orthogonal modes

that are introduced to achieve the first condition for circular polarization. In order to

equalize the magnitude and adjust the quadrature-phase difference of these two modes, an

open ring is incorporated with a patch having a pair of rectangular cuts and rotated with

a proper angle with respect to the Y-axis. By adjusting the patch dimensions and the po-

sition of the cut, the two orthogonal polarizations can be generated with equal amplitudes

and a 90o phase shift. Consequently, the antenna generates a circular polarization. For

the proposed antenna shown in Fig. 5.3(b), it generates right-hand circular polarization

(RHCP). If the cuts on the ring are reversed, the antenna will generate left-hand circu-

lar polarization (LHCP). In addition, both the rectangular aperture and circular-shape

open ring polarizer contribute in the radiation as observed from the simulated surface

current distribution on the radiating element shown in Fig.5.4(c). As a consequence, a

multi-resonance behavior and wide bandwidth performance are achieved as shown in the

simulation results section.This explanation provides an insight into the operating principle

of the proposed CP antenna.
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(a) (b)

(c)

Figure 5.4: Surface E-field vector current distributions in the aperture of the proposed
CP antenna at 30 GHz. (a) Closed ring. (b) Open ring. Red and green colors stand for
the strongest and weakest magnitude, respectively. (c) Simulated current distributions at
30 GHz.
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(a)

(b)

Figure 5.5: (a) Simulated S-parameters. (b) Simulated gain and axial ratio.
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Figure 5.6: Simulated 2-D radiation pattern in XZ plane(left, ϕ = 0o) and YZ plane
(right, ϕ = 90o) at 30 GHz.

5.1.2.2 Simulation Results

The simulated reflection coefficient of the proposed antenna with the differential feeding

network is presented in Fig. 5.5(a). The proposed antenna has a wide impedance band-

width of 15.6% at 30 GHz with -10 dB matching level. Fig. 5.5(b) exhibits the simulated

gain results of the proposed antenna, which is around 9±0.5 dB with an axial ratio less

than 3 dB over 10% of the operating frequency band. Simulated radiation pattern of

the proposed antenna at 30 GHz is shown in Fig. 5.6. It is symmetrical in the XZ- and

YZ-planes with low axial ratio corresponding to low cross-polarization level below -20 dB

at broadside direction [158]. In addition, the antenna aperture efficiency ηap is calculated

using the following formula:

ηap =
Gλ2

4πAp
(5.1)

where, G and Ap are the gain and the aperture size of the antenna, respectively. Using the

gain of the proposed antenna with the differential feeding network and the area covered

by the aperture as the physical aperture of the antenna, the obtained aperture efficiency

is 89% at 30 GHz.
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Figure 5.7: Geometry of the proposed CP differential feed antenna array.

5.1.3 Antenna Array Design

Based on the above single antenna element design, a high gain antenna array is realized

by extending the aperture area to incorporate four radiation elements as shown in Fig.

5.7 and 5.8(a).The array consists of four CP antenna elements, each two are connected

in a cascading manner through a metal strip. This strip with length cx and width wx

controls the spacing and the mutual coupling between the elements, which is a critical

parameter to adjust both impedance and axial ratio bandwidths. In addition, this strip

length is varying within a limited range to keep the inter-element spacing less than λ and

avoid grating lobes. Figs. 5.9(a), and 5.9(b) shows the effect of cx on both impedance

bandwidth and axial ratio, respectively. It can be depicted from these figures that the

optimum value for cx is 1.1 mm, and mainly affects both the impedance matching and

axial ratio. The size of aperture area is about 1.6 λ× 1.65 λ, where λ is the free space

wavelength at 30 GHz. The proposed array is differentially fed by 1×4 differential feeding

power divider as shown in Fig. 5.8(b). The proposed antenna array is optimized using

CST microwave studio to operate at 30 GHz, where detailed dimensions of the antenna
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(a)

(b)

Figure 5.8: (a) Antenna array layer. (b) Power divider layer.
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Table 5.3: Dimensions of differential feeding antenna array in millimeters

Parameters lt2 wt2 lt3 wt3 fx fy

Values 2.5 0.7 1.1 2 7 10.7
Parameters sx sy Ax Ay cx cy

Values 16 16.5 7 7.7 1.1 0.6

array configuration are given in Table 5.3. The simulated S-parameter, radiation pattern,

gain, and efficiency will be compared with the measurement in the following section.

5.1.4 Experimental Validation

The proposed CP antenna array is fabricated using a standard PCB process, where the

fabricated parts are shown in Fig. 5.10(a). These parts are aligned together using plastic

screws at the edges of substrates, where the integrated prototype after assembly is shown

in Fig. 5.10(b). The reflection coefficient (| S11 |) of the proposed array is measured by

an N52271A PNA network analyzer, where the measured setup is shown in Fig. 5.11(a).

The measured and simulated reflection coefficient of the proposed antenna array is shown

in Fig. 5.11(b). Both measured and simulated matching level is less than -10 dB over a

relative bandwidth of 15.6 % at 30 GHz.

The gain and radiation pattern measurements were performed in the anechoic chamber

system, as shown in Fig. 5.12. Measured and simulated 2-D radiation patterns on XZ-

plane and YZ-plane at 28.5, 30, and 31.5 GHz are presented in Figs. 5.13(a), 5.13(b), and

5.13(c), respectively. It can be observed that both measurement and simulation results

are in good agreement. In addition, the measured radiation patterns are stable over the

operating frequency band with the maximum gain pointed in the broadside direction.

Furthermore, the maximum cross-polarization level (i.e.,LHCP) is less than 17 dB at the

measured frequencies within the operating bandwidth.

Fig. 5.14(a) shows the measured and simulated RHCP gain and AR over the operating

frequency bandwidth. The measured AR is below a 3 dB level over a 10 % bandwidth,

which is matched very well with simulation results. In addition, the 3 dB gain bandwidth

is 14 % with a maximum broadside gain of 13.5 dB at 30 GHz. The discrepancy in the

measured gain is mainly due to the losses of the microstrip line transition, connector,

adapters, and cable which have not been calibrated. Therefore, these losses mainly affect

the calculated aperture efficiency, which results in a measured efficiency of 67.5 % at 30
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(a)

(b)

Figure 5.9: The effect of strip length cx on (a) S-parameter and (a) Axial ratio
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(a)

(b)

Figure 5.10: (a) Fabrication parts of the proposed antenna array before assembly. (b)
Fabricated prototype of the proposed array after assembly.
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(a)

(b)

Figure 5.11: (a) Measurement setup. (b) Simulated and measured S-parameters.
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Figure 5.12: Radiation pattern measurement setup.

GHz. Due to a difficulty in the directivity measurement using the available facility, only

the simulation radiation efficiency is shown in Fig. 5.14(b). It can be observed that the

proposed antenna array achieve a radiation efficiency of 84 % with small variation over

the frequency band of interest.

5.1.5 Performance Evaluation

A comparison between the proposed antenna array and other types of CP antenna array

implemented with different guiding technologies is given in Table 5.4. For a fair compar-

ison, the feeding network is included in the performance evaluation of the CP antenna

array. This comparison assists in evaluating the potential of the proposed array structure.

Compared with a 1×8 patch antenna array in [159], which is fed using rectangular waveg-

uide, the proposed array has a wider bandwidth, lower profile, higher radiation efficiency,

and low cost as well as similar gain. The 4×4 patch array in [160] and a 2×2 grid in [161],

which implemented in LTCC and microstrip line technologies, respectively, having a wider

impedance and AR bandwidths than the proposed array. However, the proposed antenna

array achieves high efficiency with a smaller size and low profile. Compared with the 2×2

patch array backed by SIW cavity in [156] and 2×2 ring slot on SIW cavity in [157], the

proposed array has wider impedance and AR bandwidths as well as higher gain. The
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(a)

(b)

(c)

Figure 5.13: Measured and simulated 2-D radiation pattern: (a) F=28.5 GHz. (b) F=30
GHz. (c) F=31.5 GHz
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(a)

(b)

Figure 5.14: (a) Simulated and measured gain and axial ratio. (b) Simulated radiation
efficiency.
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Table 5.4: Comparison between different CP antenna arrays operating at mmWave band

Ref. Freq. Impedance Gain 3-dB Gain 3-dB AR Radiation
(GHz) BW BW BW eff.

[159] 26 5.7 % 14 dB 5.7% 5.7% 70%

[160] 28.35 19.6 % 17.4 dB 13% 14% 65%

[161] 60 16.4% 14.3 dB 11.9% 14.4% 31.8%

[156] 60 6.6 % 12.5 dB 6.6% 6.6% 82%

[157] 18 3.1 % 7.1 dB N.A 3.6% N.A

[162] 30 6% 14.5 dB 6% 6% N.A

[163] 77 11.6 % 12.8 dB 9% 9% N.A

The proposed 30 15.6 % 13.5 dB 14% 10% 84%
work
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4×4 loop array fed by SIW feeding network in [162]has a high gain compared with the

proposed array. However, the proposed array has a wider impedance and AR bandwidths

with higher radiation efficiency. Compared with the 1×4 slots fed by metal RGW in [163],

our antenna array has a lower profile, wider impedance and AR bandwidths, and higher

gain.

5.2 Dual Polarized Antenna Array

5.2.1 Dual-polarized ME-dipole Antenna Design

The geometry of the proposed dual-polarized ME-dipole antenna is depicted in Fig. 5.15,

which consists of three Rogers RT6002 substrates with dielectric constant εr = 2.94 and

thickness hs= 0.762 mm. The dual-polarized ME-dipole structure is built in the top layer,

where vertical and horizontal electrical planar dipoles composed of four identical square

metallic patches are printed on the top substrate surface as shown in Fig. 5.16(a). Each

patch is connected to the substrate ground through a set of six metallic plated via holes

located close to the inner corner of the patch. While the vertical and horizontal magnetic

dipoles are formed by a cross-shaped aperture between the patches extended to the top

substrate ground surrounded by the platted via holes as shown in Fig. 5.16(a). This cross-

shaped aperture is composed of two vertical and horizontal rectangular apertures, which

each aperture is used to excite vertical and horizontal electrical and magnetic dipoles,

respectively. A square AMC sidewalls cavity is adopted to excite the proposed dual-

polarized ME-dipole, which is located in the middle substrate. The AMC walls are formed

by EBG mushroom-shaped structure as shown in Fig. 5.16(b). This cavity is excited by

two PRGW lines located in the bottom and middle substrates with input ports 1 and 2,

respectively. To increase the gain of the proposed dual-polarized ME-dipole antenna to

be suitable for mmWave applications, an AMC surface formed by Electromagnetic Band

Gap (EBG) mushroom-shaped structure is placed around the ME-dipole as shown in Fig.

5.16(a).
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Figure 5.15: Geometry of the proposed dual-polarized ME-dipole antenna.

5.2.2 Design Guideline and Operating Principle

In order to achieve stable radiation characteristics over a wide operating frequency band,

ME-dipole antenna is adopted in the proposed work. The idea of ME-dipole antenna is

to use the concept of the complementary antenna to achieve symmetrical E-plane and

H-plane patterns [164]. As well known, the electric dipole has a radiation pattern of a

figure-8 and a figure-O in the E-plane and H-plane, respectively, while reverse radiation

patterns are achieved for the magnetic dipole. If both electric and magnetic dipoles are

placed orthogonally and excited simultaneously with appropriate amplitude and phase,

symmetrical unidirectional radiation patterns with low back radiation can be obtained

[165]. Therefore, this type of antenna has a higher gain and efficiency than other available

antenna elements [166]. Also, it has a stable gain and beamwidth over a wide frequency

band. Generally, the electric dipole is implemented by a horizontal metallic patch, while

the magnetic dipole is realized using a slot antenna.

Practical designs feature a dual-polarization are reported in the literature, [139, 167,

168]. In order to excite these ME- dipole antenna types, pair of L-shaped are deployed with

different heights to achieve high isolation. Although these designs have a good impedance

bandwidth as well as high isolation, they are featured with a large size and bulky struc-
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Figure 5.16: Top views of the dual-polarized ME-dipole antenna layers. (a) Top substrate.
(b) Middle substrate. (c) Bottom substrate.
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tures, which limit their functions, especially at mmWave frequencies. Therefore, a low

profile ME-dipole antenna realized using a printed circuit board (PCB) technique is pro-

posed in this work. The electric dipoles are realized using a pair of patches printed on the

top substrate surface as shown in Fig. 5.16(a), while the apertures between the metallic

patches represent the magnetic dipoles.

5.2.2.1 Design Guideline

As mention before, a square AMC sidewalls cavity is deployed to excite the proposed

antenna. A square cavity is chosen to have similar exciting modes characteristics for both

polarization. The initial size of the cavity is calculated to excite a TM210 and TM120 for

the horizontal and vertical polarization, respectively at a lower frequency of the operating

bandwidth (27 GHz), where the dimension of the cavity dc = 7.9 mm is calculated as

follow [169]:

dc =

√
5c

2√
ϵreff fr(T M210,120)

(5.2)

where, c is the speed of the light in free space, ϵreff is the effective dielectric constant,

and fr is the resonance frequency for TM210 or TM120. The square cavity is partially

dielectric filled with overall height ht = hs + hg, where hs = 0.762mm is the thickness

of dielectric, while hg = 0.254mm is the height of air gap. Hence, the effective dielectric

constant ϵreff is calculate as follow:

ϵreff =
hs

ht
εr + (1 − hs

ht
) (5.3)

An orthogonal feeding technique is used to excite the cavity, which implemented by

two PRGW structures located at different layers to achieve sufficient isolation between

the horizontal and vertical polarization. The horizontal polarization (H-Pol) is fed by a

PRGW line printed on the middle substrate with input port 1. The input power from

port 1 is coupled to the cavity through symmetrical end-launch PRGW configuration as

shown in Fig. 5.16(b). The magnetic field distribution for a TM210 mode when feeding

on port 1 is shown in Fig. 5.17(a). This mode enables the excitation of the horizontal
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(a)

(b)

Figure 5.17: The excitation of the proposed dual-polarized antenna . (a) The magnetic
field distribution in the square cavity. (b) The electric field distribution in the excited
slots.
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aperture without affecting the vertical aperture as shown in Fig. 5.17(b), which in turn

the horizontal ME-dipole is excited. A capacitive and inductive matching circuit formed

by a metallic U-shape strip and pair of metallic vias are deployed to appropriate couple

the input power to the cavity with minimum reflection. Several parametric studies are

performed to figure out the proper dimensions of the U-shape strip as well as the location

of the inductive vias.

The vertical polarization (V-Pol) is obtained by a PRGW line printed on the bottom

substrate with input port 2. The input signal from port 2 is coupled through a Bow-tie

slot etched on the bottom ground of the middle substrate as shown in Fig. 5.16(c) .

The magnetic field distribution for the TM120 mode when feeding on port 2 is shown in

Fig. 5.17(a). This mode enables the excitation of the vertical aperture as shown in Fig.

5.17(b), consecutively the vertical ME-dipole is excited through the vertical aperture. To

achieve a good impedance matching over a wide frequency bandwidth, a matching stub is

connected to the PRGW line located on the bottom substrate as shown in Fig. 5.16(c).

Based on detailed parametric studies on the dimensions of the matching stub, Bow-tie

slot, and the distance between the Bow-tie slot and the matching stub; the dimensions are

determined. Finally, an optimization process is performed for the whole structure with

around 10% of the initial dimensions to achieve a deep matching level and high isolation

between the exciting ports.

Several articles are addressed the design of the PRGW line, which it’s operating

bandwidth is controlled by the bandgap of the surround EBG mushroom-shaped struc-

ture [38, 39, 149]. The air gap for the proposed PRGW line is selected to be hgap=0.254

mm, where the dispersion diagram for a section of the designed PRGW is shown in Fig.

5.18. This diagram is obtained using Computer Simulation Technology (CST) Eigenmode

solver, which shows the bandgap starts from 24 GHz to 40 GHz, where the quasi-TEM

mode is propagating. Also, the widths of the ridges for both PRGW lines whr and wvr are

selected to achieve a 50Ω characteristics impedance. Detailed dimensions of the proposed

dual-polarized ME-dipole antenna are indicated in Table. 5.5.

5.2.2.2 Operating Principle

For further understanding of the operating principle of the proposed antenna, the current

distribution on the metallic patches as well as the electric field on the radiation apertures
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Table 5.5: Dimensions of the proposed dual-polarized ME-dipole antenna

Parameters ϕa da1 da2 wa1 wa2 la1 ϕh

Values 1.6 1.8 1 0.5 4.1 2.5 1.3
Parameters dh1 whr wh1 wh2 wh3 wh4 lh1

Values 1.7 1.37 5.6 1 0.75 7.3 0.6
Parameters lh2 lh3 ϕv wv1 wvr lv1 lv2

Values 1.6 1.5 1.3 0.4 1.37 0.9 3.2

Figure 5.18: The dispersion diagram of PRGW structure.
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(a)

(b)

Figure 5.19: The proposed dual-polarized ME-dipole operation when port 1 is excited.
(a) Electric field distribution. (b) Current distributions.
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(a)

(b)

Figure 5.20: The proposed dual-polarized ME-dipole operation when port 2 is excited.
(a) Electric field distribution. (b) Current distributions.
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is shown in Figs. 5.19 and 5.20 for port 1 and Port 2, respectively, where T is a period

of time at the center operating frequency (30 GHz). At the time t = 0 and port 1 is

excited, the electric field density on the horizontal radiating aperture is dominated and

the current density on the metallic patches is minimized, which means that magnetic

dipole is strongly excited. While, at t = T /4 the electric field density is relatively weak

and the current density reached the maximum on the outer edges of the patches, which

means that the electric dipole is strongly excited. Similar operation can be depicted when

port 2 is excited as shown in Fig. 5.20, where the orientation of both electric and magnetic

dipoles are perpendicular to the case when port 1 is excited. Consequently, both electric

and magnetic dipoles are excited with roughly similar strength, 90o phase difference and

orthogonal to each other, which indicates that the proposed antenna is operating as a

complementary antenna [164,165].

5.2.3 Gain Enhancement of the Proposed Antenna

A gain enhancement for the proposed antenna is obtained by placing an AMC surface

around the ME-dipole antenna as shown in Fig. 5.15. Different approaches for the real-

ization of the AMC are introduced in the literature, where the deploying of a mushroom

shape can be considered the most effective and simple technique that features a wide oper-

ating bandwidth. In the proposed design, the mushroom shape EBG unit cell is designed

to achieve a reflection coefficient with a magnitude of 0 dB over the operating bandwidth

and a phase crosses 0o at the center operating frequency. The reflection magnitude and

phase for the designed EBG unit cell are shown in Fig. 5.21, where the operating band-

width of the AMC surface is defined as the range where the reflection phase is between

+90o and -90o [170–172]. The performance of the proposed antenna is evaluated with

and without the AMC surface, where a gain improvement of 2.5 dBi is achieved as shown

in Fig. 5.22. This gain enhancement is due to the suppression of surface waves excited

in the dielectric substrate that results in a great improvement for the sidelobe levels and

front to back ratios. Fig. 5.23 shows the effect of the AMC surface on the front to back

ratio. It is clear that the front to back ratios of the antenna are dramatically improved,

where the front to back ratios larger than 20 dB are achieved over the whole operating

bandwidth.
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Figure 5.21: Simulated reflection coefficient magnitude and phase of the AMC surface.

Figure 5.22: Simulated gain of the proposed antenna with and without the AMC surface.
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Figure 5.23: Simulated front to back ratio of the proposed antenna with and without the
AMC surface.

5.2.4 Experimental Validation

The proposed antenna is fabricated using the conventional PCB process, where the fab-

ricated prototype is shown in Fig. 5.24(a). A microstrip line to the PRGW transition

is designed to achieve a -15 dB matching level that allows the testing of the proposed

antenna. Detailed design of such type of transition is addressed before in the litera-

ture [38–40, 42, 149]. The fabricated parts of the proposed antenna are aligned together

using glue, where the substrate layers are stacked together using the thermal pressure tech-

nique. The reflection coefficient of the proposed antenna is measured by the N52271A

performance network analyzer (PNA), where the measured setup is shown in Fig. 5.24(b).

The measured and simulated reflection coefficients of the proposed dual-polarized antenna

are shown in Fig. 5.25(a). Both measured and simulated matching levels are less than -10

dB with an overlapped relative bandwidth of 23.4% at 30 GHz. Also, the isolation level

higher than 20 dB is achieved over the whole band. it’s worth to mention that relatively

low isolation mainly occurs because of the asymmetry of the cavity mode caused by the

feeding part of port 1 as can be seen from the H-fields in Fig. 5.17(a). This asymmetry of

the H-fields of the mode when port 1 is excited results in a non-zero filed in the bowtie slot

and hence reduces the isolation. A technique to improve the isolation is by using different

slot shape with smaller size. Another technique is to avoid using the AMC cavity and used
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(a)

(b)

Figure 5.24: (a) The fabricated prototype of the proposed dual-polarized antenna. (b)The
measurement setup.
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(a)

(b)

Figure 5.25: The simulated and measured results of the proposed dual-polarized antenna
. (a) S-parameters. (b) Gain.

a direct coupling between the two ports and the antenna through using different matching

techniques. This will increase the isolation, however, narrow bandwidth and large size

will be obtained. A slight frequency shift can be observed for the measured results, which

probably due to the fabrication tolerance or the change in material properties at high

frequencies.

The gain of the proposed antenna is measured and compared with the simulation
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Table 5.6: Comparison between dual-polarized antenna configurations

Ref. Frequency BW/ ISO. Gain SLL/X-Pol. Size
(GHz) level λ × λ × λ

[137] 92.5 24 %/17 dB 7.25 dBi -10 dB/-25 dB N.A

[138] 60 16.7 %/ 30 dB 11.2 dBi -11.2 dB/-32 dB 1.33 × 1.33× 0.47

[139] 60 15 %/ 55 dB N.A -13 dB/N.A 1.4× 1.4× 3.08

[140] 30.25 4.9 %/ 40 dB N.A N.A 2.5× 2.5× 3.08

This 30 23.4 %/ 20 dB 10.5 dBi -20 dB/ -20 dB 1.2 × 1.2× 0.27
Work

results in Fig. 5.25(b). A good agreement between the simulated and the measured

results can be observed, where the proposed antenna achieves a gain of 10±0.5 dBi in the

whole band. Also, the co-polar (CO-Pol.) and cross-polar (X-Pol.) radiation patterns

are measured at different frequencies for both polarizations. The comparison between the

simulated and measured radiation patterns in both E- and H-planes for port 1 and port 2

is depicted in Fig. 5.26 and Fig. 5.27, respectively. It is noticed that both simulated and

measured results are in a good agreement, where a slight discrepancy between the results is

mainly because of the radiation pattern measurement setup inaccuracies or misalignment.

The proposed antenna has a symmetrical radiation pattern with a low sidelobe level (less

than -20 dB) for both polarization. In addition, cross-polarization levels less than -20 dB

is achieved over the whole frequency band.

5.2.5 Performance Evaluation

Finally, the performance of the proposed antenna is compared with other configurations

of the dual-polarized antenna implemented with different guiding technologies, which is

given in Table 5.6. Compared with a patch antenna in [137], which is implemented based

on LTCC technology, operating at 92.5 GHz and achieved a matching level of -7 dB with

both high sidelobe level (SLL) and cross-polarization level, the proposed antenna has a
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(a)

(b)

(c)

Figure 5.26: Horizontal polarized (Port 1) simulated and measured radiation pattern of
the proposed dual-polarized antenna for several frequencies. (a) F=28 GHz. (b) F=30
GHz. (c) F=32 GHz.
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(a)

(b)

(c)

Figure 5.27: Vertical polarized (Port 2) simulated and measured radiation pattern of the
proposed dual-polarized antenna for several frequencies. (a) F=28 GHz. (b) F=30 GHz.
(c) F=32 GHz.
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Figure 5.28: Geometrical configuration of the proposed dual polarized antenna array.

better measured matching level less than -11 dB with higher isolation and gain. A 2 × 2

cavity-backed slot antenna feeding by SIW in [138] has both high isolation level and gain

compared with the proposed antenna. However, a wider bandwidth, lower isolation level,

and smaller size are achieved in the proposed work. In addition, two configurations for

the dual-polarized antenna are implemented based on Gap Waveguide (GW) technology

and deployed the concept of cavity-backed slot antenna have been reported in [139, 140].

Although these designs have a high isolation level, the proposed antenna achieved a wider

bandwidth, better isolation level, low profile, and smaller size.

5.2.6 Dual Polarized Antenna Array

In this section, a 2 × 2 array is designed based on the previously proposed dual-polarized

antenna. Fig. 5.28 shows the configuration of the proposed antenna array, which consists

of four layers. Layer 1 includes a 2 × 2 ME-dipole antennas, where the inter-element spac-

ing dx = 8.8 mm and dy = 7.4 mm are selected to be less than λ at the center operating

frequency (30 GHz) to avoid grating lobes. In order to feed the proposed antenna array,

differential feeding power dividers are deployed and built-in layer 2, layer 3, and layer 4

as shown in Fig. 5.28. The purpose of using this power divider is providing an equal
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(a)

(b)

Figure 5.29: Proposed dual polarized antenna array differential power divider . (a) Con-
figuration of differential power divider. (b) Simulated S-parameters.
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(a)

(b)

Figure 5.30: Proposed dual polarized antenna array in phase power divider. (a) Configu-
ration of in phase power divider. (b) Simulated S-parameters.
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Figure 5.31: The S-parameter of the proposed dual polarized antenna array.

Table 5.7: Dimensions of the antenna array feedign power divivders

Parameters ws ls lt sst1 wst2
Values 0.95 4.2 1.3 2.3 0.7

Parameters wc wd1 wd2 wr ltr
Values 1.7 1.74 1.54 1.37 1.6

power division with a stable 180o phase difference. This will result in a stable broadside

radiation pattern with low cross-polarization level and small inter-element spacing less

than the free wavelength. This power divider formed by two layers coupled through a

bow tie-shape slot with λ/2 length as shown in Fig. 5.29(a). To provide the proper

coupling as well as the impedance bandwidth, the input power divider line is terminated

with a matching stub as shown in Fig. 5.29(a). The coupling slot is incorporated with

two opposite PRGW lines to provide equally split signals with 180o phase difference to

the output ports as shown in Fig. 5.29(a). Both PRGW lines located in the upper and

bottom layers are designed using an EBG unit cell, which is printed on RT 6002 substrate

with a relative dielectric constant of 2.94 and a thickness of 0.762 mm. The PRGW line

and EBG unit cell characteristics and dimensions are addressed in the previous sections.

The dimensions of the power divider are listed in Table 5.7.

The simulated S-parameters are shown in Fig. 5.29(b). This figure shows that the
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Figure 5.32: The gain of the proposed dual polarized antenna array.

proposed power divider achieves a deep matching level less than -17 dB over a 20 % relative

bandwidth at 30 GHz. In addition, the power is divided equally into the two output ports

with 180o phase difference. In order to distribute the power to the four antenna elements,

a 1 × 2 power divider is designed as shown in Fig. 5.30(a). Two matching transformers

with length ltr are used to provide a deep matching level through the whole operating

bandwidth, where the power divider dimensions are listed in Table 5.7. The simulated

S-parameters for the power divider is shown in Fig. 5.30(b), where a matching level less

than -20 dB is achieved throughout the whole operating bandwidth.

All the previously mentioned components are assembled as shown in Fig. 5.28, where

a global optimization is performed to achieve a matching level less than -10 dB for the

antenna array. The simulated S-parameters for the antenna array is shown in Fig. 5.31,

where simulated matching levels are less than -10 dB with an overlapped relative band-

width of 20% at 30 GHz. Also, the isolation level higher than 50 dB is achieved over the

whole operating band.

The gain of the proposed antenna array is simulated, where a gain of 15±1 dBi in

the whole band is achieved as shown in Fig. 5.32. Also, the co-polar (CO-Pol.) and

cross-polar (X-Pol.) radiation patterns are simulated at different frequencies for both

polarizations. The simulated radiation patterns in both E- and H-planes for port 1 and
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(a)

(b)

(c)

Figure 5.33: The simulated horizontal polarized (Port 1) radiation pattern of the proposed
dual-polarized antenna array for several frequencies. (a) F=28 GHz. (b) F=30 GHz. (c)
F=32 GHz.
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(a)

(b)

(c)

Figure 5.34: The simulated vertical polarized (Port 2) radiation pattern of the proposed
dual-polarized antenna array for several frequencies when port 2 is excited . (a) F=28
GHz. (b) F=30 GHz. (c) F=32 GHz.
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port 2 are depicted in Fig. 5.33 and Fig. 5.34, respectively. The proposed antenna array

has a symmetrical radiation pattern with low cross-polarization levels less than -30 dB is

achieved over the whole frequency band.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, mmWave components and antennas are designed and implemented based on

state of the art guiding structure such as printed ridge gap wave technology for mmWave

wireless communication systems. The first part of this work has been presented several

feeding structure components such as couplers and crossovers that have been designed

and tested based on PRGW technology. These are considered the essential components to

build beam switching system enabling the space diversity for the future mmWave wireless

communications. Two different prototypes for 3-dB hybrid couplers based on PRGW

technology have been proposed. The mathematical formulations and a systematic design

procedure of the proposed couplers have been described. The proposed design approach

has been used to achieve a compact low-loss PRGW hybrid couplers able to cover wide

bandwidth up to 26 % at 30 GHz. Also, a design of crossover based on PRGW technology

has been proposed. The proposed crossover has a compact size and designed to cover a

13 % relative bandwidth with more than 13.5 dB isolation levels. Design and testing of

a wide bandwidth transition used to validate the proposed devices have been presented.

The proposed devices have been fabricated and tested where the measured and simulated

are in good agreement.

The second part has been presented beam switching mmWave antenna array designed

to achieve high gain and wide bandwidth. A 4 × 4 wide bandwidth butler matrix im-

plemented using only hybrid couplers designed in the first part have been proposed. The

proposed network has a compact size and covers a 20 % relative bandwidth with a stable

phase balance over the whole bandwidth. The proposed PRGW butler matrix has been

used to feed a 2×2 ME dipole antenna array to construct a 2-D scanning antenna array
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features with a wide bandwidth of 20% and radiation efficiency higher than 84%. The

proposed antenna array has been shown the ability to radiate 2-D beams, one in each

quadrant at 35o elevation angle. The proposed antenna array has been fabricated and

measured, where a good agreement between the simulated and measured results has been

achieved. In addition, a gain enhancement for the proposed ME-dipole two-dimensional

scanning antenna array has been achieved. A hybrid gain enhancement technique includ-

ing AMC mushroom shapes around the antenna array with a dielectric substrate lens

located in the broadside direction has been proposed. A realized gain of 15 dB has been

achieved over a 18.3 % relative operating bandwidth at 30 GHz. Also, the proposed

scanning antenna array can radiate four beams with maximum radiation at 20o from the

broadside direction. Therefore, all of these features make the proposed scanning antenna

array candidates for mmWave applications.

The final part has been focused on designing mmWave antenna arrays with different

polarization techniques such as circular and dual polarization,where an improvement for

the reliability and quality of the mmWave wireless communication link can be achieved .

First, a differential feeding circularly polarized antenna array implemented with PRGW

technology for mm-wave applications has been presented. The proposed antenna array is

differentially fed, which offers the advantage of easy integration with differential mm-wave

monolithic ICs. It is a planar structure realized by a rectangular aperture incorporated

with a circular-shaped polarizer to achieve a CP radiation. The proposed antenna ar-

ray has been fabricated and measured, where a measured bandwidth of 15.6% at 30

is achieved. The measured AR bandwidth and peak RHCP gain of the antenna array

integrated with the differential feeding network are 10% and 13.5 dB, respectively. In

addition, the proposed array has been achieved a high radiation efficiency of 84% over

the entire bandwidth. This performance makes the proposed CP antenna array an an at-

tractive candidate for practical millimeter-wave applications at 30 GHz frequency band.

Second, a dual-polarized ME-dipole antenna based on PRGW technology has been pre-

sented. A cross-shaped dipole backed by a square AMC side walls cavity is deployed to

achieve a radiating antenna with dual polarization. Two feeding PRGW lines located at

different layers are used to excite the dual-polarized antenna through the square cavity.

A cross-shaped slot is etched on the upper ground of the cavity to excited the ME-dipole

antenna. The proposed antenna has been fabricated and measured where a good agree-
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ment between the simulation and measured results is observed. The fabricated prototype

has been shown an overlapped bandwidth of 23.4% at 30 GHz, where the isolation level

between the two excited ports is higher than 20 dB over the whole bandwidth. A stable

gain of 10±0.5 dB with low sidelobe level radiation patterns have been achieved through

using an AMC surface around the ME-dipole antenna.

6.2 Future Work

The proposed work can be extended by exploring wider bandwidth hybrid couplers with

stable amplitude balance based on printed ridge gap waveguide technology. Several tech-

niques such as multilayer coupled patch resonator coupler or dielectric-loaded patch cou-

pler can be deployed to achieve stable amplitude balance over a wide bandwidth. Also,

the 1-D butler matrix implemented using coupler, crossover, and phase shifters can be

developed based on PRGW technology. This requires to design phase shifters with stable

phase balance based on PRGW technology. Furthermore, the weak coupling structure

based on PRGW can be developed, which includes cross guide couplers, broad wall cou-

plers, and loop couplers. Moreover, many nonreciprocal devices have to be designed based

on the PRGW like circulators or differential phase shifters.
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