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Abstract

Wideband Linear and Circularly Polarised Transmitarray Antennas

Magid Khalifa Milad Alzidani, Ph.D.

Concordia University

The millimetre-wave (mm-wave) band is expected to be one of the solutions for fu-

ture wireless communication systems, as it provides wide bandwidth, enhancing the data

transmission rate. Therefore, high-directive antennas, which are principal elements for

mm-wave wireless communications, are used since they can overcome the negative ef-

fects of high path losses. These high-gain antennas can be used in various applications,

including point-to-point communication, automotive radar, and imaging.

The main goal of this project is to design a transmit-array (TA) antenna that operates at

the mm-wave band (around 28 GHz) with high aperture efficiency, high gain, wide band-

width, and a low-profile TA surface. Basically, the aperture efficiency of the TA antenna

depends on the unit cell (UC) characteristics and the feed antenna radiation pattern. The

UC characteristics, including the transmission coefficient, bandwidth, and phase range,

all play an essential role in designing efficient TA antennas. Therefore, the unit cells of the

TA surface are designed to have a wide bandwidth with a stable broadside radiation pat-

tern and a full phase range (0◦-360◦). Such unit cells are designed using two techniques:

1) Capacitive feeding to extend bandwidth and 2) differential feeding to minimize cross-

polarization and enforce a broadside radiation pattern that; enhances the antenna gain.

Simulated results show that the unit cells have achieved a 360◦ phase range and a

maximum element loss of 0.5 dB. In addition to the design’s high-performance UC, a

wideband feeder antenna is required to illuminate the TA surface. Thus, a wideband

patch antenna which is a part of the UC is used to illuminate the TA surface. Also, a

hybrid antenna with a high data rate has been designed and fabricated to excite the TA
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aperture. The designed hybrid antenna has a 14.5 dBi maximum realized gain at 30 GHz,

and its return loss bandwidth is 34.48%. Results show that the TA’s aperture efficiency

depends on the illuminating source’s radiation pattern, such as its amplitude and phase

distribution over the TA surface.

Experiments show efficient illumination of TA surface requires a specific radiation pat-

tern; therefore, a circular horn antenna has been designed with high acceptable ampli-

tude tapering, uniform phase distribution, symmetric radiation pattern, and low sidelobe

level. This utilized horn antenna has a particular radiation magnitude distribution, and

the radiation pattern model is sec θ, which makes it capable of dealing with the relative

difference in path loss and resulting in a good tapering efficiency. The TA antenna’s sur-

face and the feeding antenna have been designed, fabricated and measured. The TA an-

tenna measured results show a maximum gain of 31.15 dBi, with a 1-dB gain bandwidth

of 12.7%, while the 3-dB gain bandwidth is 21%, around 28 GHz. On the frequency range

from 25 to 31.5 GHz, the aperture efficiency is better than 50%, and the cross-polarization

level is less than -37 dB. Furthermore, factors that affect the TA antenna’s performance are

studied and summarized in this work. These factors are mutual coupling, phase errors

in TA design, quantization error, phase range error, feed antenna, TA antenna shape, and

incident angle approximation.

Circular polarization antennas have advantages over linear polarization antennas be-

cause rapid alignment is not required between transmitter and receiver antennas, reduc-

ing polarization mismatching error. The Faraday rotation effect also harms the linear po-

larized waves. Moreover, circularly polarized wave energy is on both planes, suppressing

interference. A circular polarizer is used to convert the LP incident signal to CP signals,

in which the incident electric field is resolved to its orthogonal components, introducing

a 90◦ phase shift. The proposed polarizer contains two layers of the Jerusalem cross (JC).

The JC UC simulated results show equal orthogonal retransmitted electric fields with 90◦

phases. The designed CP array results show a maximum realized gain of 30.5 dBi, with

an AR bandwidth of 23%. Finally, a general TA antenna design methodology is also pro-

vided.
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Chapter 1

Introduction

1.1 Introduction

Current wireless communication systems suffer from capacity issues due to the signif-

icant increase in the number of mobile users, the limited frequency spectrum, and the

increased demand for higher data rates, which raised from a range of 25 kbps to 2 Mbps

in the third generation of cellular systems (3G) to 100 Mbps to 1 Gbps in the fourth gen-

eration of cellular systems (4G) [4]. Accordingly, both manufacturers and operators must

find ways to resolve capacity issues and accommodate user demands either by improv-

ing the existing wireless channel capacity or by operating at very high frequencies with

much wider bandwidths [5, 6].

Some traditional ways to resolve such capacity issues in the current cellular systems

include adding microcells and microsites or decreasing the site-to-site distance [5, 6].

However, the latter approach increases the channel’s capacity at the cost of network man-

agement complexity, handover, and an increase in channel interference. To overcome

these challenges, a solution is proposed to move up to the licensed frequency spectrum

at the mm-wave bands, which can increase the wireless capacity by tens to hundreds of

times more than that of the 4G system [7,8]. In addition, the wavelength of the mm-wave

spectrum allows for the use of mm-wave antenna arrays within relatively small physical

dimensions, resulting in higher gain characteristics that are vital for the reliability of fu-

ture cellular implementations.
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Several practical studies have been performed to analyze the behaviour of the mm-

waves at both 28 and 38 GHz in cellular applications [7, 8]. This new mm-wave cellular

technology has also encouraged antenna designers to develop new antennas that can

serve their applications. Dish antennas and phased array antennas have been used for

wideband applications and high gain for a long time. Recently, antenna designers have

been using RA and TA antennas as alternatives to phase array and parabolic antennas

because of the disadvantages of the latter two antennas; such drawbacks include feeding

the network loss of phased array antennas (especially at high frequency) and dish antenna

size limitations. TA antennas are preferred over RA antennas because of feed blockage

issues. Moreover, TA antennas have features such as being lightweight and having a low

profile, high gain, and wide frequency band [9].

1.2 Problem Statement and Motivation

High data rates of up to 1 Gbps are required to overcome the high increase in data traffic

for point-to-point communication [5]. The millimetre-wave spectrum has garnered high

interest from service providers because it can be the optimal solution for the trade-off be-

tween high channel capacity demand and currently available bandwidth. Additionally,

the mm-wave spectrum can be used to provide high data rates; in fact, the mm-wave

frequency band can deliver multiple gigabits per second, which can address wireless

data congestion at lower frequencies. However, researchers and engineers can not use

this mm-wave frequency band due to some challenges, such as high atmospheric atten-

uation losses, scattering in rain conditions, penetration losses, and the negative impact

of the wireless transmission medium on the mm-wave signal behaviour. Despite these

challenges, atmospheric absorption minimumal at short distances, especially at 28 and

38 GHz, when high-gain antennas are used. High-gain and wideband antennas support

users by providing wider bandwidth for dealing with huge transmission rate demands.
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A high-gain wideband antenna is required to exploit the mm-wave spectrum band, so re-

searchers have implemented reflectors, lenses, and phased-array, reflect-array (RA), and

transmit-array (TA) antennas.

Transmit-array antennas are used as alternatives to reflectors, reflect-arrays, and lens

antennas due to their ability to eliminate feed blockage and reduce fabrication complexity

as opposed to the curved surface. Transmit-array antennas are also lightweight, low in

profile, inexpensive, and easy to fabricate, providing high gain and operating at wide fre-

quency bands. Moreover, the proposed transmit-array antenna promises to be the initial

solution because it can be integrated with different antennas, such as horn or printed an-

tennas. Figure1.1 shows the TA antenna configuration. Basically, a TA antenna consists of

a feed antenna and re-transmits a flat surface. The feed antenna (horn antenna) is placed

at the focal point to illuminate the TA surface. The TA surface operates as a discrete lens;

this surface contains several unit cells (UCs) to convert the incident non-plane wave to an

outgoing plane wave. In other words, the primary duty of the UC is to compensate for

the different path phase delays.

The TA aperture efficiency depends on the UC characteristics, such as high directivity,

wide bandwidth, quantization steps, and phase range. Therefore, TA antenna designers’

main challenge is to design the UC with high performance, which includes the UC phase

range, reflection coefficients, and UC radiation pattern characteristics. Unfortunately, as

shown in the reported designs in [10–13], a 360◦ phase shift has not been achieved. In

addition, the insertion losses are higher than 0.5 dB. Accordingly, the quantization phase,

and the aperture’s effectiveness are limited. Furthermore, previous works suffer from

moderate cross-polarization, so, for the first time, differential feeding is used as a tech-

nique to reduce the cross-polarization for UC.

The aim here is to design a TA antenna that operates at an mm-wave region in which

it can be used in many applications like imaging and point-to-point communication.

Receive-transmit (R/T) technology will be used to design the proposed UC. The pro-

posed UC has eight quantization steps and a 360◦ phase range. The UC is considered an

3
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Receiving side

Transmitting side

Unit cell

(𝜃, ∅)
Feeder

TA aperture

Figure 1.1: Transmit-array antenna configuration

antenna in which both differential feeding and capacitive feeding are used. These fea-

tures increase both the level of the retransmitted signal power and the UC bandwidth,

suppressing both the side loop and the cross-polarization level. In addition, using elec-

tromagnetic (EM) wave polarization properties increase the quality and capacity of com-

munication links and extract the required information from noise. The second goal of this

work is to create a technique increasing the capability to use the same TA antenna in dif-

ferent EM wave polarizations. However, the requirement of an ultra-wideband circular

polarized antenna is met through a polarization converter, which changes the incoming

signal polarization, re-radiating the output as a wave with circular polarization charac-

teristics. A printed CP transmit-array antenna at the millimetre-wave band is designed

by employing an LP transmit-array antenna with a CP converter. It is found that the TA

antenna features (such as gain and bandwidth) are not affected, and a CP wave has been

created. The measured results of the designed CPTA antenna are as follows: the realized
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gain is 30.6 dBi; and the AR bandwidth is 23%.

1.3 Objectives

This work aims to design a transmit-array (TA) antenna operating at 28 GHz. The pro-

posed transmit-array antenna can provide a high gain and wider bandwidth than the

reported designs. It also has advantages such as low cross-polarization and low sidelobe

level. The main building block of TA antennas is the UCs, which can minimize the cross-

polarization and force the radiation pattern to be broadside, enhancing antenna gain. The

whole TA antenna performance will be addressed and investigated, including factors af-

fecting the antenna’s aperture efficiency (i.e., phase range, feeding antenna, quantization

error, and mutual coupling). The following aspects are proposed as part of the research

activities:

• Design broadband, low cross-polarization antennas as part of the unit cell and feed-

ing antenna that uses capacitive and differential feeding techniques.

• Design broadband LP transmit-array antenna.

• Analysis and design of new UC operating at 28 GHz using R/T and the true time

delay mechanism.

• Analysis and design of a feeder antenna to excite the TA antenna. The designed

feeder’s radiation pattern enhances the designed TA antenna aperture efficiency.

Circularly polarized waves could reduce mm-wave sensitivity interms of rain, atmo-

spheric absorption, and interference. Also, CP waves overcome misalignment problems

between transmitting and receiving antennas that cause polarization mismatching error.

Therefore, the second aim is to design CP transmit-array antenna, in which the LP unit

cell is used and two layers are added to convert the LP incident signal to CP out-going

signal. The following aspects are proposed as part of the research activities:

• Design broadband high gain wide band CP transmit-array antenna.
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• Apply polarization converter layers to the designed LP unit cell.

1.4 Research Methodology

After researching suitable candidates of antennas that can operate at the mm-wave band,

the research concluded by selecting planar high-gain antennas as suitable antenna can-

didates. The idea is to enhance the antenna’s gain and bandwidth to satisfy mm-wave

antenna requirements. Lens antennas have become a research subject because of their

features and principles studied. Another survey has been conducted to evaluate the work

done on the transmit-array antenna for mm-wave applications. A recent paper [14] has

been chosen to duplicate the results. The simulated results are promising and have en-

couraged me to continue my research upon seeing the bigger picture of the current work

on the mm-wave antenna. The authors made their design by combining existing princi-

ples, designs, and ideas to satisfy the mm-wave application requirements while providing

better results surpassing those already published.

Since a TA antenna can be considered a discrete lens antenna and it gathers phased

array antennas and lenses, understanding aperture antennas and phased array antennas

is an essential step. Also, understanding reflect-array (RA) antennas make TA antennas

easier to understand because both RA and TA antennas have similar principles. The pro-

posed planar TA antenna work started with choosing a specific type of TA antenna. After

that, the design started with the use of fundamental equations of phased array antennas

and reflector antennas to determine the phase distribution of the feed over the aperture

area. Then, the initial system configuration was calculated in terms of aperture shape,

aperture dimensions, and feed antenna coordinates. A feeding methodology must also

be considered during the design process. The TA aperture is illuminated using different

feeding sources, so the feeding source effect on the TA efficiency is understood. Horn

antennas with specific radiation patterns have been designed and simulated as the feed

antenna for this work. The unit cell (UC), a single element, is designed to compensate for

6



Chapter 1. Introduction

the phase difference through high performance in terms of gain, cross-polarization, band-

width, phase range, and radiation pattern before assembling an array out of this single

element. The CST simulator was used to optimize the final version of the UC. The next

step includes the design of the TA antenna, including the feeding source; the simulation

is used to evaluate the antenna’s performance in terms of the far-field, radiation patterns,

and aperture efficiency. Upon the simulation results, a decision about the suitability of the

proposed antenna can be evaluated. One attractive feature of the simulation program is

its ability to optimize the proposed antenna results. Henceforth, optimization techniques

might be needed for the final design, as in the previous step. Due to a massive number

of required UCs for building the TA aperture, a MATLAB code is written to calculate

the phase distribution over the TA aperture, to create the UCs on the CST software, and,

finally, to place the individual UC in the proper position according to the phase distribu-

tion calculation. Creating a 27 × 27 array would be time-consuming and open to errors

without this MATLAB code. In the last step, the comparison between the simulated re-

sults, surveys, and published results should occur to determine the design’s worthiness.

In case this design performance is acceptable, the eight-step designing methodology takes

place, proving the design validity by fabricating the optimized antenna version. Figure

1.2 shows a block diagram of the research methodology.
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Figure 1.2: Transmit-array antenna design methodology
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1.5 Contributions

The contributions of this thesis are divided into three major parts: 1) the design and

specification of linear and circular TA antenna components for the proposed frequency

band; 2) the integration of the components with antennas to form LP transmit-array and

CP transmit-array antennas; and 3) the fabrication and implementation of the proposed

wideband TA antennas. The contributions of the reported work are:

Illuminating the TA surface efficiently is the goal for enhancing TA antenna aperture

efficiency; therefore, wideband hybrid horn antennas and conical horn antennas are de-

signed. Moreover, a study of the feeding antenna radiation pattern on the TA aperture

efficiency is included.

Designing a wideband hybrid horn antenna, in which the patch antenna is used to

excite pyramidal structure [j1]. The designed antenna is suitable to be the feeder of the

TA antenna. It has a fractional bandwidth of 59.22% at 28 GHz. The design process can

be divided into:

• Designing a wideband, low cross-polarization patch antenna. A capacitive coupling

technique enhances the antenna bandwidth, while a differential feeding technique

minimizes cross-polarization and ensure a stable broadside radiation pattern. The

designed antenna’s simulated matching bandwidth is 56.8% at 30 GHz.

• Designing a wideband rat-race coupler and probe stripline transition using PCB

technology for differential feeding purposes.

• The transition circuit is shielded using vias around the probe and the stripline to

prevent leakage. The rat-race coupler divides the power into two equal portions

with a 180◦ phase difference, and the isolation level is better than 15 dB.

• The final stage combines the design of a capacitive differential feeding antenna with

a horn antenna to overcome path loss at an mm-wave frequency band. The designed

antenna shows a wideband and a good radiation pattern.
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A circular horn antenna is designed with high performance. The designed antenna

has a unique amplitude radiation pattern, that enhances the TA aperture efficiency.

• The antenna’s radiation pattern’s mathematical model is (sec θ) with a particular

magnitude distribution, 10 dB gain, and a beamwidth of 35◦.

• The antenna’s radiation makes it capable of dealing with the relative difference in

path loss, resulting in a good tapering efficiency.

• The radiation pattern is also symmetric and has a uniform phase distribution within

the required beamwidth, facilitating the distribution of the unit cells on the TA sur-

face.

Designing a wideband linear polarized transmit-array antenna operates at the mm-

wave band (around 28 GHz). The TA antenna should have high aperture efficiency, wide

bandwidth, and low profile. Essentially, the aperture efficiency of the TA antenna de-

pends on the unit cell (UC) characteristics [j2]. The TA antenna’s design process involves

the following:

• One of the keys to enhance TA aperture efficiency is depending on the design of

a UC with high performance. The designed UC is based on the receive/transmit

true-time delay technique.

• The UC structure contains dual capacitive coupling differential feeding; these fea-

tures increase the UC bandwidth and suppress the cross-polarization level. The

techniques used to design the proposed UC significantly affect the TA antenna’s

performance in terms of gain and bandwidth.

• The designed UC performances have a complete phase range of 360◦, a transmis-

sion bandwidth of 24%, and an insertion loss of better than 0.5 dB. Moreover, the

designed UC can rotate the polarization of a linearly polarized electromagnetic

wave to its orthogonal direction with high efficiency; a polarization conversion ratio

higher than 0.9 is achieved over the operating frequency band.
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• The TA antenna is designed based on a 3-bit quantization phase; therefore, the re-

quired phases are 0◦, 45◦, 90◦, 135◦, 180◦, 225◦ 270◦, and 235◦.

• A wideband and high-gain TA antenna was assembled using a 27 × 27 2D array.

The TA antenna’s surface and the feeding antenna have been designed, simulated,

and measured, where the maximum gain is 31.15 dBi. The 1-dB gain bandwidth

is 12.7%, while the 3-dB gain bandwidth is 21%, around 28 GHz. The aperture

efficiency is better than 50%, and the cross-polarization level is less than -37 dB in

the frequency range from 25 to 31.5 GHz.

• Furthermore, factors that affect the TA antenna’s performance have been studied

and summarized. These factors are mutual coupling, phase error on TA design,

quantization error, phase range error, feeding antenna, and incident angle approxi-

mation.

Finally, as known CP waves are less sensitive to rain, the atmospheric effect in com-

pression to LP waves is also a factor. Designing a wideband circular polarized transmit-

array antenna with high gain and wideband takes place. The procedures for designing

the CPTA antenna are as follows.

• The conventional way to create CP waves is by extracting CP waves from the LP

components. However, the challenge faced is maintaining the characteristics of the

previous design while converting the LP outgoing waves to CP waves. Designing

a CP polarizer UC with high performance, including phase shift and the equal am-

plitude of the orthogonal electric fields is crucial.

• The designed JC UC could provide the CP converter with a 90◦ phase shift and

create equal amplitude portions of electric fields for wide bandwidth, resulting in a

high-quality CP wave. The CP surface is assembled, placed, and excited using an

LPTA antenna. The CPTA antenna results show a maximum gain of 28.9dBi, an AR

bandwidth of 24%, and a cross-polarization level of less than -37 dB.
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1.6 Organization of The Thesis

This Thesis is organized into five chapters: A literature review and background intro-

duction to millimetre-wave characteristics and antenna requirements are presented in

chapter two. First, there is an introduction to mm-wave characteristics and the reasons

behind choosing 28 GHz for wireless communication applications. Also, the antenna’s

performance that can be used in this band is discussed. Then, in the next section, a theory

background is discussed; wave propagation, Snell’s law, reflector, and lens these subsec-

tions are considered potential knowledge for the transmit-array antenna. The TA antenna

is in a specific section, in which a literature review and operating concepts are presented.

Also, an introduction to how transmit-array antenna aperture efficiency is maximized.

The effect of factors such as the quantization phase, feed antenna, and aperture area are

also introduced. The proposed research here is to introduce and discuss the proposed

TA antenna. Since the unit cell is considered an antenna, this chapter reviews some tech-

niques for increasing antenna bandwidth. A new section contains a summary of the cir-

cular polarization wave creation and CP antenna review; the circular polarizer review

and operating mechanism also take an entire section.

Chapter three conclude the discussion about the proposed feeding antennas. The first

feeding antenna design includes three stages. First, we will introduce the design and the

preliminary results of A 28 GHz rectangular capacitive coupled patch with a wide band-

width, and then the patch will be fed differentially. A TA antenna feeding source comes

from the UC, in which a wideband patch antenna is used to excite the TA antenna. Then

the patch antenna is used to fabricate a hybrid horn antenna, which is used to illuminate

the TA antenna. Finally, a discussion of the critical consequence of feeding the antenna

differentially takes place and the code results. The second feeding antenna design in-

cludes the design of a conical horn antenna, which positively impacts the TA antenna

efficiency. Chapter four includes the LP UC design, which satisfies the mm-wave require-

ments. Then, a novel design of the transmit-array antenna structure operates at 28 GHz;

the simulated and measured results are presented.
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Next, the TA antenna has experimented with various feeding techniques, including

a patch antenna, hybrid horn antenna, and conical horn antenna. Finally, this chapter is

concluded with a summary of the designed feeding antennas’ effect on the TA antenna

gain. The design of CP UC and the CPTA antenna is introduced in chapter five. Next the

UC structure, the frequency response, the simulated and measured results are presented.

Finally, the conclusion and a future research plan of action and expected milestones are

introduced in chapter six.
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Chapter 2

Literature Review and Background

2.1 Introduction

This chapter includes literature about the advantages and disadvantages of using the

mm-wave for wireless communications and the required antenna performances. Then

new section presents the TA antenna operating mechanism; and a literature review of

the previous works for TA antennas. Also, this chapter includes how antenna designers

enhanced patch antenna bandwidth and minimized cross-polarization levels.The final

section includes circular polarized antenna review, a circular polarizer converter review

and the polarizer operating techniques.

2.2 Millimeter Wave Characteristics and Antenna Require-

ments

Designers and researchers encountered obstacles to using wireless communication sys-

tems in mm-wave bands because they suffered substantial propagation losses. These

losses include high atmospheric attenuation loss, oxygen absorption, scattering in rainy

conditions, and penetration loss. While low-frequency signal travels long-distance with

low transmission loss and penetrate buildings more efficiently. Users of this frequency

band must consider the propagation characteristics of radio signals. Designers require

14



Chapter 2. Literature Review and Background

knowledge of different kinds of losses at the operating frequency at a particular loca-

tion to design a reliable communication link. Figure 2.1(a) shows atmospheric absorption

characteristics of mm-wave propagation, and Figure 2.1(b) shows the rain attenuation per

kilometre as a function of rain rate [15].

(a) (b)

Figure 2.1: (a) Atmospheric absorption effect (b) Rain attenuation on mm wave prop-
agation. (Q. Zhao et al [11], c⃝2006 IEEE.)

Millimetre-wave communications depend on the Line of sight (LOS) transmission rate

to maximize transmitted data because it contains the most transmitted energy. In general,

high attenuation affects the transmitted power through non-line of sight (NLOS) chan-

nels, so mm-wave suffers from a few numbers of NLOS paths. According to previous

studies, the millimetre-wave band is an excellent candidate for using directive antenna

beams in an outdoor short-range. Low-frequency signals can travel as ground waves. It

penetrates buildings and natural obstacles easier than extremely high frequencies (EHF),

which have difficulty penetrating the solid surface. Due to weak diffraction ability, mm-

wave communications are sensitive to blockage from obstacles such as humans and ob-

jects. The channel blockage from human mobility (1-5 people) is about 1-2% [16], while

the attenuation level depends on the object’s material surface [6]. In brief terms, the mm-

wave at both 28 GHz and 38 GHz bands has the ability to deliver a high data rate for

short-distance if the high-gain wideband antenna is used. The transmission medium and

the surrounding environments have a particular effect on mm-wave signal behaviour.

Accordingly, the proposed antenna must have specific characteristics to overcome free
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space negative impacts. It is clear that Atmospheric absorption causes signal attenuation

and reduces the signal’s penetration ability. Therefore, a high-gain antenna is needed to

ensure point-to-point communication with less attenuation.

Millimeter-wave communications depend on the Line of sight (LOS) transmission rate

to maximize transmitted data because it contains most of the transmitted energy . In gen-

eral, high attenuation affects the transmitted power through non-line of sight (NLOS)

channels, so mm-wave suffers from a few numbers of NLOS paths. According to pre-

vious studies, the millimeter-wave band considered an excellent candidate to use in an

outdoor short-range by using directive antenna beams. Low-frequency signals can travel

as ground waves. It penetrates buildings and natural obstacles easier than extremely

high frequencies (EHF), which have difficulty penetrating the solid surface. Due to weak

diffraction ability, millimeter-wave communications are sensitive to blockage from obsta-

cles such as humans and objects.The channel blockage from human mobility (1-5 people)

is about 1-2% [16], while the attenuation level depends on the object’s material surface [6].

In brief terms the mm-wave at both 28 and 38 GHz bands can deliver a high data rate for

short-distance if the high-gain wideband antenna is used.

The transmission medium and the surrounding environments have a particular effect

on mm-wave signal behaviour. Accordingly, the proposed antenna must have specific

characteristics to overcome free space negative impacts. It is clear that Atmospheric ab-

sorption causes signal attenuation and reduces the signal’s penetration ability. To ensure

point -to- point communication with less attenuation high-gain antenna is needed.

Several antenna design techniques have been adapted to serve the promising 5G tech-

nology. Since obtaining optimum 5G antenna structures is still the beginning, the research

stream opens a range for new and improved design ideas and concepts. Antennas de-

signed specifically for 5G applications need to satisfy the essential requirements of new

technology. As previously stated, the large number of elements is one of the most valu-

able tools to obtain high antenna characteristics for utilizing the positive feature of small

mm-wavelengths. Also, circular polarization waves (CP) with narrow beamwidth radia-

tion have less path loss when compared with a linear signal [15].
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Generally, wireless networks are designed to provide service to fixed and mobile users.

The circularly polarized signal is better than the linear one in connectivity terms. How-

ever, the receiver antenna orientation is random, leading to an out-of-phase signal with

energy in which all planes are preferred to overcome this problem. The reflected linear

polarized signal, which is not on the same plane, might lose the signal strength, but the

energy is in all planes in the circularly polarised signal. In linear polarization signals, the

reflected signal weakens the propagated signal, especially in the opposite phase. The out

of phase radio signals can result in dead spots, but in CP reflected signal has the opposite

orientation. Moreover, CP signal energy is absorbed differently, so it is highly likely to be

delivered. The proposed antenna should utilize the broad spectrum offered by the mm-

wave to satisfy the demands of the channel’s bandwidth. Depending on the application,

a small and integrated antenna might be required.

2.3 Wave Propagation Concepts

Propagation and refraction theory illustrates the main concepts of electromagnetic prop-

agation phenomena. The propagation of light waves was demonstrated in 1678 by Huy-

gens, and his principle provides a convenient way to visualize a propagating wave of

light at any moment. He stated that the signal wavefront is considered the sum of the

radiated points at the different medium boundaries at the prior moment. These points

on an envelope of spherical shape serve as new radiation sources; it radiates just forward

and at the same speed as the light source. Each new radiation source generates a half-

circle of radiation. Combining those wavelets is considered the propagated wave at a

particular time.

As illustrated in Figure 2.2 the new wavefront is the tangent line for all of these

wavelets. Consequently, the origin point can be compensated by the new radiated points

[17]. Then Fermat described the signal reflection and diffraction of light rays. Fermat’s

principle gave a degree of freedom to control wavefront direction by introducing a phase
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shift along the boundary wavefront. The suitable interface between two mediums estab-

lishes the required phase shift over the optical path. The material properties and angle

of incidence are considered the main factors controlling the new signal direction. Snell’s

law is used to design optical lenses. This law describes the relationship between the in-

cident angle and the transmit angle of the same signal when it travels at the boundary of

different material properties. Figure2.5, Figure2.3(b), and Figure2.3(c) shows Snell’s law

principle, the dielectric lens and the parabolic reflector.

Previous 

wavefront

New

wavefront

Propagation

direction

Figure 2.2: Huygens propagating and refraction phenomena.

ni sin θi = nt sin θt (2.1)

Where: ni material index, θi incident signal angle, and θt transmitted signal angle

Let’s assume that the wavefront crosses the boundary surface between two mediums,

in which the second medium has a lower speed of light (high-index material). As a result,

the wave direction becomes toward the orthogonal plane. Since different materials differ

in phase velocities, designing a lens with suitable materials directs incident signals to the

focal point. Each incidence signal takes a different path delay inside the lens, resulting in

re-transmitted singles that become in phase, as shown in Figure 2.3(b). On the other hand,
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Figure 2.3: (a) Snell’s law (b) Dielectric lens (c) Parabolic reflector
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Figure 2.3(c) shows the operating mechanism of a parabolic reflector, in which the sum of

the incidence and reflected paths for different rays are equal on a planar surface parallel

to the parabolic surface [18]. Due to the shape of the parabola, all the ray paths end up

with the same length, so the reflected signals are in the same phase. In parabolic/lens,

the structure curvature controls the signal phase.

Both TA and RA antennas designers use the same idea, in which the plane surface

with discrete elements is used to compensate for the phase difference between the centre

point and other points on the aperture surface. This method is called the guided-wave

approach. A comprehension of some of the previous assessments is presented in the next

section.

2.4 Transmit-array Antenna Concepts

Transmit-array antenna is considered a discrete planar lens because it combines the ad-

vantages of the lens antenna from the optical theory and the phased array antenna [3,

10, 19]. Moreover, the transmit-array antenna has features such as lightweight, low pro-

file, low cost, high-gain, easy fabrication, and wide frequency band [20]. Transmit-array

antenna is classified into two classes: the frequency selective surface (FSS) and the re-

ceive re-transmit (R/T) antennas. The FSS or the active type uses the UC dimensions to

control the transmission coefficient phase. In the other kind, the receive re-transmit or

the passive type, the receiving layer is used to receive the incident signals, and the re-

transmitting layer is used to re-transmit the corrected phase signals [21]. Figure1.1 shows

the general overview of the TA antenna. The transmit-array antennas have a thin surface

and a feeding source in the aperture’s focal point. The TA surface consists of several unit

cells (UC) to convert the spherical incident wave into a plane wave; hence, a high-gain

can be achieved. Figure 2.4 shows the operating principle of the TA antenna. The work-

ing mechanism of the TA antenna is the same as the RA antenna, but there are two critical

differences between them. RA elements reflect the incident signal with a specific phase

within the designed bandwidth, and the groundsheet reflects incident signals between
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UCs with 180◦ phase shifts. On the other hand, the UC of the TA antenna is responsible

for re-transmitting the incident signals with the required phase shift within the operating

bandwidth. However, the TA antenna is considered a band-pass filter because it reflects

the incident signals above or below the TA antenna bandwidth.

Dielectric substrate 

Unit cell

Feeder

Aperture plane

𝜃𝑖

Ø ØØØØØ Ø

Figure 2.4: Transmit-array antenna principle schematic.
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2.4.1 Transmit-array Antenna Literature Review

It is beneficial for designers and researchers to know how others enhance the directivity

and bandwidth of the TA antenna. The core issue of TA design is the design of a unit cell

with a high amplitude transmission coefficient and can provide a 360◦phase range. Figure

2.5 represents some used unit cells to enforce re-radiated signals in phase. Ahmed. H. et

al. [22], reported a transmit-array antenna that operates at 11.5 GHz in which the UC con-

tains three layers of spiral dipoles. Their antenna achieved 28.9 dB gain, 9% of 1-dB gain

bandwidth and 19.4% of 3-dB bandwidth. In [3], the authors introduced the cross-slot

element UC with three layers and a smaller aperture diameter. The operating frequency

is 11.3 GHz. This antenna achieved a gain of 23.76 dB for the oblique incident, 1-dB gain

bandwidth of 4.2%, and 3-dB gain bandwidth of 9.4%. A linear-polarised transmit-array

unit cell is operating at 10 GHz, as reported in [2]. The UC comprises three layers of three

slots in cascade form. Although the antenna achieved 1-dB gain bandwidth of 15.5%, 55%

aperture efficiency, and less than -29 dB cross-polarization, the unit cells provided 320◦

phase response which affected the antenna’s gain by 24.8 dB. Wideband low-loss linear

and circular polarized transmit arrays are designed by H. Kaouach, et al; that antennas

operate at V-band as stated in [23]. The antenna design is based on two patch antennas

separated by ground plane and connected through via. It has a 2-bits quantization phase

where the upper patch rotation is used to have a 180◦ phase shift. The results were 7%

of 1-dB gain bandwidth, 27 dBi of directivity, and 17% of aperture efficiency. Later, they

proposed circularly polarized discrete lens antennas in 60 GHz Band [1], consisting of

two patch antennas separated by common ground and connected via drilled through the

substrate. The upper patch is rotated to achieve different electric field orientations. The

proposed lens provided a 1-dB gain bandwidth of 12%, a gain of 20.85 dB, and maximum

aperture efficiency of 28%. Another research team led by Kien Pham, et al. proposed a

dual linearly polarized TA antenna [24]; the design is based on a bandpass filter using

two rectangular patches separated by ground with cross slots. The UC phase response is
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controlled by varying the patch and the slot dimensions. Their project achieved horizon-

tal and vertical polarised beams with an average of 20% for the 3-dB bandwidth and 24.9

dB gain.

The core issue of TA design is the design of a unit cell with the required transmission

phase coefficient. Researchers developed some techniques to enforce radiated signals to

be plane wave signals. For instance, one technique use variable length stubs that are

connected to the same size patches [25, 26]. Another technique, variable size patches

controls the phase shift [27]. Nevertheless, a 360◦ phase shift has not been achieved by

these techniques. Accordingly, the quantization phase is limited. A TA antenna has been

designed in [28], and the UC transmission matching bandwidth is less than 18%. The

design in [29] achieved a full phase cycle. However, the total thickness is 11.22mm, and

the transmission attenuation of the UC is less than 1.2 dB which has a negative impact on

the TA gain. In [30], the TA antenna is designed with a 360◦ UC phase range is achieved.

However, the aperture efficiency is 47%, bandwidth is 3.7%, cross-polarization -15 dB,

and gain is 20.6 dBi. Another prototype of the TA antenna is shown in Figure 2.5(e). The

design presented in [31] is based on two square stacked patches that operate as a receiver

coupled through the slot to another stack patches as a transmitter. The design provides

38.7% aperture efficiency, 1.8% 2-dB gain bandwidth and 13.5% 3-dB gain bandwidth.

They designed another TA surface consisting of five layers of Jerusalem cross-dipoles.

This design is considered better than the first design because it provides measured results

such as 34.64% aperture efficiency, SLL leas than -15dB, one and 2-dB gain bandwidths

are 10.2% and 14.83%, respectively.

Table I illustrates the previous designs achievements in TA antenna gain, bandwidth,

aperture efficiency, thickness, SLL, operating frequency, TA area, and cross-polarization.

In this work, a modified version of the variable length strips technique is used to achieve

a 360◦ phase shift and allow flexibility of phase quantization. Furthermore, old works suf-

fer from moderate cross-polarization, so differential feeding is used as a technique for the

first time. The aim here is to design a transmit-array antenna that operates at a millimetre
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wave region in which it can be used in many applications like imaging, beamforming,

and 5G mobile applications.

(a) (b)

(c) (d)

(e) (f)

Figure 2.5: Transmit-array antenna unit cells (a) [1], (b) [2], (c) [3].
, (d) [10], (e) [31]and (f) [24]
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2.5 Transmit-array Antenna Consideration

The design procedure of a transmit-array antenna can be summarized in three steps; de-

signing the phase-shift elements (UC), calculating the array configuration, and designing

verification through full-wave simulation of the entire array. The TA system configu-

ration consists of two factors, designing the feeding antenna and specifying the system

requirements such as operating frequency, antenna gain and bandwidth. System gain

and bandwidth are related directly to some factors: UC characteristics, feed antenna radi-

ation pattern, and TA aperture efficiency. The TA antenna aperture is a 2D array of a tiny

re-radiating element that controls the radiation pattern of all TA antennas as a system.

The TA antenna designers should consider factors such as what will affect element char-

acteristics and significantly impact the TA antenna gain and bandwidth. These factors

are:

• Mutual coupling.

• Phase error on TA design.

• Quantization step and Phase range error.

• Incident angle approximation.

• Feed antenna characteristics and Coordinates.

• TA antenna shape.

All of the above-listed factors are discussed and concluded in this subsection.

2.5.1 Mutual Coupling

Transmit array is a 2D structure that contains several UCs arranged beside each other.

Unit cell numbers depend on the size of the UC and the size aperture area dimensions. As

known, computing the element’s reflection coefficients is the main issue of TA antenna de-

signers. Available simulation tools extract element amplitude and phase coefficients from
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an infinite periodic array, which assumes that the target element is surrounded by other

identical elements [32]. This kind of calculation depends on Floquet boundary conditions,

in which absorbing boundaries are considered on the UC’s top, and bottom surfaces, and

a normal incidence plane wave is used to illuminate the UC. Mutual coupling increases

between adjacent unit cells as the substrate becomes thicker. The mutual coupling has a

negative impact because it reduces the radiation pattern for the entire TA area. The Com-

puter Simulation Technology (CST) considers mutual coupling when designers choose

the periodic structure and Floquet port, but the computed coefficients are not accurate.

According to the aperture phase distribution, each UC is surrounded by different UCs in

size or phase, and the array is not infinite. Therefore, considering the TA aperture as a pe-

riodic structure leads to calculating refection coefficient error. H. M.-A. Milon; et al. [33]

studied the mutual coupling effect for three excitation methods: the isolated approach,

the infinite array approach, and the surrounded element approach. Their study shows

that a UC’s environment leads to varying element phase responses, and the surround-

ing experiment shows better agreement between the simulation and the measurement

results, so it can be considered the accurate way to find the element phase characteristics.

2.5.2 Quantization Step and Phase Range Error

A feeding source illuminates a TA antenna’s aperture. The incident waves are distributed

over the surface at different arrival times because of path distance variation, so it has

different phases. The dispersed phase is not continuous and uncontrolled. UCs with

different phase delays are used to convert spherical waves to plane waves. According

to Huygens, at the boundary, all of the incident rays at the boundry generate new radi-

ator points, so it is essential to calculate the phase distribution to have the plane wave

accurately.

Usually, the array phase distribution is created by generating a map between element

coordinates and element transmission coefficients; this map is used to build the TA an-

tenna [34]. Because of UC size and fabrication limitations, designers are forced to divide
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the antenna surface into a certain number of zones called quantization steps (k). Due to

the quantization procedure, the experimental phase of an element on the antenna aper-

ture may not be the computed phase [18,32]. According to the quantization theory, the dif-

ference between incident signal phase distribution and the quantization aperture phase

distribution is called the quantization phase error. This error depends on the quantization

step; increasing the number of quantization steps minimizes this error.

k = 2N (2.2)

Where: k Quantization steps, N Number of bits.

For example, two bits lead to; four quantization steps, four UCs with different phases,

and the error is ±45◦. Three-bit quantization steps lead to less error where the steps

become closer and the phase distribution becomes wider, which means the maximum

quantization error is ±22.5◦. As we can see, the quantization error should be minimized

as much as possible to enhance antenna directivity.

Since the maximum phase distribution over the TA aperture area is 360◦, the UC should

support the TA at least by 360◦ transmission phase to minimize aperture phase error. This

phase error is connected directly to a UC of choice called a phase range. When element

phase rage does not reach the required phase at aperture edges, designers are enforced to

use the available UC with the closest phase. The substitute element reflects at least part

of the incident power, and the reflected signal will inflict the incident signals and create

some blockage. Also, this element becomes the source of destructive interference at the

new wavefront and cause a gain reduction. A unit cell covering a 360◦ phase range is

optimal for designing a TA antenna because it reduces the quantization phase error and

enhances TA antenna gain.
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2.5.3 Feeding Antenna Characteristics and Coordinates

Transmit array antenna is a surface re-radiates incident signals towards the desired di-

rection. Knowledge of the feeding antenna location and radiation pattern are essential

because they affect the TA antenna aperture efficiency [34]. The focal point location and

the phase centre distance are essential because they are used to calculate the transmis-

sion coefficients and the effect of incident signal magnitude. Since the TA antenna aper-

ture size is enormous compared with the feeding antenna, incident signals take different

paths. At mm-wave, the wavelength is a fraction of a millimetre, so a small-displacement

forward or backward of the feeder could vary the incident signal phase. For example,

at 30 GHz 1.25mm is equal to 45◦ phase shift. In terms of phase centre errors, it can

be corrected by repositioning the phase centre of the feeding antenna to the focal point.

Different paths between different points affect the magnitude and the phase distribution

over the aperture. Moreover, the TA antenna shape affects its efficiency because the feed-

ing antenna radiation does not follow specific geometry. The Square and rectangular TA

antenna aperture has a high sidelobe level and low efficiency compared to the circular

one because of poor illumination at the edges. Frequently, feeding antenna position and

radiation beamwidth controls TA antenna area and phase distribution over TA antenna

aperture for optimal operation. In terms of feeding antenna coordinates, most of the

available studies obtain a transmission phase coefficient according to the typical plane

wave incident. Phase delay can vary from normal to oblique incidence. The feeding an-

tenna radiation pattern is used to calculate the antenna aperture area. Typically, the -10dB

beamwidth angle is used with respect to antenna location. Also, the characteristics of the

feeding antenna radiation pattern affect both spillover and illumination efficiency.

According to [35] maximum value of illumination efficiency is about 80% if edge il-

lumination is about -10 dB. The optimum aperture area is initial to enhance antenna ef-

ficiency because a small TA area causes spillover. Direct radiation that passes the edges

of the TA area can create a sidelobe that exceeds the known sidelobe level, and it could
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affect re-radiated signals by causing a destructive area. On the other side, the big TA aper-

ture area leads to weak edge surface illumination, which harms magnitude distribution

over far edges of the aperture. Knowledge of the antenna radiation pattern model is the

initial step to designing the TA antenna, balancing aperture efficiency and minimizing

edge diffraction. The most common horn antenna radiation pattern model is cosq θ [36].

A feeder with a symmetric radiation pattern is preferable because an asymmetric field

distribution negatively impacts the aperture efficiency, especially with a circular TA an-

tenna aperture. Regular horn antenna can feed parabolic reflector because its curvature

surface can compensate for path loss difference. Since the TA antenna has a flat surface, a

special feeding antenna with high performance such as proper amplitude tapering, uni-

form aperture phase distribution, and the feeder should have a low side loop level. To

deal with path loss differences, the optimum feeding antenna field should be distributed

uniformly on the TA aperture. The author in [34] designed a horn antenna with a spe-

cific radiation pattern in which the radiation pattern model was chosen to be sec θ. The

antenna is scaled up to be usable with the proposed TA antenna. The simulated and mea-

sured results are presented in chapter three. According to the author, the designed horn

shows a more uniform field distribution on the aperture area than the conical horn. The

designed horn even showed superior aperture efficiency. The conical horn with a cavity

supports the design by 7% efficiency more than without a cavity, and both antennas have

the same level of edge tapering. The designed conical horn increases aperture efficiency

in spillover and taper efficiencies.

2.5.4 Aperture Efficiency

Usually, designers of TA antennas start by determining two factors: designing the UC and

specifying the required TA antenna performance (system configuration) like the antenna

directivity and the operating frequency [36]. Antenna gain is connected directly with the

aperture efficiency because antenna directivity is proportional to the antenna area. This

section discusses the aperture efficiency. By taking into account the loss, equation 2.3
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comes in the form of gain, which indicates that the power profit is proportional to the

effective antenna area [36].

D =
4πA

λ2 (2.3)

Where: D Antenna directivity, A Antenna aperture area, λ Signal wavelength

G =
4πAe

λ2 (2.4)

Ae = ηa A (2.5)

Where: G antenna gain, Ae antenna effective area, and ηa aperture efficiency

ηa = ηsηiηr (2.6)

Where: ηi illumination efficiency, ηr radiation efficiency, and ηs spillover efficiency.

Effective area (Aa ) depends on the aperture area and the aperture efficiency (ηa).

Aperture efficiency is the multiplication of three factors which are spillover efficiency

(ηs), illumination efficiency (ηi), and radiation efficiency (ηr) [37]. The first two factors

are connected to the feeding antenna’s radiation pattern, and the last factor related to the

TA antenna’s structure. Moreover, some factors are not considered connected to the UC,

such as material loss, mismatching loss, polarization loss, and quantization phase loss.

Maximizing both the spillover and the illumination efficiency values result in the over-

all aperture efficiency only being dependent on radiation efficiency. The spillover can

be expressed as the ratio of total power radiated by the feeder over the entire spherical

surface, and the incident power on the TA antenna aperture. Spillover efficiency can be

increased by placing the antenna feeder at the optimal distance further away from the

transmit array aperture. The spillover and illumination efficiency are expressed mathe-

matically in [37]. The horn antenna radiation takes different paths to illuminate the TA
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antenna aperture, which affects the incident signal’s amplitude. The relative difference in

paths lost has a negative impact on the illumination efficiency (ηi).

2.6 Electromagnetic Wave Polarization

The electromagnetic wave comprises two orthogonal fields; an electric field and a mag-

netic field; those fields are orthogonal to the radiation direction. The tip shape and ori-

entation of the electric field (E) is used to identify the polarization of the electromagnetic

wave as the wave travels through that plane [38]. The most known forms of electromag-

netic wave polarization are linear polarization (LP) and circular polarization (CP). The

wave is defined as a linearly polarized electromagnetic wave in which the electric vec-

tor at a particular plane in space is pointed toward a fixed direction, although varying

in magnitude. Generally, the linear polarization waves are either horizontal and vertical

or parallel and perpendicular. The electric field of vertically polarized waves is perpen-

dicular to the Earth’s surface, and the waves are called horizontal polarization when the

electric field is parallel to the Earth’s surface. The polarization quality of the linear polar-

ized antenna can be determined by considering the ratio of both co-polarized and cross-

polarized responses. In general, the ratio indicates system power loss due to polarization

mismatch.

Waves are called circularly polarized when the electric field vector component has a

constant magnitude but its direction changes in a rotary manner on a plane perpendicu-

lar to the transmission direction as a function of time. The electric field vector represents

a point on the circumference of the helix at any moment. The plane at that point can

be considered a plane wave, which has a certain magnitude and direction of the electric

field. The CP antennas specifications depend on their axial ratio (AR) over the frequency

bandwidth. Equations (2.7), and (2.8) defined the axial ratio as the ratio of the orthogonal

components (major axis to the minor axis) of the E-fields; this ratio represents the polar-

ization quality for a circularly polarized antenna and the ideal CP antenna AR has 1 or
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0dB. The circular polarization is divided into right-hand and left-hand circular polariza-

tion, and the hand rules are used to describe the sense of polarization. The right-hand

circular polarization (RHCP), in which the electric field vector rotates on a right-hand

sense and the thumb is pointed toward the direction of propagation, and left-hand cir-

cular polarization (LHCP), in which the vector rotates in a left-hand with respect to the

direction of propagation. The CP wave becomes an LP wave when both RHCP and LHCP

magnitude components are equal.

AR =
majoraxis(Emax)

minoraxis(Emin)
(2.7)

AR(dB) = 20log
majoraxis(Emax)

minoraxis(Emin)
(2.8)

Circular polarized antennas are preferred over linear polarization antennas because

CP antennas are less sensitive to the antenna orientation. It is known that some wireless

networks are designed to provide service to fixed and mobile subscribers, which leads to

weakening the received power. The circular polarization links remove the need to align

both transmit and receive antennas continuously. The Faraday rotation effect affects lin-

ear polarized waves at low frequency; as the electromagnetic waves pass through the

atmosphere, the linear field vectors rotate due to interaction with the light field. The re-

sulted wave causes misalignment problems between transmitting and receiving antennas

that cause polarization mismatching error. Fortunately, circularly polarized antennas ra-

diate energy in a circular shape in the horizontal and vertical planes; this feature allows

for more flexible orientation of the transmitting and receiving antennas [39]. Moreover,

the circular polarization waves with narrow beamwidth waves have less path loss than a

linear signal. The multi-path interference suppression does not affect CP signals as much

as liner polarized signals [40]. Waves at the receiving end are not only a direct line-of-

sight radio wave but also via many different paths, and multi-path reception, such as
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reflected and scattered signals. These components of the wave interfere constructively or

destructively. The multi-path waves reach the receiving antenna at a different time delay

that causes channel degradation. The reflected linear polarized signal, which is not on

the same planes, might lose signal strength, while circularly polarized signal energy is

available on all planes. In LP signals, the reflected signal weakens the propagated sig-

nal, especially in the opposite phase. Out of-phase radio signals can result in dead spots,

but the CP reflected signal has the opposite orientation. Moreover, CP signal energy is

absorbed differently, so it is highly likely to be delivered. In [41], an explanation of the

multi-path effects of circular and linear signals was included. The experiment clarified

that the multi-path delay impact could be reduced to half by using the CP antennas in-

stead of LP antennas.

2.7 Linearly Polarized Antenna Bandwidth Enhancement

Review

The microstrip patch antenna is famous for its unique and attractive properties such as

low profile, lightweight, ease of fictionalization, and ability to be integrated with other

devices easily. Despite patch antenna advantages, it suffers from a narrow impedance

bandwidth and a low gain. It also has disadvantages such as conductor losses and low

radiation efficiency [42]. The patch antenna’s gain is about 5 dBi for a single element and

low loss antenna substrate. Size reduction, high-gain, and wide bandwidth antenna are

required for many applications like mobile devices. Researchers have proposed many

techniques to increase patch antenna impedance bandwidth to be usable for wideband

antenna requirements.

Patch antennas loaded by U, E or C shape slots have a wide bandwidth. The established

technique introduces other resonant frequencies that combine two resonances that cause

a wide bandwidth. A symmetrical E-shaped patch antenna has been designed in [43], in

33



Chapter 2. Literature Review and Background

which the centre wing resonates at a higher frequency, and the two side wings resonate

at a lower frequency. The measured bandwidth is from 5.03 to 6.12 GHz for a reflection

coefficient less than -10dB. However, the design suffers from air substrate and good me-

chanical stability. Another research articular has done by A.A. Kishk et al. designed a

patch antenna that includes U and E slots. In [44], their designs are based on U-slot and

E-slot patch antennas in which shorting pins and shorting walls are used. The half U-

slot patch antenna with shorting pin design achieves a bandwidth of 20%, and the half

E-shaped patch antenna achieves 25.2% bandwidth. Recently A. Kishk’s group designed

a new patch antenna with a narrow ground plane along the patch width direction com-

pared with the conventional microstrip antenna. This technique provides the antenna

with 15% impedance bandwidth [45].

A stacked configuration is a possible method to enhance the patch antenna’s gain and

bandwidth. Both apertures coupled and coaxial feeding techniques can be used to excite

the lower patch antenna. The upper patch is excited due to the electromagnetic coupling.

This combination could provide wider bandwidth when the lower patch substrate has

a higher dielectric constant than the upper substrate. In [46], the designers use air as

the second substrate layer and surround the design with a U-shape metal reflector to get

good radiation and stable gain. An array of three elements provides stability gain of 12

dBi. Another design is based on four rectangular patch antennas placed on the top of

the low dielectric substrate, which is etched on a rectangular patch. A bowtie slot excites

the lower patch coupled to the upper patches. The antenna’s measured realized gain and

bandwidth are 11.2 dBi and 27%, respectively, at 10 GHz centre frequency [47].

A 2 × 2 array of a high dense dielectric patch using high permittivity fed by aperture

coupled technique and covered by a perforated dielectric superstrate was designed or re-

ported [48]. However, the antenna bandwidth was 15.35%, the gain 16 dBi, and the phase

distribution along the superstrate is not uniform as we move away from the antenna cen-

tre to the edge.

The third approach to increase patch antenna bandwidth is the usage of low permit-

tivity and tick substrate. The low permittivity material gives patch antennas charges the
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ability to generate more flux, while antennas with a high dielectric constant are a small

area and narrow bandwidth. High permittivity material increases dielectric loss [49, 50].

Thick substrate antennas with low dielectric boost the antennas’ performance, such as

antennas’ bandwidth and radiation efficiency. However, this method increases both the

material losses and the cross-polarization level [49]. The differential feeding technique is

used to have a symmetric radiation pattern and decrease cross-polarization levels [51,52].

The differential feeding patch antenna is preferred in contrast to the single feeding

antenna because the cross-polarization level of the differential feeding antenna is much

weaker than the single feeding antenna’s cross-polarisation. In contrast, the co-polarized

radiation level is matched [53]. The following subsection illustrates some previous tech-

niques used to feed patches differentially. The patch antenna can be fed using capacitive

coupling to enhance antenna bandwidth. The Strip coupling technique is introduced to

feed the patch antenna, in which the coaxial probe feeds the coupling strip. The probe

introduces reactance impedance, and the gap between the patch and the strip introduces

capacitance, both the capacitance and the reactance parts can produce extra resonance. As

a result, the patch antenna and the coupling gap create dual resonance frequencies. More-

over, coupling techniques allow the patch to be excited only in a single-mode operation, in

which the patch and the resonator are resonating, and suppressing other harmonics [54].

2.7.1 Differential Feeding Antenna Review

This subsection discusses the theory behind designing the patch antenna’s wideband,

broadside, and low cross-polarization. The differential feeding technique is used for

cross-polarization discrimination purposes. The main focus of this work is to design a

UC based on a differential feeding antenna technique. Examples of previous works are

presented here.

In [55], Neng-Wu Liu, et al proposed a deferentially fed rectangular microstrip patch
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antenna where the operating bandwidth is enhanced using the TM10 and TM30 modes si-

multaneously. The TM10 mode is shifted up using four short pins, while the TM30 mode

is shifted down using two long slots etched near this rectangular patch’s edges that move

close to the new TM10 mode. Since the shorting pins and probes feed introduce an in-

ductance impedance, a short slot has been introduced in the middle to reduce this effect.

However, this work provides only 13% impedance bandwidth and an average gain of

6.4 dBi. Furthermore, the antenna is air suspended, making it hard to be fabricated. Re-

cently, Zubair, et al. [56], have used a TM30 rectangular patch antenna loaded by two slots

to achieve a high-gain with a low sidelobe level. Since the feeding points are out of phase

and located at the centre portion, which generates an out-of-phase surface current. The

two etched slots are in an out-of-phase region to reduce the out-of-phase surface current

while keeping the in-phase current. In addition, they added new radiation elements in-

phase with the original antenna, enhancing antenna gain. The antenna achieves a gain

of 12.8 dB with a side loop level of only -12.7 dB. Yet, the antenna has a narrow band-

width of 21 MHz, around 3 GHz. In [57], two patch antenna arrays are designed and fed

differentially to operate at 13 GHz centre frequency. The first array design depends on

deploying the differential feeding to each array element. The second array design applies

the differential scheme to the whole structure by feeding each pair of elements differen-

tially (one feed for each element). The first array has an impendence bandwidth of 15.3%

and a 10.41 dBi gain with -17.5 dB cross-polarization. The second array achieves a 12.32

dBi gain and a 12.8% impedance bandwidth with -17 dB cross-polarization. Its main idea

is that the feeding pair of elements differentially reduces the feeding network losses and

increases the gain with a negligible effect on the cross-polarization level. The main focus

of this work is to design a UC with high performance. A feeding antenna and a UC based

on capacitive and differential feeding techniques will be designed and presented in the

upcoming chapters.
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2.8 Circular Polarized Antenna Review

The simplest way to generate a circular polarization wave is by placing two half-wave

dipoles orthogonal to each other. The dipole arms’ lengths control the desired phase

quadrature (90◦), and the CP type can be achieved by the relative polarity of the wave

components in dipole arms. As a result, the dipoles will generate circular polarization

electromagnetic waves. Moreover, the circularly polarised antenna can be obtained by

combining multi linear polarised elements, in which a sequential rotation feeding net-

work is used to excite the linear elements [58]. The sequential rotation technique is used

based on the distribution of the excitation power evenly using the progressive phase shift

to excite linear polarized elements. The earlier method’s axial ratio (AR) bandwidth de-

pends on the sequential feeding network performances [40].

The New L-probe proximity-fed microstrip patch antenna uses the coplanar waveg-

uide (CPW) line to feed the designed antenna. The new technique maintains a wide

impedance bandwidth of over 35% and has a gain of around 7 dBi. For the high-gain

purpose, a 4 × 4 linear polarized array was designed and fabricated; the designed array

impedance bandwidth is 25.5% and has a gain of around 15.2 dBi. Then, the opposite

corners of the rectangular radiating patch are truncated, so the patch can radiate CP. The

4 × 4 array elements are excited using eight pairs of differential output power dividers to

increase the axial ratio bandwidth. The designed array exhibits a 3-dB axial ratio band-

width of 15.6% and a gain of around 14.5 dBi [59].

Another way to generate a circular polarization wave is by exciting the CP elements

with uniform distribution of equal phases [39]. The CP elements should be arranged in

groups and excited using power dividers to broaden the axial ratio bandwidth, in which

a strip or microstrip line is used for low profile purposes. In [60], the antenna geometry

is a patch antenna with a U-slot patch slot. A stub supports the antenna at the patch

corner to excite two orthogonal modes for the CP radiation. The designed antenna sim-

ulated S11 ≤ 10 dB impedance bandwidth is 26.4%, but the AR bandwidth is 5.58%,

and the gain is 5.7 dBi at the centre frequency. Then, to enhance AR bandwidth 4 × 4
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U-slot patch antenna array with a stripline sequential rotation feeding scheme has been

designed. The antenna measurement results are as follows; the maximum impedance

bandwidth is 16.5%, the maximum AR bandwidth is 11.5%, and the maximum gain is

16 dBi. In [39], an antenna consists of a two-dimensional 8 × 8 antenna array. The array

element is a pair of open rings. Each ring with feeding line is placed on the side of the sub-

strate, and the other ring with feeding line is placed on the opposite sides of the antenna

substrate. The antenna’s measurements show AR ≤ 3dB is about 25%, and gain is near 20

dBi. Tingqiang Wu. et al. [61], designed a circularly polarized antenna consisting of two

stacked patches fed by an S − shaped network. Their CP design is based on truncating

the two centre symmetric diagonal comers of the patches; they have four symmetric-L

narrow slots. Additionally, the upper parasitic patch is rotated by 90◦ to support sequen-

tial rotation and enhance antenna impedance bandwidth. The designed antenna’s results

are an impedance bandwidth of larger than 15.1%, antenna AR ≤ 3dB is about 2.5%, and

peak gain of 6.32 dBi. In [62], the authors introduced a circularly polarized antenna in

which a circular patch with two peripheral cuts and four right-angle slits is embedded

in the antenna. The peripheral cuts are used along the diameter 45◦ rotated around the

centre to excite the CP orthogonal fields. The slits can extend the effective current lengths

of the harmonic frequencies and shift the high-order harmonics to avoid interaction with

the high-order modes that are generated from nonlinear components. The antenna results

show a minimum axial ratio (AR) of a 3-dB AR bandwidth of 29 MHz.

Transmit-array circular polarized anteenas have been designed in [63].The designed

UC contains patch antennas loaded by a U shape slot at the receiving side, while the re-

transmitting side contains a truncated patch loaded by U slot. The designed CPTAA 3 dB

measured gain bandwidth is larger than 4.6 GHz and AR bandwidth is 15.9% at 29 GHz

and measured gain of 33.8 dBi. In [64] a design of CP UC based on two truncated cor-

ners patch antenna at the re-transmitting side whereas an LP rectangular patch is printed

on the receiving layer. The receiving and the transmitting patches are connected using

a metalized via hole. The designed CPTAA produces RHCP, measured gain of 22.8 dBi,

3-dB bandwidth of 20% and AR bandwidth of 24.4%. Another design UC configuration
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composed of the three-identical substrate layers separated by the air gap; each layer has

a rectangle ring slot. The fabricated achieves 3-dB axial-ratio bandwidths of 16.7%, with

a maximum gain of 20.1 dB [65]. A CPTAA design done by Yuan and others The circular

polarization wave generation uses a pair of patches with U slot on receiving and transmit-

ting layers connected by a via-hole. The CP wave is achieved by rotating the transmitting

patch. The designed TAA achieved a maximum gain of 24.5 dBi and maximum fractional

bandwidth of 7.5% [66]. The UC based on receiving and transmitting stacked patches con-

nected by two microstrip delay lines; the design profile is 0.11 λo .The CPTAA measured

peak gain is greater than 22 dBi, and bandwidth is wider than 12% [67].

2.9 Circular Polarizer

Mm-wave signals are sensitive to rain, atmospheric absorption, and interference. Cir-

cularly polarized waves could reduce rain echo and suppress interference [68], and CP

waves overcome misalignment problems between transmitting and receiving antennas

that cause polarization mismatching errors. Circularly polarized signals can be obtained

by generating CP waves or picking out the CP components from LP waves using a circu-

lar polarization converter. Figure2.6 represents the CP converter configuration.

The circular polarizer is the surface used to convert linear polarized signals to circu-

larly polarized ones. Either one layer or multiple layers polarizer produces CP wave,

but the single-layer AR bandwidth is narrower than the multilayer. The required layer

spacing of the multilayer polarizer is approximately 1/4 of the wavelength to realize the

Fabry–Perot interferometer [69–71]. The polarizer could be built using a self-complementary

composed of zigzag-shaped metal strips or meander lines printed on a dielectric sub-

strate. The linear circular polarizer converter (LCPC) offers a low profile, a wide fre-

quency band, and easy fabrication. The CP converters are helpful devices because they

can be placed in front of any LP antenna to create CP waves with no negative impact on

the designed antenna. The main drawback that limits the use of LCPC is the thickness

of the structure compared to the wavelength. The LCPC has another limitation in that it
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operates at a narrow frequency band because it is frequency-dependent. In other words,

the polarization purity depends on the 90◦ phase shift between the two orthogonal fields;

this critical condition cannot be satisfied for a wide frequency range.

𝐸𝑡𝑥 ꓕ𝐸𝑡𝑦

∠𝐸𝑡𝑦 = ∠𝐸𝑡𝑥 ± 𝜋/2

Radiation direction

Feeder

LP wave CP Wave

Figure 2.6: Linear to circular polarization converter.

2.9.1 Circular Polarizer Operating Mechanism

As we discussed in the literature review, a perfect CP wave can be generated by an an-

tenna that simultaneously excites two orthogonal vectors of equal amplitude and in-

phase quadrature. Figure2.6 describes the operating principle of the polarization con-

verter. Generally, the horn antenna illuminates the 2D surface (CP converter) using LP

waves; the CP converter transforms the LP waves into CP waves. The approach that con-

siders an incident LP wave travels along the z-direction, with the electric field vector and

the polarizer orientated at 45◦ relative to an incident signal. The converter acts on the
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incident LP wave to resolve the incidence signal components into two equal orthogonal

components. The orthogonal E fields pass through the converter to introduce a relative

phase shift of 90◦ between the two transmitted field components and a unitary module

for the incident field. [72] clearfied the converter mathematics process, which expressed

as follows:

|Ei|2 = |Eix|2 +
⏐⏐Eiy

⏐⏐2 (2.9)

|Eix| =
⏐⏐Eiy

⏐⏐ (2.10)

−→
E =

1√
2
|Ei| (âx + ây)e−jkz (2.11)

Where (âx)and (ây) are the unit vectors in x- and y- directions respectively.

The mutual coupling between the electric field orthogonal components is neglected, so

the transmission coefficient of the converter in x- and y- direction can be expressed as

follows:

Txx = |Txx| ejφxx (2.12)

Tyy =
⏐⏐Tyy

⏐⏐ ejφyy (2.13)

The magnitudes and phases of the transmission coefficients should satisfy the condi-

tions as follows:

|Txx| =
⏐⏐Tyy

⏐⏐ (2.14)

φyy − φxx = 90◦ (2.15)
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In result, the orthogonal components are transmitted and form a CP polarization

wave. The out-going E-fields at the output of the polarizer can be expressed as

−→
Eo = Eox âx + Eoy ây (2.16)

In result the orthogonal components are transmitted while they are within the operat-

ing bandwidth. The out-going E fields at the output of the polarizer can be expressed as

follows:

Eox = |Eix| |Txx| ejφxx (2.17)

Eoy =
⏐⏐Eiy

⏐⏐ ⏐⏐Tyy
⏐⏐ ejφyy (2.18)

The antenna axial ratio can be calculated as follows:

AR(dB) = 20log
majoraxis(Emax)

minoraxis(Emin)
(2.19)

AR =
|Txx|2 + |Tyy|2 +

√
a

|Txx|2 + |Tyy|2 −
√

a
(2.20)

a = |Txx|4 + |Tyy|4 + 2|Txx|2|Tyy|2 cos (2(∠Txx −∠Tyy)) (2.21)

2.9.2 Circular Polarizer Review

Antenna designers and researchers aim to increase their knowledge about the desired

topic by studying previous work, so this section aims to conclude some of the published

work. In a published work in [73], a CP polarizer with a thickness of 0.18 times the wave-

length was designed. The transmission coefficient phase, an equal magnitude between

the two orthogonal components, was turned away from the required values; as a result,

the bandwidth is just 40%.
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In work done by [74], two FSS polarization converters have been designed based on

single-layer two orthogonal cross slot and multilayer split slot ring geometry. The mea-

sured AR bandwidth of the cross slot is 17.3% and 3.38 dB insertion loss. The 3-dB AR

bandwidth of the single-layer split slot ring is 20.4%, and 3.15 dB insertion loss. How-

ever, multilayer has decreased the insertion loss to 1.1 dB and negatively impacts AR

bandwidth to be 12.2%. In another work by M. Euler, the transmission surface is used

to retransmit the incident LP signal in the form of CP waves. The surface is one layer in

which two concentric split ring slots are used to enforce the retransmitted horizontal and

vertical components to be equal in magnitude and 90◦ phase difference. This structure

achieves 11.75% measured 3-dB AR bandwidth with 3.38 dB insertion loss [75]. However,

the designs [74,75] are metallized, making them hard to integrate with PCB applications.

In [76], a simple technique was proposed to design a multilayer circular polarizer

based on a meander line. The two designed meander line spacing is λ \ 4 and λ \ 8

between layers.

In general, both designs’ AR bandwidth is 35%. However, the designs are triple layers,

and the total thickness exceeds λ \ 4 and to support the converter substrate, a foam layer

has been added to increase the insertion losses. A single-layer LCPC is presented in [77].

It consists of two interlaced periodic meander lines connected at the centre to create a

loop. The measured AR bandwidth and insertion losses are 46% and 3 dB, respectively.

In [78], a self-complementary meta-surface polariser composed of zigzag-shaped metal

strips is studied and fabricated. The meta-surface shows AR bandwidth of 53%. A flexi-

ble material LCP polarizer is proposed in [79]. A substrate of felt textile is used to design

an LCP converter, in which a square-shaped loop UC is used to form the 2D array. The

polarizer performance is 33.57% of 3-dB axial ratio bandwidth. The design of LPCP con-

verter has been presented in [80]. The designed UC is a single-layer based on a circular

diagonal split ring surrounded by a square ring. The meta-sheet works in transmission

mode, and the AR bandwidth for each band is 21%. In [81] , LPCP TA antenna has been

designed, in which the UC consists of three metallic layers. The upper and bottom layers

are identical and composed of a patch and a split ring. A circular slot and rectangular
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patch has been designed as the middle layer. The designed polarizer achieves CP at two

bands, where the AR bands are (19.7 – 20.2 and 29.5-30) GHz.
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Transmit-array Feeding Antennas

This chapter presents the design and preliminary results of two TA antenna feeders. The

first design is a hybrid antenna, a patch antenna and a horn antenna combination. The

performances of low profile broadside patch antenna are enhanced using capacitive cou-

pling and differential feeding techniques. The second feeder antenna is a horn antenna

with high radiation pattern characteristics, which improves TA antenna aperture effi-

ciency.

3.1 Hybrid Antenna

The hybrid antenna configuration technique increases horn antenna bandwidth and gains

simultaneously. Generally, a hybrid antenna consists of an active element, a parasitic

element, and a metallic fence. In this technique, the active and parasitic elements have

different resonance frequencies slightly apart, resulting in a broad bandwidth. While the

metallic fence (horn antenna) is incorporated to increase the antenna gain [82–85]. This

technique has the advantage of having a high gain with low profile antennas compared to

conventional horn antennas. In [82], a hybrid dielectric resonator antenna is designed. A

circular patch antenna is used to excite a ring dielectric resonator antenna, and a conical

cavity is also incorporated to improve the antenna gain. However, the designed work

achieved a gain of about 16.5 dBi with a -10 dB matching bandwidth in the frequency

band from 57 to 64 GHz. Elboushi and Sebak [83] designed a hybrid antenna using a

surface-mounted conical horn with a circular patch antenna to enhance the gain. They
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achieved a 12 dBi gain and 10% bandwidth around 31 GHz. However, similar to [82, 83],

it has a narrow bandwidth of less than 12%. In [84], a Fabry–Perot resonance antenna

with two layers of stacked superstrate is used to feed a conical horn antenna operating at

a centre frequency of 12 GHz. The design achieved 19.1 dBi peak gain and 26% and 3-dB

gain bandwidth. However, the antenna’s aperture efficiency is 27%, which is considered

low. Another hybrid configuration consists of a cross dielectric resonator antenna excited

by a patch antenna and surrounded by a rectangular horn presented by Nasimuddin et al

in [85]. However, the designer achieved a 21.3% impedance bandwidth and gained better

than 9 dBi at a centre frequency of 6.8 GHz.

The proposed design combines a simple patch antenna and a rectangular horn an-

tenna. A wideband capacitive differential fed patch antenna with high cross-polarization

discrimination is designed at the mm-wave range. The capacitive coupling technique is

used to increase antenna bandwidth. Also, differential feeding ensures broadside radi-

ation and low cross-polarization. The differential feeding technique depends on equal

power division and 180◦ phase difference. The feeding circuit includes a rat race, and

probe stripline transitions are used. Then a gain enhancement has been achieved by

adding a horn to the designed antenna with an efficient aperture efficiency.

3.1.1 Design Capacitive Feeding Patch Antenna

Several antenna design techniques have been adopted to serve the mm-wave technology.

However, since achieving the goal of optimal antenna structures is still in its beginnings,

the research stream opens the range for new and improved design ideas and concepts.

This subsection presents the design of a wideband rectangle microstrip patch antenna fed

by a capacitive coupling technique.

The single-layer patch antenna is known for its narrow bandwidth, so bandwidth incrim-

ination brings a challenging task to the patch antenna design. Since the patch antenna

is considered an (RLC) resonance circuit, introducing another resonance frequency en-

hances antenna bandwidth [54, 86]. Figure 3.1 shows the designed antenna, where the
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patch antenna can be fed using a gap coupling strip. The coupling strip technique is in-

troduced to excite the patch antenna through the capacitive resonator, in which the cou-

pling strip is connected to the coaxial probe. The probe presents reactance impedance,

and the gap between the patch and the strip introduces capacitance; both the capacitance

and the reactance parts can produce extra resonance. The coupling gap width is adjusted

to make the two resonance frequencies close to each other to have a wide matching band-

width. As a result, the patch and the coupling gap create dual resonance frequencies.

Moreover, coupling techniques allow the patch to be excited only in a single-mode op-

eration, in which both the patch and the resonator are resonating and suppressing other

harmonics [54]. The equivalent circuit model of the designed antenna is shown in 3.2.

𝑊𝑝𝑎𝑡𝑐ℎ

𝑊𝑠𝑢𝑏

𝐿𝑠𝑢𝑏

𝑑𝑐𝑎𝑝

𝐿𝑠𝑡𝑟𝑖𝑝

𝑔

𝐿𝑝𝑎𝑡𝑐ℎ𝑆𝑠𝑡𝑟𝑖𝑝

(a)

𝑑𝑐𝑜𝑎𝑥2

𝑑𝑐𝑜𝑎𝑥 ℎ𝑠𝑢𝑏

(b)

Figure 3.1: Configuration of capacitive feeding patch antenna. (a) Top view. (b) Side
view

The resonator includes Rp Lp and Cp., representing the patch antenna. Also, C f , R f

and L f represent the feeding probe of the patch antenna. The π network Cg1, Cg2 and Cg3

represent the coupling gap. First, the feeding point, L f represents the probe inductance,

C f represents the probe cap capacitance, and R f represents the cap radiation loss. The

capacitive coupling second, Cg1 represents the edge capacitance between the patch and

the rectangular strip ends, Cg2 represents the strip edge capacitance, and Cg3 represents

the patch edge capacitance.
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𝐿𝑝 𝐶𝑝 𝑅𝑝 

Antenna Coupling Feed point 

Figure 3.2: Capacitive feeding patch antenna equivalent circuit.

3.1.2 Single Capacitive Feeding Antenna Design

The antenna layout is illustrated in 3.1. The microstrip patch antenna is placed on a di-

electric substrate (Rogers Ro 4350B, ϵr = 3.66, tan δ = 0.0037, and thickness = 0.762 mm).

Table 3.1 shows the antenna dimensions. A rectangular strip (resonators) is employed to

generate another resonance frequency. Patch antenna can be fed using a gap coupling

strip to enhance antenna bandwidth. In this technique, the coaxial probe feeds a short

strip, which is used to excite the patch. The rectangular strip is placed at a coupling gap

distance (s) from one patch’s radiating edges and is connected directly to the probe.

The probe introduces an inductance, the gap between the patch and the strip intro-

duces a capacitance, and the strip introduces radiation resistance. The three elements

produce an extra new resonance circuit. The coupling gap is optimized to create another

resonance frequency slightly close to the antenna resonance frequency. As a result, the

patch and the coupling gap circuit create dual resonance frequencies. Moreover, coupling

techniques allow the patch to be excited only in a single-mode operation, in which the

patch and the resonator are resonating and suppressing other harmonics [87]. The com-

puter simulation technology (CST) software package simulates the proposed antenna. It

is first introduced to show the drawbacks of using a single feeding antenna. Figure 3.3

shows the designed antenna reflection coefficient and the gain. The simulated matched

bandwidth is 56.8% at 30 GHz, wider than a regular patch antenna. In general low gain is
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Table 3.1: Capacitive feeding patch antenna geometrical parameters

Parameter Wpatch Lpatch Wsub Lsub Sstrip
Value (mm) 1.5 6.1 10 8 0.15
Parameter Lstrip g hsub dcoax dcoax2
Value (mm) 0.5 0.15 1.575 0.5 1.15

one of the patch antenna’s drawbacks; the simulated realized gain is 6.5 dBi at the centre

frequency. Figure 3.4 shows the antenna’s (3D) radiation pattern at 28 GHz, clarifying the

tiled beam.

The typical goal of a parametric study is to show the effect of specific parameters of the

designed antenna on the gain and the impedance matching bandwidth (S11 < 10 dB). The

selected parameters related to the capacitive feeding part are Lstrip, Sstrip, g, and Lpatch.

The Lstrip effects are shown in figure 3.6, where the gain and the matching are improved

at high frequencies as the value of Lstrip decreases. Figure 3.5 shows the effect of Sstrip,

where there is a minimal effect on the antenna gain. However, the bandwidth is inverse

proportion to the Sstrip length. Figure 3.6 shows the effect of Lstrip. The effect of Sstrip and

Lstrip referring to when Sstrip or Lstrip increases so does the capacitance and hence shift

in the resonance frequency of the feeding part toward the patch resonance which causes

a decrease in the overall bandwidth. Figure 3.7 shows the effect of the coupling gap.

The gap coupling does not affect the antenna gain in a low-frequency band. However,

decreasing the gap space causes a slight shift in the resonance frequency of the patch

toward the lower frequency band. The antenna gain and bandwidth increase when the

gap coupling space decreases at high frequencies. Figure.3.8 shows the effect of changing

the patch length (Lpatch) where the gain increases at high frequencies by decreasing the

patch length. Moreover, the first resonance in the reflection coefficient (near 22 GHz)

shifts to higher frequencies as the patch length decreases.

Figure 3.9. shows the co-polar and the cross-polar radiation patterns at 45◦ for four

different frequencies using Ludwig III definition. The 45◦ cuts have been chosen because

it shows all the radiation patterns information and according to the Body of Revolution
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Figure 3.3: Patch antenna reflection coefficient and gain.

Figure 3.4: Single feeding patch antenna radiation pattern.

50



Chapter 3. Transmit-array Feeding Antennas

20 25 30 35 40 45
Frequency (GHz)

0

2

4

6

8

10

G
ai

n 
(d

B
i)

S
strip

=0.1mm

S
strip

=0.15mm

S
strip

=0.2mm

S
strip

=0.25mm

S
strip

=0.3mm

(a)

20 25 30 35 40 45
Frequency (GHz)

-25

-20

-15

-10

-5

0

R
ef

le
ct

io
n 

co
ef

fi
ec

ie
nt

 (
dB

i)

S
strip

=0.1mm

S
strip

=0.15mm

S
strip

=0.2mm

S
strip

=0.25mm

S
strip

=0.3mm

(b)

Figure 3.5: Parameter study of the effect of Sstrip on (a) antenna gain (b) antenna
matching bandwidth.
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Figure 3.6: Parameter study of the effect of Lstrip on (a) antenna gain (b) antenna
matching bandwidth.
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Figure 3.7: Parameter study of the effect of gstrip on (a) antenna gain (b) antenna
matching bandwidth.
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Figure 3.8: Parameter study of the effect of Lpatch on (a) antenna gain (b) antenna
matching bandwidth.
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(BOR) theory, the peak level of cross-polarization is at 45◦ [88]. Moreover, we can con-

struct the radiation pattern of the desired antenna from 45◦ cuts in E and H planes. The

figure shows that a minimum cross-polarization of about -8 dB is obtained. Moreover,

the antenna’s radiation pattern is asymmetrical in the E-plane due to the drawback of the

single feeding. The antenna’s main lobe is tilted with frequency (−5◦ +7◦); this tilt should

be considered when designing an array antenna.
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Figure 3.9: Single feeding patch antenna radiation pattern.
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The antenna working principle can be explained by the electric field distribution shown

in Figure 3.10. The solid arrows show that the synthetic electric vector on the coupling

edge is along the x-direction and, hence, x-polarization is introduced. As a result, the

capacitive feeding antenna electric field density is concentrated more at the feeding edge

than at the far end, which causes beam tilting and high cross-polarization. Figure 3.4

and Figure 3.10 represent one-end patch antenna disadvantages such as radiation pattern

tilting and asymmetry electric field density distribution. To overcome these drawbacks

understanding the antenna field distribution are essential. The patch antenna’s E-field

lines distribution can be expressed using the cavity model (TM100 mode) with a perfect

magnetic conductor (PMC) walls surrounding the antenna, while the fringing fields’ ef-

fect is excluded [35]. The antenna radiation pattern can be expressed by two radiating

slots separated by a distance equal to patch length (L). Each slot radiates a field like a

magnetic dipole [51]. Accordingly, the patch field distribution has a cosine shape and

uniform shape along the antenna length and width, respectively, as shown in Figure 3.11.

The desired field vector component is a co-polarized field, and the field vector perpen-

dicular to it is a cross-polarized field. The cross-polarization is associated with the fields

on the non-radiating edges of the patch. Figure 3.11 shows that the E-field amplitude is

not symmetric along the antenna length, and hence the cross-polarization field’s inten-

sity becomes weak when it moves away from the feeding point, resulting in the non-zero

cross-polarization field in the broadside direction. Accordingly, the cancellation of this

asymmetry is the crucial factor for cross-polarization suppression. One known way to

cancel this difference is to feed the antenna at the two ends with the same signal with a

180◦ phase shift. Due to the equalization of vector field intensity at both ends of the patch

antenna, a symmetric radiation pattern is generated, and the cross-polarization level is

suppressed.
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Polarization direction

Figure 3.10: Electric field distribution of single feed patch antenna.

Figure 3.11: Patch antenna cavity model E-field distribution.

3.1.3 Differential Feeding Antenna Design

The patch antenna is excited deferentially at both radiating ends in this section. This tech-

nique, presented in the previous section, can overcome the tilting in the radiation pattern

and the high cross-polarization level. Although the differential feeding is achieved by

adding another capacitive feeding strip at the other end of the patch antenna, the physi-

cal symmetry of the feeding points’ location should be seriously considered. The antenna

is designed with the same substrate, Figure 3.12 shows the antenna layout, and its di-

mensions are presented in Table 3.2. Figure 3.13 shows the antenna simulated reflection

coefficient and gain, achieving a wide bandwidth (more than 55% at 30 GHz). Moreover,

the antenna gain is increased to 8 dBi instead of 6.5 dBi for the single feeding antenna.

The antenna’s radiation pattern becomes symmetrical and extreme broadside direction,

as shown in Figure 3.14.

The antenna E-field distribution is presented in Figure 3.15. The solid arrows show
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Figure 3.12: Differential feeding antenna. (a) Top view (b) Side view.

Table 3.2: Optimized geometrical parameters for the differential feeding patch an-
tenna

Parameter Wpatch Lpatch Wsub Lsub Sstrip
Value (mm) 0.72 3.1 10 8 0.2
Parameter Lstrip g hsub dcoax dcoax2
Value (mm) 0.2 0.2 1.575 0.4 0.4
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Figure 3.13: Capacitive differential feeding patch antenna reflection coefficient and
gain.
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Figure 3.14: Differential feeding patch antenna radiation pattern.

that the synthetic electric field vector on the coupling edges is along the x-direction, and

co-polarization is introduced. The electric field’s distribution density is equal in value

and symmetrical with respect to the xz- and yz-planes. The excitation through both ends

of the patch antenna deferentially generates two different voltage pols (+v and –v).

The pols at the coupling gaps generate symmetrical E-fields in the same direction;

moreover the E-field’s distribution along the x-axis is uniform. The E-field’s orthogonal

to the YZ-plane constructs the co-polar radiation pattern, whereas the fields orthogonal

to XZ-plane produces the cross-polar radiation pattern. The cross-polar E-fields are op-

posite each other in direction, so the resulting cross-polar in the far-field region is zero

along YZ-plane. Figure 3.16 shows Ludwig III co and cross-polar radiation patterns of

the differential feeding antenna at four different frequencies, covering the whole oper-

ating band. The differential feeding technique positively impacts the radiation pattern

compared to the single-feeding antenna. The figure indicates a high level of symmetrical

radiation pattern and a lower cross-polarization level. Moreover, the radiation pattern is
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broadsided with no tilting angle; for reference, the single-feeding antenna radiation pat-

tern has about 14◦ tiltings. As a result, the differential feeding antennas have a bit higher

gain.

Polarization direction

Figure 3.15: Electric field distribution of differential feeding antenna.

3.1.4 Differential Feeding Circuit Design

The feeding circuit is implemented by employing a strip rat-race coupler, which is used to

feed two probes (+v and-v) by equal amplitude and out-of-phase signals. The transition

from the stripline to the antenna probe and the stripline rat-race coupler are designed as

shown in Figure 3.16. This feeding circuit is considered the candidate choice because it

is easily fabricated, has no radiation loss, and is inexpensive compared with the conven-

tional waveguide. The transition circuit is shielded using vias around the probe and the

stripline to prevent leakage. The shielding technique is designed based on two factors,

dvia and the distance between the two adjacent vias svia, similar to the substrate integrated

waveguide technique [89, 90]. The rat-race coupler’s isolated port is usually terminated

with a matched load.
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Figure 3.16: Ludwig III Co and cross polar radiation pattern of differential feeding
antenna (φ = 45◦).
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𝑑𝑟𝑎𝑡

𝑆𝑣𝑖𝑎

Figure 3.17: Rate race and transition line configuration.

Table 3.3: Optimized geometrical parameters for the rat race and the transition com-
ponent

Parameter dvia Svia dshield drat wrat wline
Value (mm) 0.15 0.3 1.4 2.4 0.2 0.45

dvia ≤
λg

5
(3.1)

svia ≤ 2dvia (3.2)

The matched load is a 50Ω lumped element that is not easy to fabricate in the mm-

wave band. However, the designed coupler’s isolation level is better than 15 dB; hence,

this port is removed without affecting the rat race behaviour. As a result, the rat race cou-

pler has almost equal power division in the required bandwidth. Dimensions of the rat

race and the transition part are presented in Table 3.3. The simulated reflection coefficient

amplitude and phase of the feeding circuit, including the rat race and the transition, are

shown in Figure 3.18. The figures indicate that S11 ≤ −15 dB for the whole operating

band of the antenna and equal power division with 180◦ phase difference.
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Figure 3.18: Rat race and transition circuit (a) S-parameters (b) Phase response.

3.1.5 Hybrid Antenna Design

The proposed wideband patch antenna can be used to achieve a high data rate at the

mm-wave band. However, a high gain antenna is also required due to mm-wave char-

acteristics. Antenna gain is by employing a horn antenna on top of the designed patch

antenna. The proposed horn antenna is designed based on the equations in [35], where

the phase error coefficients: t, and s values are chosen as 0.375 and 0.25, respectively, for

the optimum horn design. The following equations show that the t and s are a function

of the antenna geometric parameters Lap, wap, R1, and R2.

t =
L2

ap

8λ0R1
s =

w2
ap

8λ0R2
(3.3)

where Lap and wap are the dimensions of the horn antenna aperture and R1 and R2 are

the dimensions from the horn aperture to the phase center in the E and H-planes. The

following equation determines the antenna gain.

G = ηa
4π

λ2
0

Lapwap (3.4)

61



Chapter 3. Transmit-array Feeding Antennas

Table 3.4: Horn antenna parameters

Parameter Lap wap hhorn wbase lbase
Value (mm) Ant. 1 23.95 23.95 11.37 8 11.3
Value (mm) Ant. 2 23.95 23.95 12 10 7.9

where the aperture efficiency ηa is taken as 51 %. Finally we get the following design

equation for and optimum horn antenna.

3
2

(
Gλ2

0
4πηa

)2

−
3Gλ2

0
8πηa

Ab = L4
ap − wbasew3

ap (3.5)

The horn design parameters are first calculated based on having a gain of 15 dBi at

the centre frequency, and the value of the inner feeding aperture is 8 × 8 mm2 ( the patch

antenna size). Since the inner feeding aperture controls the designed horn antenna, the

antenna parameters have been optimized for good impedance matching and high gain.

The resulted hybrid antenna configuration can be seen in Figure 3.19, and it is associated

dimensions listed in Table 3.4.

𝑤𝑎𝑝

𝑤𝑏𝑎𝑠𝑒
𝐿_𝑏𝑎𝑠𝑒

𝐿𝑎𝑝

ℎℎ𝑜𝑟𝑛

Figure 3.19: Hybrid antenna configuration.
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3.1.6 Result and Discussion

Prototypes of the proposed antennas are fabricated using PCB multi-layer technology,

while the horn part has been made using four pieces of coppers and assembled by con-

ducting tape, then soldered together. The prototype antenna is shown in Figure 3.20. The

programmer network analyzer (PNA N52271A) is used to measure the reflection coef-

ficients, and the Anechoic chamber is used to measure antenna’s radiation pattern and

gain. Figure 3.21.shows the radiation pattern measurements set up in the chamber. The

measured and simulated S11 and gain are shown in Figure 3.22. The maximum realized

gain of the designed antenna is 14.5 dBi at 30 GHz , and the (S11 ≤ −10 dB) is 34.48%.

The maximum realized gain of the designed antenna is 14.5 dBi at 30 GHz , and the

27 

Figure 3.20: Hybrid antenna prototype.

Figure 3.22 shows the horn antenna simulated and measured gain and reflection coef-

ficient results; it provides 14.2 dB gain at 29 GHz and fractional impedance bandwidth of

34.4%. Figures 3.23, and 3.24 show the simulated and the measured E and H-plane pat-

terns of the hybrid antenna at four different frequencies. The E and H-planes are almost

identical over the operating frequency range, with a gain of around 14 dB at 26 GHz.

Figure 3.25 shows the far-field phase error distribution of the hybrid antenna radiation

pattern at 28 GHz. The phase is calculated based on the phase difference between the
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Figure 3.21: Antenna radiation pattren measurements setup.
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Figure 3.22: Hybrid antenna simulation and measurements reflection coefficient and
gain.
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Figure 3.23: E-plane simulated and measured radiation pattern of the hybrid an-
tenna at different frequencies. (a) 26 GHz (b) 28 Ghz, (c) 30 GHz, (d) 32 GHz

centre and surrounding points. The radiation pattern phase error range is 40◦, and the

phase error could affect the TA antenna gain.
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Figure 3.24: H-plane simulated and measured radiation pattern of the feeder hybrid
antenna at different frequencies. (a) 26 GHz (b) 28 Ghz, (c) 30 GHz, (d) 32 GHzr
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Figure 3.25: Hybrid antenna radiation pattern phase error
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3.2 Conical Horn Antenna Design

The illumination of the TA surface depends on an external source. Hence, a wideband

horn antenna is required to excite the TA antenna aperture area. Regular horn antennas

have reduced the TA aperture efficiency because they can not overcome path loss differ-

ence over TA surface. The optimum feeding field amplitude distribution should enhance

aperture efficiency. A horn antenna designed in [34] is scaled, fabricated and used as a

feeder. The radiation pattern model of the horn antenna was chosen to be (sec θ). This

source provides radiation patterns with specific characteristics that improve the spillover

and tapering efficiencies. The designed horn is better than the conventional conical horn

and increases the aperture efficiency by 7% [34]. Figure 3.26 shows the horn antenna

geometry.

(a) (b)

(d)(c)

Figure 3.26: Horn antenna structure
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Figure 3.27 shows the horn antenna simulated and measured gain and reflection coef-

ficient results, and it provides 10.4 dB gain at 28 GHz and a wideband impedance match-

ing over the frequency range from 25 to 34 GHz. Figure 3.29 shows horn antenna’s simu-

lated and the measured E and H-plane patterns at four different frequencies. The E and

H-planes are almost identical over the operating frequency range, with a gain of 10 dB

at the centre frequency. Figure 3.30 shows the far-field phase distribution of the horn an-

tenna radiation pattern at the centre frequency. The phase error is within the acceptable

range in which the maximum value is 12◦ and less than the quantization step error.
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Figure 3.27: Horn antenna simulated and measured gain and return loss
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Figure 3.28: E-plane simulated and measured radiation pattern of the feeder horn
antenna at different frequencies. (a) 26 GHz (b) 28 Ghz, (c) 30 GHz, (d) 32 GHz
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Figure 3.29: H-plane simulated and measured radiation pattern of the feeder horn
antenna at different frequencies. (a) 26GHz (b) 28Ghz, (c) 30 GHz, (d) 30GHzr
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Figure 3.30: Horn antenna radiation pattern phase error
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3.3 Summary

The differential feeding antenna would be the base of the proposed UC, because of it’s

features such as wide bandwidth, low crosspolarization, and broadside directional beam.

Moreover, the capacitive differential feeding patch antenna could be used as a feeder in

two cases. First, the patch antenna could be used to illuminate the TA aperture area. Also

the patch can be used to design folded TA antenna to reduce the focal point distance.

which the TA aperture and the feeder become a combination of one low-profile surface.

The second application of the differential feeding patch is designing a hybrid feeding

antenna that will also be used to feed the TA antenna. Also, the conical horn antenn,

which has some features will be examind on the TA antenna surface. The next chapter

presents the design and the preliminary results of both the UC and the TA antenna.
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Linear Polarized Transmit-array Antenna

Design and Results

This chapter presents the design and preliminary results of the UC and the TA antenna.

The linear polarized UC was designed based on receive/ transmit (R/T) technique. The

unit cell was designed using capacitive coupling and differential feeding techniques for a

linear polarised TA antenna.

17

Transmit-array antenna configuration 

Figure 4.1: Transmit array antenna configuration.
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4.1 Linear Polarized Unit Cell Design

Henceforth, the main focus of this proposed work is to design UC with high performances

such as wideband and low loss. Exploiting the differential feeding and the capacitive fea-

tures have been discussed in [91], in which wideband and low cross-polarization antenna

has been obtained. The designed UC receives/transmits true-time delay; this design is

based on a capacitive differential feeding patch antenna. The UC structure contains a

dual capacitive coupling differential feeding patch antenna which layout is illustrated in

Figure. 4.2. The microstrip patch antenna is placed on a dielectric substrate (Rogers Ro

4350B, ϵr = 3.66, tan δ = 0.0037, and thickness = 0.762 mm). Two back to-back identi-

cal patch antennas have been utilized for receiving and re-transmitting purposes. The

re-transmitting patch antenna is rotated by 90◦ and has an opposite view. Since the UC

has to correct the incident signal phase to become a plane wavefront [37], a transition

layer (phase delay layer) is placed in between. The phase delay layer contains two strip

lines that are built-in dielectric layer RO3006 (ϵr=6.15, tan δ = 0.002, thickness= 0.13 mm).

Typically the strip lines connect the receiving patch to the re-transmitting patch. Different

unit cells have different strip line lengths to compensate for the phase difference, forcing

the front of the re-transmitted signals to be a plane wave. The delay lines are designed

alone carefully. The vias shield the transition lines for two reasons: isolate the incoming

signals and reduce strip line loss. The shielding technique is designed based on the radius

dvia and the distance between the two adjacent vias svia [32, 91]. Rotating the phase delay

layer by 90◦ allows UC to produce 180◦ phase shifts in addition to the original UC phase.

dvia ≤
λg

5
(4.1)

svia ≤ 2dvia (4.2)

Finally, five dipoles are printed on Rogers RT5880 ( ϵr = 2.2, tan δ = 0.0009, and

thickness = 0.127 mm) and placed on the top of the patch antenna layer on both sides
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Figure 4.2: UC structure (a) Differential feeding patch layer. (b) Dipoles layer

Table 4.1: Optimized geometrical parameters for the differential feeding patch an-
tenna

Parameter Wpatch Lpatch Wsub Lsub Sstrip
Value (mm) 0.72 3.1 10 8 0.2
Parameter Lstrip g hsub dcoax dcoax2
Value (mm) 0.2 0.2 1.575 0.4 0.4

of the UC. Because printed patch antenna suffers from limited bandwidth, these dipoles

have different resonant frequencies besides the patch resonant frequency; this technique

makes the total bandwidth wider and enhances antenna gain by increasing the radiating

area. Figure 4.2 shows the five dipoles layer and its dimensions are L1d = 0.6 mm, L2d =

0.6 mm, L3d = 0.6 mm, wd = 0.6 mm, S1d = 0.6, and S2d = 0.6 mm. The 3D UC structure

is shown in Figure 4.3. The UC dimensions are tuned to obtain a wide bandwidth, a good

transmission magnitude, and the required transmission phase. The final UC dimensions

are summarized in Table 4.1, the UC size is fixed at 6.6 × 6.6 mm2 and the thickness is

less than a quarter wave length of the free space at the centre frequency. Moreover the

designed UC has small dimensions that minimize quantization phase error.

In terms of the operating mechanism, the receiver layer is illuminated using a feeder

source. The incident signals are transferred through the dipoles to the patch antenna,

which transfers the energy through the strip lines to feed the re-transmitting layer. The

re-transmitting patch excites the dipoles that generate the new in-phase wavefront.
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Transmitting dipoles

Stripline layers

Receiving  patch

Transmitting patch

Receiving dipoles

Differential feeding
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Figure 4.3: 3D structure of the designed unit cell

4.1.1 Unit Cell Frequency Response

The computer simulation technology microwave studio (CSTMWS) software package is

used to simulate the proposed UC to obtain the UC frequency response. Each UC operates

as a radiating element, and its transmission behaviour is the function of the frequency;

the transmission phase depends on its stripline length. The UC is simulated by defining

two Floquet ports, one above the UC and the other below it, each port has two orthog-

onal TEM modes. The boundary conditions are periodic to present an infinite array of

UCs. Figure 4.4 shows the excitation structure of the UC. The Ein−x mode from port 1 is

reflected and is not considered in the following discussion, as it is orthogonal to the up-

per dipoles. On the other hand, the Ein−y mode from port 1 is the desired incident mode
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that excited the UC. The Etr−x is the port 2 desired output mode, which is rotated by

Etr−x relative to the incident polarization due to the structure of the re-transmitting part

of the UC. The principle operation of the UC is explained by the electric field distribution

shown in Figure 4.5.

Ein-y Ein-x 

Etr-y Etr-x 

Port 1 

Port 2 

Figure 4.4: UC under Floquet ports excitation.

The TA antenna is designed based on the 3-bit quantization phase. Therefore the re-

quired phases of the UCs are 0◦, 45◦, 90◦, 135◦ 180◦, 225◦, 270◦, Figure. 4.6 shows the

simulated reflection and transmission coefficients of four UCs ( 0◦, 45◦, 90◦, and 135◦),

while the other four UCs have the same amplitudes with a 180◦ additional phases for the

transmission coefficient. The UCs reflection coefficient is better than -10 dB. Moreover, the

designed UCs provide a wide transmission bandwidth of 24%, around 28 GHz, with in-

sertion loss better than 0.5 dB. Figure 4.7 shows the undesired reflection and transmission

coefficients. They are less than -30 dB for all the UCs in the range of 26 to 31.5 GHz.

The transmission coefficients’ phase is presented in Figure.4.8. The phase-frequency

response covers a 360◦ phase range. The 3-bit quantization phase is achieved; therefore,

a 45◦ phase shift is arranged between two adjusted phase steps. Figure 4.19 shows the

calculated phase, the quantized phase distribution, and the phase error for the 27 × 27
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Figure 4.5: Incident and re-transmitted electric fields.
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Figure 4.6: Reflection and transmission coefficients for four UCs (0◦, 45◦, 90◦, and
135◦.
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Figure 4.7: Undesired reflection and transmission coefficients

TA antenna. The figure indicates that the maximum phase error is equal to ± 22◦. Thus

wideband and high gain transmit-array antenna is expected. Thus wideband and high

gain transmit-array antenna is expected.
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4.2 Linear Transmit-array Antenna Results and Discussion

This section includes the stimulated and the measured results of TA antenna surface un-

der illumination of both hybrid and conical horn antennas. Moreover, a patch antenna has

been used to illuminate the TAA, but the results are not included in this section. Arrays

of two patch antennas are used because one element radiation pattern beamwidth is very

wide, which requires a big TAA surface, which requires high computation performances

and processing time. This experiment proves that the designed TA elements are able to

re-transmit the incident signals toward the desired direction and encourage us to reduce

the patch antenna beamwidth using a hybrid antenna technique to be useable as a TAA

feeder. The TAA with the patch as a feeder radiation pattern results will be concluded in

a comparison table with the hybrid and the conical feeders.

4.2.1 Conical Feeding Antenna

The horn antenna is placed at the focal point of the TA aperture for illumination pur-

poses. The array size and the focal point position are the main factors that affect the TA

performance. The focal source radiation pattern model is considered ( (sec θ)) with 10 dB

gain and 35◦ half-power beamwidth at the centre frequency. Assuming the TA required

gain is 30 dBi, and the aperture efficiency is about 50%. According to parabolic theory,

the theoretical values of the aperture area and the focal length are calculated. In order to

verify the UC concepts in which it acts as a phase compensation and a polarization rota-

tion, the TA antenna surface has been examined. Figure 4.9 shows the horn incident fields

extracted just above the TA surface. The phase distribution is uniform, and as moving far

from the centre of the TA surface, the phase varies. Also, the electric field amplitude de-

cays as moving toward the aperture edges, which harms the tapering efficiency. Figure

4.10 shows the electric field distribution of the re-transmitted signal, in which the electric

fields are in phases. The TA unit cells convert the accepted field polarization to the nor-

mal direction. Also, that ensures the TA aperture gives maximum efficiency. A parametric

study of F/D effect on antenna gain has been carried out to find the optimum value of
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the F/D. The TA antenna size is kept fixed,18 × 18, while the value of F/D is changed

from 0.3 to 1 by 0.1 step. Based on Figure 4.11, which shows the realized gain for differ-

ent values of F/D, the best value for F/D is between 0.7 and 0.8; therefore, a more fine

parametric study has been carried out for values of F/D between 0.7 and 0.8 as shown in

Figure. 4.12. The optimum value of F/D is 0.76 as it gives the highest gain at the centre

frequency and the widest 2-dB gain bandwidth, among other values of F/D. Therefore,

F/D=0.76 is used to design other TA antennas, with 24 × 24 unit cells and 27 × 27 unit

cells.

Figure 4.9: The incident electric filed distribution

Figure. 4.13 and Figure. 4.14 shows the simulation realized gain and aperture effi-

ciency for the 18 × 18, 24 × 24 and 27 × 27 TAs. The 24 × 24 has a gain improvement

of 2.68 dBi over the 18 × 18 TA, while the 27 × 27 has an improved gain of 3.7 dBi. The

maximum aperture efficiency is above 54% for all the designs.
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Figure 4.10: The re-radiated electric filed distribution

The 27 × 27 unit cell TA antenna is fabricated and measured as shown in Figure. 4.15

to validate the proposed work. The measurement has been carried out using a near-field

scan system (NSI 5913), the PNA network analyzer, WR42, and WR28 waveguide probes.

The probes are used to receive the re-radiated fields after the TA surface; then the far field

directivity is calculated using NSI2000 software. A comparison between the simulated

and measured directivities is presented in Figure. 4.16. The discrepancy between the

simulated and measured results may come from the fact that material loss and material

variation in thickness. Also, Rogers’s material dielectric constant is given at 10 GHz, but

our design centre frequency is 28 GHz. Fabrication tolerance could have a significant

impact on a design at high frequency. Figure. 4.17 presents the antenna’s measured and

simulated E-plane radiation patterns at different frequencies. The maximum gain is 31.14

dBi, and the sidelobe and the cross-polarization levels are less than -28 dB and -27 dB,
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Figure 4.11: 18 × 18 Transmit-array antenna gain for different values of F/D

respectively, over the operating bandwidth. On the other hand, Figure. 4.18 shows the H-

plane radiation patterns where the sidelobe and the cross-polarization levels are less than

-28 dB and -27 dB, respectively. A study of the hybrid horn antenna on the TA antenna

will take place in the next section.

A study of the hybrid horn antenna on the TA antenna will take a place in the next

section.
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Figure 4.15: Transmit-array antenna measurement setup
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Figure 4.16: Simulated and measured directivities of the 27 × 27 TA
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Figure 4.17: E-plane radiation patterns of the TA antenna at four different frequen-
cies.
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Figure 4.18: H-plane radiation patterns of the TA antenna at four different frequen-
cies.

91



Chapter 4. Linear Polarized Transmit-array Antenna Design and Results

315𝑜 

270𝑜 

225𝑜 

180𝑜 

135𝑜 

90𝑜 

45𝑜 

0𝑜 

(a)

315𝑜 

270𝑜 

225𝑜 

180𝑜 

135𝑜 

90𝑜 

45𝑜 

0𝑜 

(b)

(c)

Figure 4.19: The phase distribution of 27 × 27 TA antenna. (a) The calculated phase.
(b) The quantize phase. (c) The phase error
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Table 4.2: Table of comparison

Reference
Gain 1-dB BW 3-dB BW Ae Area x-pol SLL Thickness Frequency
(dBi) (%) (%) (%) (λ2

0) (dB) (dB) (λo) (GHz)

[14] 28.9 9 19.4 30 206.1 -21 -14 0.5 11.3

[13] 23.7 4.2 9.4 13.8 133.14 -30 -13 0.75 11.3

[11] 24.8 15.5 — 55 40.9 -29 -24 0.433 10

[12] 22.8 12.1 — 28 100 — — 0.096 60

[3] 24.8 — 5.4 24.6 100 -28 -15 0.105 60

[29] 24.8 — — 31.3 38.45 -20 -20 1.87 28

[30] 20.6 3.7 — 47 72.4 -15 — 1.9 9.5

[13] 24.45 10.2 14.83 34.64 201.06 — -15 0.58 12

This work 31.15 11.5 21 50 218.5 -37 -28 0.198 28
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4.2.2 Hybrid Feeding Antenna

A hybrid horn antenna is used to illuminate the TA surface. The hybrid antenna gain

is 14.2 dBi, and the 3 dB radiation beamwidth is 31.3◦ at 28 GHz. Then the TA antenna

aperture area is determined to be 18 × 18 UCs for computing limitation. The effect of the

focal point distance over the TA aperture area is studied, the antenna area is kept equal

to 18 × 18 while the value of F/D is changed from 0.4 to 1 by 0.1. Based on figure 4.20,

which shows the realized gain for different values of F/D, the best value is F/D = 0.9 and

the realized gain is 28.5 dBi. This study gives us a sense of the feeding antenna radiation

pattern beamwidth and gain effect over the TA antenna gain. The Figure shows gain

enhancement as much as F/D increases; however, the TA antenna gain drops at F/D= 1.

The value F/D=0.9 is the optimum value, and the increment of TA area leads to a decrease

in the aperture efficiency. The TA aperture is calculated according to the required gain,

which is mainly equal to 27 × 27, and the F/D is kept equal to 0.76.

Figure 4.21 represents the simulated and measured directivities. The discrepancy be-

tween the simulated and measured results could be related to focal point measurements

and TA antenna tolerance. Figure. 4.22 represents the measured and simulated E-plane

radiation patterns of the antenna at different frequencies over the operating bandwidth.

On the other hand, Figure. 4.23 shows the H-plane radiation patterns.
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Figure 4.20: 18× 18 Transmit-array antenna gain for different values of F/D between
0.4 and 1.
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Figure 4.21: Simulated and measured directivities of the 27 × 27 TA antenna
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Figure 4.22: E-plane radiation patterns of the TA antenna at four different frequen-
cies.
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Figure 4.23: H-plane radiation patterns of the TA antenna at four different frequen-
cies.
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4.3 Feeding Antennas Radiation Effect on Transmit-array

Antenna

The feeding antenna is the source to illuminate the TA antenna surface; therefore, the

incident signal amplitude and phase have a massive impact on the TA antenna efficiency.

The TAA efficiency is calculated based on equation 4.4. Figure 4.24 shows the efficiency

of TA antennas, in which 51% and 47.85% aperture efficiency using conical and hybrid

antennas.

G =
4πAe

λ2 (4.3)

Where: G Antenna gain, Ae Antenna effective area, λ Signal wavelength

Ae = ηa A (4.4)

Where: A Antenna aperture area, and ηa aperture efficiency

Since the incident signal varies in amplitude and phase according to the incident co-

ordinates, the feeding antenna radiation pattern affects the TAA efficiency. The parabolic

reflectors interact with the incident signal radiation because of its curvature surface re-

gardless of the feeding antenna’s pattern. The TAA is a flat surface, so the illumination

signal affects the TAA efficiency, as stated in equation 4.5.

ηa = ηsηiηr (4.5)

Where: ηi illumination efficiency, ηr radiation efficiency, and ηs spillover efficiency.

Knowledge of the feeding antenna radiation pattern as a function of the broadside

spherical coordinates θ and φ is required [34]. The conventional rectangular horn an-

tenna beamwidth in E-plane is unequal to that in H-plane [92].
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Figure 4.25. illustrates the simulated radiation patterns of the designed hybrid horn an-

tenna at the centre frequency where (φ=0◦), and (φ=90◦). The radiation pattern is symmet-

ric at about ± 18◦, then the beamwidth in E-plane is much broader than in H-plane. How-

ever, the radiation pattern of the conical horn antenna at (φ=0◦), and (φ=90◦) is shown in

Figure 4.26. Both E-plane and H-plane are symmetric to a certain degree, which is ±

30◦, and then the beamwidth in H-plane is a little wider than that in E-plane. A feeder

with a symmetric radiation pattern is preferable because asymmetric field distribution

harms the aperture efficiency. In terms of amplitude tapering efficiency, a parabolic re-

flector shape is used to compensate for path loss difference, but the TA antenna has a flat

surface; therefore feeder with acceptable amplitude tapering is required. In addition, the

hybrid antenna radiation pattern has a narrow beam that harms TA antenna amplitude

tapering efficiency. However, the radiation pattern distribution of the designed conical

horn antenna is different. The conical horn antenna concentrates at ± 18◦, while at φ=0◦

is leas by 0.4 dB, compensating for incident signal path loss difference and enhancing

tapering efficiency.

As known UCs are created and distributed to compensate for the path phase differ-

ence of the incident signals, while the feeding antenna radiation has uniform phase dis-

tribution. The TA aperture phase distribution is calculated based on the distance between

the focal point and the coordinates of the points on the surface. In contrast, the incident

signal phase is not considered. As a result, there is a phase error, which impact can be

minimized by using a feeding antenna with uniform phase distribution.From Figure 3.30

and Figure 3.25 we can clarify that the phase of the feeding antenna radiation pattern

impacts the TA antenna efficiency.
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Figure 4.24: Efficiency of TA antenna using conical and hybrid antennas
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Figure 4.25: Simulated E-plane and H-plane radiation pattern of the hybrid antenna
at 28 GHz
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Figure 4.26: Simulated E-plane and H-plane radiation pattern of the conical horn
antenna at 28 GHz
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Chapter 5

Circular Polarized Transmit-array

Antenna Design and Results

Linear polarized transmit-array antenna design and results have been discussed in the

previous chapter, in which ultra-wideband and high gain are achieved. Since antennas

with high gain, wideband, and circularly polarized are in high demand, this chapter con-

cludes with the design and the results of the circular polarized UC and the CPTA antenna.

The circularly polarised wave is obtained based on extracting the CP components from

the LP wave, in which the UC transmission coefficients satisfy the CP wave requirements.

Then an array of the UCs is assembled with the LPTA antenna to form the final CPTA an-

tenna.

5.1 Circular Polarizer Unit Cell Design

The main aim of this section is to apply a high-performance Jerusalem cross (JC) to create

a CP signal. The design of the LPCP converter has been presented in [72]; the designed

UC is a single layer based on the JC unitcell. Since the TA antenna with circularly po-

larized waves is in high demand, the JC has been extended to mm-wave and serves as

a CP unit cell. The UC provides two orthogonal electric fields equal in magnitude and

90◦ phase-shifted combined with wideband and low loss. The UC polarizer is designed

in Jerusalem cross (JC) form and the 3D UC structure is shown in Figure 5.1. The de-

signed polarizer UC consists of two layers of metal and two layers of dielectric substrates
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Table 5.1: Optimized geometrical parameters for the CP unit cell

Parameter Wx1 wx2 Wx3 wx4 hsub
Value (mm) 1.74 0.36 2.5 0.413 0.168
Parameter wy1 wy2 wy3 wy4 hspace
Value (mm) 5.3 0.255 2.5 0.413 2.36

spaced by 2 mm. The Jerusalem cross (JC) is printed on the top layer of the dielectric

substrate RO4350B (ϵr=3.66, tan δ = 0.00037, thickness= 0.168 mm). In order to enhance

the capacitance values, the JC ends are loaded, and the layers of the Jerusalem cross (JC)

are identical for re-transmitting CP wave purposes. The top metal layout is illustrated in

Figure 5.1. The UC dimensions are tuned to obtain a wide AR bandwidth, in which the

re-transmitted fields are orthogonal, equal and 90◦ phase-shifted. The final parameters of

the designed LCP polarizer are summarized in Table 5.1; the UC size is similar to TA an-

tenna UC dimensions. Moreover, the UC thickness, including the space between layers,

is less than half the wavelength of the free space at the centre frequency.

ℎ𝑠𝑢𝑏

ℎ𝑠𝑝𝑎𝑐𝑒

(a)

𝑤𝑥3

𝑤𝑥1
𝑤𝑦3

𝑤𝑥4

𝑤𝑦2

𝑤𝑦1

𝑤𝑦4

(b)

Figure 5.1: CP polarizer UC structure (a) 2 D UC structure. (b) Top layer
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5.1.1 Unit Cell Frequency Response

The computer simulation technology microwave studio (CSTMWS) software package

simulates the proposed UC. Figure 4.4 shows the excitation structure of the UC, the ex-

citation modes, and the boundary conditions arranged. Each JC-UC operates as a po-

larization converter element, and the transmission coefficients’ magnitude and phase are

represented in figure 5.2. and Figure. 5.3, respectively. From Figure 5.2, we can observe

that the transmission coefficients are variable in the frequency domain. There are two out-

going signals at the x and y polarizations. Both the x-polarized and y-polarized signals

are re-transmitted in equal amplitude in terms of the transmission magnitude. However,

there is an intersection at 28 GHz. This result indicates the JC-UC |Txx| =
⏐⏐Tyy

⏐⏐, in which

one of the CP requirements exists. The insertion losses of the transmitted signals are less

than 0.5 dB. Besides that, Figure 5.3 presents the phase of the x- and y-polarized signals

transmission coefficient. The black line presents the phase difference fulfilled by the CP

condition over the required band. The tolerance range is within ± 10◦; that range is ac-

ceptable for a wideband CP antenna [79]. The UC axial ratio is presented in Figure 5.4

where the 3-dB bandwidth is from 21.34 GHz to 33.58 GHz. As aresult, the UC is promis-

ing for designing a wideband CPTA.

5.2 Circular Polarized Transmit-array Results and Discus-

sion

This section investigates and concludes the characteristic of the designed CPTA antenna.

As we concluded in the previous chapter, the optimum size of the TA surface is 178.2 ×

178.2 mm2, and the focal distance is 119.2 mm. Also, the CP polarizer size is 178.2 ×

178.2 mm2, and is placed at 2mm apart from the TA surface. The CST software package

computes the CPTA behaviour, such as AR bandwidth and radiation pattern. The initial

concept of the CP UC is to convert the LP incident signal to become CP re-transmitted

signals and achieve the required AR bandwidth. The CP characteristic of the proposed
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Figure 5.2: Simulated transmission magnitude of the circular polarized UC .
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Figure 5.3: Simulated transmission phase of the circular polarized UC.
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Figure 5.4: Simulated AR of the circular polarized UC.

antenna can be examined using the simulation tool (CSTMWS). Because of computing

limitations, the designed UC is arranged in an array of 3 × 3 UCs and excited using a LP

patch antenna to figure out the electric field distribution, as shown in Figure 5.5. Figure.

5.6 and Figure. 5.7 shows the extracted electric field distribution above the radiation

surface at different frequencies, 25 and 28.5 GHz.

The electric field distribution of different phases (0◦, 90◦, 180◦ and 270◦) is a function

of the frequencies. The figure shows that the electric field amplitude is constant while

the direction rotates around the axis at different phases. The produced electric field at

the mentioned frequencies is rotating anti-clockwise, which indicates that the designed

LCPC produces a RHCP over the designed frequency range. An array of the JC-UC has

been assembled.

The CP characteristic of the proposed TA with the LCPC such as AR bandwidth and

radiation pattern is examined using the simulation tool (CSTMWS). After that, an array

of UC was assembled and fabricated in order to be combined with the TAA.
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Figure. 5.8 shows the circular polarization TA antenna measurements setup. The TA

antenna surface is placed in front of the feeding source, which is placed at the focal point.

The CP converter is placed at the radiation side of the TA antenna to convert the output

LP signals into CP signals. The near field scan system (NSI 5913), the PNA network ana-

lyzer, WR42, and WR28 waveguide probes are used for antenna measurements. First, the

probes are used to receive the re-radiated fields after the TA surface, and then the far-field

directivity is calculated using NSI2000 software. The gain and the AR bandwidth of the

proposed antenna are shown in Figure. 5.9, in which the maximum realized gain is 30.6

dBi, and 23% AR bandwidth. Figure. 5.10, and Figure. 5.11 represent the radiation char-

acteristic at both (φ=0◦), and (φ=90◦) planes of the CPTA antenna at different frequencies.

The proposed CPTA antenna at the centre frequency achieves a side lobe level of less than

-20 dB, and a RHCP to LHCP ratio of around 20 dB as well.

Table 5.2 shows a comparison between the proposed work and other listed works. The

proposed antenna has a high gain compared to [66, 67, 68 and 69]. Also, it has a wide AR

bandwidth compared to [65, 67, 68, and 69]. Moreover, its aperture efficiency is higher

than those in [67, 68, and 69].

(a)

LP Patch antenna 

CP Converter layers 

(b)

Figure 5.5: CP subarray structure (a) Top view. (b) Side view
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(a) (b)

(c) (d)

Figure 5.6: Electric field distribution over subarray at 25 GHz (θ=0◦, θ=90◦, θ=180◦,
and θ=270◦).

Table 5.2: Table of comparison

Refrence No Frequency (GHz) Gain (dBi) AR % ηa% Area (λ2
o) Thickness (λo) F/D

[63] 29 33.8 15.9 51.2 40 — 0.67
[64] 30 22.8 24.4 69.5 100 0.113 0.52
[65] 6 20.1 16.7 27 116 0.6l 1
[66] 12 24.5 7.5 28.9 2.87 0.06 0.65
[67] 20.5 22 12 31.6 — 1.61 0.85

This work 28 30.6 23 34.24 218.5 0.6185 0.76
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(a) (b)

(c) (d)

Figure 5.7: Electric field distribution over subarray at 28.5 GHz (θ=0◦, θ=90◦, θ=180◦,
and θ=270◦).
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Figure 5.8: Circularly polarized transmit-array antenna measurement setup.
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Figure 5.10: CPTA antenna radiation patterns at four different frequencies (φ=0◦).
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Figure 5.11: CPTA antenna radiation patterns at four different frequencies (φ=90◦).
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This work aims to design both linear and circular polarized TA antenna with high gain

and wide bandwidth operating at the mm-wave band. To this end, the TA antenna design

process starts by designing the individual element (UC). The first objective is to study and

understand the capability and limitations of various reported TA antennas that operate

in linear and circular polarization. The second objective is to examine methods to en-

hance LP-UC performances such as impedance bandwidth, gain, phase range, and radi-

ation pattern in terms of beam direction, SLL, and cross-polarization. The third objective

is to determine the potential effect of the feed antenna’s radiation pattern on the aper-

ture efficiency. The third objective is to assemble the proposed UC to design the whole

transmit-array antenna. The fourth objective is to study methods to generate CP waves,

in which CP UC has been designed. Finally, CP TA antenna is designed and examined. In

chapter three, Antenna designers consider 5 G systems as an initial stage, in which high

gain and great bandwidth techniques are required. Extensive research strategies that ex-

tend patch antenna bandwidth have been studied. Differential and capacitive feeding

techniques extend the element bandwidth and suppress the cross-polarization. Then hy-

brid antenna is designed out of the patch antenna; the fabricated hybrid antenna result

shows a wide-band and high gain. Since TA antenna illuminating source affects the TA

antenna aperture efficiency, a conical horn is designed. The designed conical horn an-

tenna radiation pattern model is (sec θ), that field amplitude distribution should enhance
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the amplitude tapering efficiency. In chapter four, the design and preliminary results for

UC, and the LPTA antenna are presented. The R/T UC are studied extensively. The UCs

reflection coefficients are better than 10 dB, and isolations are greater than 30 dB for all

the UCs for the frequency range 26 GHz to 31.5 GHz. Also, the UCs have phase fre-

quency response that covers a 360◦ phase range. Moreover, a 3-bit quantization phase is

achieved. As a result, the UC performance improved and became suitable for assembling

a 2D arrays. The design methodology is validated, in which 18 × 18, 24 × 24, and 24 × 24

linearly polarized TA antennae are assembled and simulated at the mm-wave band (28

GHz). The aperture size and focal point distance effect are addressed and summarised.

Then finally, a wide-band and high gain TA antenna was assembled and fabricated using

27 × 27 2D arrays. The TA antenna results are 17.9% 3-dB gain bandwidth; maximum

gain is 31.14 dBi, SLL -28 dB, and cross-polarisation -27 dB. Chapter five investigates a

wide-band circular polarized planar TA antenna with wide-band AR and high gain. This

Jerusalem cross (JC) UC is considered the main block of the CP TA antenna. The designed

UC supports the TA antenna by exceptional performances in terms of equality amplitude

and phase of the orthogonal fields. The CPTA antenna was built using LP TA antenna

and polarization converter in the final stage. The designed CPTA antenna in the final

stage provides simulated matched bandwidth within a 3dB axial ratio of about 24% and

a gain of 30.6 dBi at the centre frequency with a stable radiation pattern.

6.2 Future Work

This work is considered a research gateway for designing transmit-array antennas. Com-

prehensive research on several techniques to enhance an antenna’s bandwidth and in-

crease an antenna’s gain will be continued. In terms of the antenna’s bandwidth, the

research will initially continue to find new methods to design broadband elements that

can be used for path delay phase compensation. The research could be extended by:

• Designing a new element that has wider bandwidth and is small in size to decrease

quantization error.
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• Designing CP UC with more than two layers could increase AR bandwidth.

• The effect of the feeding antenna’s radiation pattern on the TA antenna efficiency

could be studied in more detail. The incidence field amplitude and phase have

massive impact on the TA antenna efficiency, so feeding an antenna that reduces

field tapering and minimizes incident field phase error is a future research area.

• For imaging applications, especially medical imaging, wideband, high gain, small

size, and beam-steering antenna is in demand. The TA antenna could be the solution

by decreasing the focal point distance using the folded techniques. Steering the TA

antenna beam can be done using more than one feeding antenna or mechanically

moving the feeding antenna.
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