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Abstract

This thesis presents new designs for polarization diverse dielectric resonator antennas

(DRAs) as well as antennas that can offer efficient full-duplex (FD) functionality. Basi-

cally, this research effort has been completed to meet the demands of modern tracking

systems as well as in-band full-duplex communication systems. For these applications

antenna polarization control, compatibility, co-location, and isolation are the important

parameters to support these high-performance systems.

The first part of the thesis covers the challenges of modern radio frequency (RF)

environments where the proposed polarization reconfigurable antennas are introduced.

At first, a multi-port DRA is outlined as a possible candidate for the global positioning

system (GPS) and the Global Navigation Satellite System (GNSS). To further advance

this original design, and in an effort to reduce the size whilst maintaining polarization

control, an integrated circuit was also proposed and tested.

Advancing from the research work of phase polarization control using DRAs, the

second part of the thesis studies other new antennas which are suitable for FD communi-

cations. Those antennas offer high isolation which makes the signal recoverable for those

FD systems. To advance the state-of-the-art, an H-shaped slot antenna arrangement with

parasitic patches and dual-differential feeding was proposed. The antenna architecture

was investigated with both external and integrated feed systems and both prototypes offer

high isolation levels. The single-element was further integrated into a 1×4 antenna array

which was shown to offer similar isolation levels and with the capability to beam steer.

Further research included high isolation antennas for operation in the 5G mm-wave

band. In particular, a new FD pattern reconfigurable antenna was proposed which can

be used in dual-polarized radars and other FD systems. Depending on the input phase

excitation, the beam pattern control can be established with sum or difference patterns

or both. Also, the antenna concept was further extended into a novel FD antenna array.

This array has a similar common and/or differential feeding which can provide sum or

difference patterns in the far-field. Also, an external Butler matrix was used to investigate

the beam-steering capabilities of the array. These antenna systems also have applications

for dual-polarized radars, retro-directive arrays, and other beam-tracking scenarios which

require high inter-port isolation.
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Chapter 1

Introduction

In the process of organizing communications, sound and television broadcasting, an-

tennas are widely used to provide radiation and reception of radio waves. Modern wire-

less communication systems are fundamentally impossible without the use of these elec-

tromagnetic waves in free-space and, therefore, devices that would ensure their radiation

and reception are a crucial part of said system. Today, antenna solutions are used in

many promising technologies such as 5G networks, radar installations and other com-

munication transmission systems. Moreover, antenna systems are becoming more and

more complex. There is also a need to adopt such systems for a certain type of activ-

ity. Areas of recent interest within academia, government, military, and industry include

polarization-diverse antenna systems and full-duplex data transmission systems. These

antennas are also applicable to global satellite systems, for example. This thesis focuses

on new designs of such of antennas for these complex systems.

1.1 Brief Historical Overview of GPS and GNSS Systems and Polarization Diversity

Challenges

The GPS system appeared in 1973 in the US [1], [2]. Mostly it was used in military

operations and tracking systems. With further development, GPS systems were extended

for civilian use particularly aerospace and naval systems. This first generation system

worked by line-of-sight, and obstructions reduced signal quality. Also, the GPS tracker

recorded all the data in memory and transmitted them to the server upon the arrival of

vehicles at the base station via a wired or wireless interface [3].

In the second generation, short message service mechanisms were used to organize

communication between GPS terminals and the server. One or more cellular communi-

cation modules were installed on the server, allowing users to receive SMS or data calls.

Such systems were distinguished by a long period of time between transmissions of po-

sitional data and on-demand modes when receiving data. With the widespread use of

mobile internet users, these second-generation systems have become obsolete.
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In the third generation, General Packet Radio Services (GPRS) was used as a transport

network, which makes it possible to reduce the cost of transmitting location data and

this led to systems with a more real-time tracking [4]. In such systems, the server is

installed directly at the client in the local office network, which provides better efficiency

and data security, but requires regular support of the server by the client. Also, server

maintenance requires a certain qualification of maintenance personnel on the client side

and specialized softwar is needed to be installed on users workstations. Some systems

allow you to rent server resources from a monitoring service provider. To date, such

systems not only provide careful tracking of objects but also have increased quality of

service when compared to previous generations. Particular improvements are: 1) help

to decrease budget costs for transportation and vehicle fleets, 2) improved discipline of

drivers in working routes, 3) tracking traffic and stopping points, 4) control over the

degree of fuel filling and consumption, and, 5) increased efficiency and productivity at

work.

The reliability of these networks are based on radio frequency (RF) systems which

support nonstop continuous tracking and communications [5]. However, the signal can

be simply distorted by weather conditions or other obstacles that can affect the received

data and sometimes even completely blocked. Additionally, the signal can be simply

jammed or even blocked by obstacles [6]. An example of the propagation challenges

could be seen in Fig. 1.1. Thus, an antenna solution would require robust and continuous

data transfer. Additionally, for commercial applications, those systems need to be com-

pact, low-cost, and efficient. This makes the antenna in these systems to be challenging

to design, and as such, diversity systems have also been recently adopted to ensure robust

communications [7], [8]. For example, diversity in the exploited polarization or antenna

beam pattern shape [9], [10]. Another more advanced approach is using co-located an-

tennas for different functions. A specific example of this is simultaneous transmission

and reception, defines full-duplex communications [11].

1.2 Brief Historical Overview of Full-duplex

For a long time, Alexander Bell worked on the creation of a telegraph, and during

the experiments, he came up with the idea of creating a telephone [12]. On June 2,

1875, he heard a faint echo coming from a telegraph receiver, and this event prompted

him to work on the creation of a telephone. He ordered his assistant Thomas Watson
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Figure 1.1: An example of GPS and GNSS interferences during transmission based on
[6].

to make an apparatus for transmitting sound, and the next day a prototype telephone

was ready. The device, tested on June 3, 1875, worked very poorly and could not serve

for stable communication. Thomas Watson called this phone a ‘bitter disappointment’,

and communication historians and collectors called it the gallows for the technology.

Following this development, on March 10, 1876, Alexander Bell and his assistant Thomas

Watson successfully tested a telephone set in the United States.

Figure 1.2: Development and types of the duplex systems.

This is how the very first communication based on a duplex system appeared, called

simplex (one way only) and half-duplex (one way at a time). Today, each of us has a
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cell phone or a computer that transmits and receives data. While simplex and half-duplex

are well developed, full-duplex (two ways at the same time) was not developed well due

to technological limitations [13]. These limitations were related to the isolation between

the transmitter and receiver and the possible range. The visual representation of duplex

systems is depicted in Fig. 1.2.

The first full-duplex systems appeared in the 1950s in the form of continuous wave

radars, but the system was not used for data transmission as the received signal was not

possible to recover as the signal strength of the transmitted signal was a thousand times

stronger [14]. Moreover, the range of those radars was limited as the transmitted signal

(in the form as feedback) caused interference. To improve the response and ranges, the

antenna separation was increased and the free-space path loss was reduced. This was be-

cause circulators were not very well developed. Thus, the transmitted power was reduced

which made limitations in the range. In the 1960s a block of massive and heavy ferrite

rotators was used to achieve acceptable isolation levels thus advancing circulatory tech-

nology [15]. Since then radar systems have advanced further with the required isolation

levels to be lower in comparison to full-duplex data communication systems.

Due to these technological limitations, full-duplex data communication systems were

generally abandoned for a long time as the requirements for those systems were higher

in comparison to the radar counterpart; i.e. lower levels of isolation were required [16].

Only recently, due to the advancements in digital, analog, and antenna isolation enhance-

ment and signal cancellation techniques, have these communication systems once again

started to be considered. Basically, the return of full-duplex communications can be seen

in the number of publications on this topic, with the main focus on antenna co-location,

high-isolation between the transmitter and receiver, and high bandwidths of operation.

Figure 1.3 illustrates such a full-duplex antenna.

Figure 1.3: Example of a co-located full-duplex antenna system.
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1.3 Thesis Motivation

Following these developments and the need for diversity antennas and full-duplex

systems, the main purpose of this thesis is to design, analyze, and test such antennas

while also, developing further the state-of-the-art. The basic aim of the antenna research

is to expand the capabilities of these polarization diverse and FD systems. In addition, po-

larization diversity or antenna polarization reconfigurability, as well as, dual-polarization

antennas (with high isolation) are considered in this thesis. These types of novel an-

tenna technologies which advance existing, can provide solutions to the aforementioned

system problems in RF challenging environments for example [17], as well as reduce

self-interference within full-duplex antennas [18]. Effectively signal polarization diver-

sity and orthogonality can be generated in the far-field by these types of antennas, and this

can be advantages to enable more efficient system operation and data communications at

microwave and millimeter-wave frequencies. Applications include modern polarization

diverse radar, satellite communications, and 5G/6G systems.

Particularly, the attractive characteristics such as efficiency, design compactness, and

simplicity, make dielectric resonator antennas (DRAs) suitable for such diverse applica-

tions and RF-challenged environments. In order to effectively control the polarization,

it is necessary to control the orientation and phase of the fields applied to the DR. This

creates some challenges in that an integrated or dedicated feeding circuit for signal and

field control is required. These different antenna features can be useful in RF challenging

environments where the optimal polarization scheme might not be known apriori, and, by

proper polarization selection and agility given by the available antenna operating states,

improved system reliability can be made possible.

Antenna designs based on a signal shift at its various ports, were also investigated

for full-duplex. These designs offered high isolation and dual-polarization functionality

for signal transmission and reception at the same frequency, defining in-band operation,

or in-band full-duplex (IBFD). As also further examined in the thesis the problem of

self-interference (SI) was also further alleviated using dual-differential feeding and the

appropriate supporting feeding circuit. Based on these design concepts, new antennas are

proposed which can offer high inter-port isolation; i.e. reduced SI. This can be useful for

5G/6G wireless networks, radar, and other IBFD systems.

Following these advancements, the new possibility of beam steering systems for IBFD

is also proposed at microwave and millimeter-wave frequencies. Finally, IBFD will
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also be investigated with the possibility of diversity in the beam pattern; i.e. by using

monopulse, sum and difference patterns. These types of beam patterns are required for

conventional monopulse radar and it was recently reported in [19], that there is a need

to generate sum/difference patterns for 5G point-to-point communication systems. As

further described in [19], this technique exploits a sum beam and a difference beam to

accurately determine the direction of arrival for data signals to support efficient 5G com-

munications. Basically such an antenna design follows more conventional monopulse

radar and tracking principles to help ensure precise signal tracking and stable data com-

munication links between antennas.

1.4 Thesis Objectives

The first main objective of the thesis is to investigate existing approaches and trends

in communication systems and the required antennas. This activity also has the moti-

vation to extend existing designs and advance the state-of-the-art in antenna technology

in terms of diversity and differential feeding. For example, dielectric resonator antennas

are well studied in the literature, but not many of these antennas have been reported to

offer polarization diversity and reconfigurability. Also, in this dissertation, an important

objective was to consider real-life scenarios and thus the necessary adjustments such as

size, simplicity, and complexity of the circuit feeding system. Thus, the antenna devel-

opment from a multi-port arrangement to a 2-port system was shown to be beneficial for

advancing DRA technology.

The second main objective is related to the understanding, characteristics, architecture

design, and the relevant parameters for FD systems. This is because these systems can

suffer from self-interference which requires suppressing these values to around 100 dB.

The higher the suppression of the antenna SI, the more relaxed the analog and digital

cancellation systems can be. Basically, the main objective of FD antennas is to maximize

the isolation between the transmitter and receiver of the antenna system, and possibility,

improve the operating bandwidth. The secondary objectives are design simplicity, beam

pattern control, and reconfigurability. Thus, antenna arrays and the supporting integrated

circuit systems are great tools to achieve these goals.
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1.5 Thesis Contributions

This thesis have following contributions:

1. Investigated and evaluated proposed dielectric resonator antennas for polarization

diversity proposed in the literature review.

2. Highlighted requirements for those antennas and possible solutions. Investigated

phase control for polarization diversity.

3. Proposed polarization diverse resonator antenna and further modifications of the

antenna design, making it suitable for real-life applications. Investigated the circuit

feeding system, and its efficiency and proposed further improvements.

4. Using the experience from the dielectric resonator antenna and dual-differential

antenna systems some design considerations for Full-duplex systems were high-

lighted.

5. Proposed Full-duplex antenna in the S-band, validation of the isolation levels, and

further integration into the antenna array for beam-steering. Additional integration

of the feeding system was designed and analyzed.

6. Simple 5G Full-duplex antenna system with the possibility of reconfigurable beam-

pattern characteristics was proposed.

7. Redesigned the system into the array with a similar capability and tested with Butler

Matrix.

1.6 Thesis Overview

The thesis is organized as follows:

1.6.1 Chapter 2

In this chapter, new DRAs will be investigated and these designs have applications

to polarization diversity scenarios and RF challenged environments. Particularly, infor-

mation about the operation and mode control will be discussed. The polarization control

using an 8-port configuration will be proposed and manufactured showing the possibility
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of multiple polarization states [20]. While the proposed antenna showed high reconfig-

urability, the design was also further expanded and integrated into a simple 2-port con-

figuration [21] with a similar capability to above mentioned the 8-port system [20]. More

details will follow in Chapter 2.

1.6.2 Chapter 3

This chapter focuses on other antennas for full-duplex systems. Firstly, more de-

tails on the different classifications for FD will be outlined and the existing antenna ap-

proaches (as found in the literature) which can offer high-isolation, will be discussed and

compared. A new in-band antenna design approach will also be proposed with an exter-

nal feed which realizes a simple design and with high isolation. Furthermore, a circuit

system will be more integrated with the antenna realizing a single unit while also main-

taining similar isolation levels. Finally, a FD antenna array which can beam steer and this

proposed design can be used in tracking systems and other IBFD scenarios.

1.6.3 Chapter 4

This last technical chapter focuses on novel antenna designs for operation at millimeter-

wave frequencies while still offering in-band full-duplex operation. Particularly, de-

sign approaches using substrate integrated waveguide technologies are exploited due the

isolation metrics that can be achieved. More specifically, a co-located array for dual-

polarization and high-isolation is first discussed. Then design concepts are extended to a

16-port antenna array for beam steering scenarios, which is achieved using a butler matrix

beamformer.

1.6.4 Chapter 5

This chapter summarizes the thesis research and provides possible future work.
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Chapter 2

Dielectric Resonator Antennas Offering Polarization Diversity

2.1 Introduction

In this chapter, dielectric resonator antennas (DRA) for polarization diversity will be

investigated. The first part of the chapter will provide information about the polarizations

available and the ones widely used in challenged RF environments and some theoretical

considerations for DRAs. The second part of the chapter will provide a brief overview

of the available DRAs and the importance of polarization diversity for such systems.

Typically, those requirements need to be accommodated in the Global Navigation Satel-

lite System (GNSS) and the Global Positioning System (GPS) for applications such as

unmanned aerial vehicles (UAVs) and other applications for target tracking.

Next, a new 8-port antenna configuration that supports right-hand (RH), left-hand

(LH), and two orthogonal linear polarizations (LPs) will be proposed. Detailed informa-

tion about the antenna design will also be discussed. In particular, two antenna designs

will be proposed depending on the antenna gain which can be useful depending on the

employed digital signal processing, or multiplexing for example [7]. The particular chal-

lenges with multi-port feeding will be investigated for the antennas, and possible external

feed configurations will also be outlined to achieve the different polarizations. Afterward,

as further discussed, the dielectric resonator part of the antenna was further modified to

have a higher dielectric for a more compact design and a new feeding structure was in-

tegrated to support dual-CP radiation, and, with the possibility to employ external delay

lines for two orthogonal LPs. Such integrated feeding generally simplifies the antenna

and makes it more practical. Finally, the chapter will be concluded by highlighting the

achievements of the proposed design and discussing the possibility to employ such an-

tennas for in-band full-duplex communication systems.

Finally, the chapter will be concluded by highlighting the achievements of the pro-

posed design and discussing the possibility to employ such antennas for IBFD communi-

cation system configurations.
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2.2 Antenna Polarizations, Depolarization Effects in the Atmosphere and Jamming

In antenna systems there are the following types of polarizations: linear, circular (left

or right handed) and elliptical [22], [23] (see Fig 2.1). In a linearly polarized electromag-

netic plane-wave in the far-field, the vectors of the vertical electric E⃗ and magnetic H⃗

fields at each moment of time are oriented in space and are perpendicular. The direction

of the electric field lines when at a significant distance from the antenna determines the

polarization of the electromagnetic plane wave. For example, a dipole is a linearly polar-

ized antenna in which the electric field lines are parallel to the dipole axis. Similarly, for

circular polarization, the signal propagates in both planes (vertical and horizontal) with a

phase shift of 90 degrees. Finally, for elliptical polarization, the electric field maximum

moves in the shape of an ellipse. Each type of polarization has its advantages and dis-

advantages. In general, linear polarization is ideal for long distances, it is the simplest

to generate. However, if there is no perfect angle alignment some additional polarization

mismatches might appear. Circularly polarized waves generally enable a communica-

tions link regardless of the angle between the transmitting and receiving antennas. This

also assumes that the beam pattern maximums of the transmitting and receiving antennas

are generally aligned.

Figure 2.1: Polarization types: each polarization has a different vector for the Electric
and Magnetic fields. Reproduced from [22].

For antennas, polarization control can be achieved in various ways. Firstly, by apply-

ing a specialized design approach, for example, by clipping two corners from a printed

patch resonator, the fields and currents can rotate in a circular orientation. Secondly,

multi-port antenna configurations can be used to control the phase distribution for circu-

10



Chapter 2. Dielectric Resonator Antennas Offering Polarization Diversity

larly polarized radiation. For example, if a four-port system has a phase shift of 90◦, the

signals will have a delay which forces circular polarization of the fields near the antenna.

Using these different methods, and other similar approaches to manipulate the currents

and fields near the antenna, polarization control can be achieved.

As stated in [24] the weather effects and other Earth’s atmosphere conditions can

cause changes in the polarization produced by the antennas. This effect causes depolar-

ization of the electromagnetic wave. The most common type and affected below 3 GHz

is the multipath propagation effect which is caused by the tropospheric or ionospheric,

channel fading effects are also typically caused by rain or other hydrometeor factors.

Such weather conditions not only make it difficult to receive and transmit data but also

can completely give incorrect position data for a GPS system, for example it can also

change the propagation of the electric and magnetic fields making the polarization be

converted into an orthogonal mode (cross-polarization) which degrades signal reception.

Some attention also needs to be given to jamming techniques [25]. To date there are

different types of jamming techniques that exist such as constant, deceptive, and ran-

dom. All of them involve different DSP techniques which are outside the topic of this

thesis. The important factor of jamming is that the antenna type requires the use of a

single-channel. Thus, if the antenna system is configurated into a two-channel mode

with different employed polarization states, the reliability and stability of the system can

be improved. This technique can also be used in tracking systems such as the Global

Positioning System (GPS) and the Global Navigation Satellite System (GNSS).

As the focus of this thesis is to work in RF challenged environments, pattern di-

versity in antennas could also be a great option in the case where a particular blocking

object is preventing data transmission. Thus, bypassing the obstacle, the signal could be

re-directed. However, in some RF environments, the propagation of the signal with a par-

ticular polarization could be completely blocked and pattern reconfiguration would not

provide enough degrees of freedom. Thus, in this scenario, polarization reconfiguration

would be the only choice to achieve stable data communications.

2.3 General Antenna Considerations

One of the oldest types of antennas is a dielectric resonator antenna (DRA) which can

be defined by a square or cylindrical shape using dielectric materials [26], [27]. The rela-

tive dielectric of the element εr can control the size of the antenna and has the following
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dependency as in [27]:

L =
λ0

εr
(2.1)

where L is the size of the dielectric element, and λ 0 is the free-space wavelength defining

resonance. Also, by choosing εr higher than 20 it is possible to design a compact DRA

for low or high frequency applications. The basic cylindrical DRA representation can

be observed in Fig. 2.2. As there is no conductor loss in dielectric resonators, radiation

efficiency can be very high and on the order of 90% or above. In comparison to simple

microstrip antennas, the DRA can offers wider impedance bandwidth as the DRA radiates

over the surface of the dielectric, but not the ground plane. It also does not excite parasitic

surface waves, which can reduce performance as in microstrip structures.

Figure 2.2: Overview of the cylindrical dielectric resonator antenna consisting of dielec-
tric element and ground plane. Based on [27].

Another important characteristic of the DRA is the excitation modes. Following the

conventional square shape waveguide, the DRA with the shape of a square, the mathe-

matical waveguide model can also be used to determine modes. For instance, the different

resonant frequencies can be calculated as follows [28]:

f0 =
c

2π
√

εr

√
k2

x + k2
y + k2

z (2.2)

kx =
π

a
(2.3)

kz =
π

2b
(2.4)

where a and b are dimensions of the square resonator, ki are the component vectors de-
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pending on the antenna dimensions as presented in Fig. 2.2 and c is the speed of light.

Similarly for cylindrical DRAs, the modes can be calculated using following equa-

tions [28]:

fT Enpm =
c

2π
√

εrµr

√
(
Xnp

a
)

2
+(

(2m+1)π
2h

)
2

(2.5)

fT Mnpm =
c

2π
√

εrµr

√
(
X ′

np

a
)

2

+(
(2m+1)π

2h
)

2

(2.6)

where T E and T M are transverse electric and transverse magnetic modes, npm is the

mode number, a is the radius of the dielectric, h is the height of the dielectric and X’np

and Xnp are roots of Bessel functions of the first kind. Other possible shapes are available,

but calculations are more complicated and advanced. For more information on DRAs,

please see [28] and [29], for example.

Each mode has different field distributions which defines far-field and impedance

characteristics. The coupling feeding circuit also dictates the excited modes. Using

probe feeding, aperture coupling slot or monopole parasitic excitation, the desired ra-

diation configuration can be achieved. Thus, a real challenge comes with the design of

the feeding system to achieve multiple polarization states and wideband response. Most

of the recent studies found in the literature are focused on new feeding techniques and

wide-bandwidth designs suitable for polarization control which will be further explored

in this thesis.

2.4 Literature Review of Existing DRAs

Dielectric resonator antennas (DRAs) have received considerable attention for dif-

ferent RF communication systems and satellite applications. They are generally com-

pact, provide high radiation efficiencies, can be excited using various feeding techniques,

and provide high gain. Recent developments focus on new types of DRAs including

dual-band operation with high impedance bandwidth [30], new feeding techniques [31]

and new shapes for the radiating elements such as the T-shape [32], L-shape [33], stair-

shape [34], [35] and others (see Fig. 2.3). However, achieving wide bandwidth with a

compact design, the feeding system can be challenging. Moreover, difficulties can arise

when trying to achieve wide bandwidth and high polarization diversity at the same time.
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This is because most DRA feeding systems are focused on the efficient excitation of only

one type of polarization, being either linearly polarized (LP) or circularly polarized (CP).

Figure 2.3: Dielectric resonator shapes in the literature review. From typical cylindrical
shape, to non conventional octagon shapes. Reproduced from [26].

It is well known that the polarization of the generated far-field radiation pattern for a

DRA is mostly dependent on its feeding mechanism. For example, one of the earliest and

most common feeding systems to achieve CP over a wide beamwidth is the quadrature

feed described in [36] where microstrip lines were positioned on the dielectric resonator

to excite two orthogonal modes. In the same way, the antenna described in [37] uses

two vertical strips with quadrature phase excitation to excite TE111 and TE113 modes

simultaneously to achieve CP. The DRA operated from 2.7 GHz to 3.76 GHz where the

reported maximum gain was 6.8 dBic and where the axial ratio was below 4 dB. The

antenna also utilized a large (205 mm by 205 mm) ground plane to improve antenna

performance. Similar feeding was employed in the antenna described in [35] where a

bottom microstrip line fed a ground plane slot with a stair-like dielectric structure on the

top aperture defining the DRA. The CP antenna achieved an axial ratio below 3 dB from

9.3 GHz to 10.3 GHz.

Another type of feeding scheme for DRAs is substrate integrated waveguide (SIW)

technology [38]. Typically the dielectric resonator antenna is placed on top of a slot

etched on top of a SIW transmission line. The antenna in [31] represented a dual-layer

PCB with low permittivity and with slot coupling on the bottom layer and an integrated

resonator placed on top. The antenna design frequency was 35 GHz with a gain of about 5

dBi, and only offered LP radiation by excitation of the TE111 mode. SIW technology was
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also used in [39], where DRA elements were employed to form an array. In particular,

SIW was used to produce a corporate feeding system to excite 64 dielectric elements.

The final DRA array provided high efficiency of 89 % and a realized gain of 21.6 dBi

while the structure operated in the frequency range from 35 to 37 GHz.

Another degree of freedom is to use unconventionally shaped dielectric resonators.

In [40] an H-shaped resonator was presented with a side-attached trapezoidal-like patch.

In that structure, truncation and cuts allowed for better impedance matching and caused

multiple resonances over frequency enabling antenna operation from 3.61 GHz to 6.85

GHz. In a similar feeding approach, an L-shaped DRA [33] operated from 1.71 to 2.51

GHz. Due to that structured shape, the excited mode was HEM11∂ which can offer stable

radiation patterns over the intended frequency range while the measured maximum gain

was 8.7 dBi. Similarly, the U-shaped feeding technique reported in [41] with a stair-like

dielectric resonator offered better impedance matching. This compact antenna generated

an omnidirectional pattern covering the ultra-wide band frequency range from 3.14 to

10.9 GHz with a maximum gain of 4.2 dBi.

2.5 Polarization Diversity

As one main focus of this thesis is polarization diversity, it is important to consider

the polarization reconfigurability of the antenna. Of interest is also polarization diversity

antennas which can offer a higher degree of freedom by ensuring two or more polariza-

tion states. These antennas can be used in wireless communication systems to minimize

fading losses caused by multipath effects as well as in satellite systems for geolocation.

Diversity antennas can also offer frequency reuse when combined with polarization mod-

ulation techniques as reported in [42] - [44]. Using such polarization diversity, the an-

tenna system can be less affected by different signal obstacles, improving the reliability

and accuracy of the transmitting data. For example, in [7], to reduce power consumption

and the signal bit-error rate (BER), a dynamic polarization diversity antenna system was

implemented and compared. In that work, [7], which mainly considered the signal-to-

noise ratio (SNR), a method to switch between two antennas while only one antenna was

activated was implemented. Another diversity scenario was reported in [8], where anten-

nas with equal gain were used to distinguish between small-scale and large-scale fading

signals. Due to the fluctuating signal strengths in [8], the wake-up packet reception rate

could be jeopardized, and by using antenna diversity, those effects could be mitigated.
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An antenna switching approach could also be implemented using antennas with diverse

gain [45]. In this methodology, if the signal level power drops for one polarization, sig-

nals received from another polarization state can be employed to recover the data link.

Using this approach, one polarization state will be active at a certain time. Similarly, an

equal gain combiner (ECG) technique can be implemented [46], where the signals can be

combined using all active polarization states.

Most of the recent findings in the literature report on single-antenna units for diversity

applications with new multi-port feeding configurations whilst offering good isolation be-

tween the ports. Moreover, and by following the previously mentioned advancements in

feeding approaches for DRAs, a few polarization-diverse DRA structures have been re-

ported with multiple port feeding or made reconfigurable with two or more polarizations.

In particular, the structure described in [47], was a 2-port DRA using coplanar waveguide

technology to excite two TE111 orthogonal modes. The antenna provided 7 % and 11.6

% bandwidth for port one and port two, respectively, with a maximum gain of 6.45 dBi

for its two polarization states. Similarly, a two-port dual-LP reconfigurable DRA was re-

ported in [48]. The structure employed inverted-trapezoid patches and skywork switches

along with applied phase shifts to the two ports to control the TE111 and TM111 modes

for radiation from about 5 GHz to 6 GHz. This resulted in the control of the pattern while

the reported maximum gain was 10.3 dBi at 5.5 GHz.

2.6 Hybrid Dielectric Resonator Antenna for Diversity Applications With Linear or

Circular Polarization

Advancing on these findings for antenna diversity and the aforementioned DRA feed-

ing approaches, this thesis reports on a new 8-port antenna design achieving simultane-

ously dual-CP or dual-LP polarization. The single-antenna unit is defined by a square

arrangement of aperture coupled slots (ACSs) hybridized with the radiation of a cylin-

drical dielectric resonator to achieve polarization control. More specifically, two distinct

microstrip lines drive each of the four ACSs (see Fig. 2.4), defining the 8-port antenna,

for radiation of degenerate HE11∂ modes. To the best knowledge of the author, no similar

slot array feeding scheme, DRA concept and results have been reported. Basically, it

will be shown that high polarization diversity is possible for the proposed 8-port DRA

allowing for the generation of various LP states, as well as RHCP and LHCP, by the

appropriate excitation of the relevant ports. Moreover, new and more efficient LP states
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are simulated and measured when compared to [49] by differential-like feeding. This

work also addresses inter-port coupling and antenna efficiency where it will be shown

that values approaching 90 % are possible.

To demonstrate these concepts, two different, yet also similar, antenna structures are

designed and examined for comparison having a center frequency of 1.5 GHz. Both of-

fer an input impedance bandwidth of more than 40 % and distinct characteristics which

may be of practical interest for diversity applications; for example, when requiring var-

ied gain values for the different polarization states (Design A), similar to [45], or, more

consistent realized gain and matching over frequency when considering the possible LP

and CP operational states (Design B). Both structures might be useful within the afore-

mentioned systems [7, 8, 45, 46], but depend on the specific requirements of the antenna.

However, results for Design B are fully reported herein, mainly due to its achieved an-

tenna performances in terms of radiation efficiency, similar matching at the ports as well

as its relatively consistent gains for the achieved polarization states. In the following re-

gardless, both antennas are compared whilst measurements are provided, demonstrating

proof-of-concept for the 8-port antenna concept.

2.6.1 Antenna Design and Polarization Considerations

The proposed DRAs offer gain and polarization diversity, and this agile feature, can be

useful in communication or satellite systems such as the Global Navigation Satellite Sys-

tem (GNSS). Basically, in these scenarios, the proposed diversity antennas can support

signal processing approaches as in [7, 8, 45, 46] to improve overall system performance

whilst employing only a single antenna unit.

The hybrid DRAs, Design A and Design B (see Figs. 2.4 and 2.5) consist mainly of

three parts: (1) the dielectric resonator with εr = 10, radius and height of 31.75 mm and

22 mm, respectively, glued on top of the four ACSs; (2) the FR-4 substrate with thickness

h = 0.8 mm and εr = 4.3; and (3) eight 50-Ω microstrip lines which are perpendicular to

the four ACSs and angled 45◦ at the open stub terminations. Details on the optimized

dimensions for the two designs and the layout parameters can be seen in Fig. 2.5 and

Table 2.2.

In the next sections, the external feeding system and these two different antenna de-

signs will be reported in detail: Design A and Design B. The former offers different peak

antenna gains for its different polarization states while the latter offers similar antenna
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Figure 2.4: Manufactured DRA: (left) The dielectric resonator element glued to the top
metalized side which defines the ground plane platform. (right) The feeding network on
the bottom side is shown with eight 50-Ω SMA connector jacks which excite the square
array of four ACSs; i.e. two microstrip lines per slot defining the 8-port antenna.

Table 2.1: Feed definitions to achieve the possible polarization states
Port LP (Horizontal) LP (Vertical) RHCP LHCP

P1 1 ̸ 0◦ 0 1 ̸ 0◦ 0
P2 0 1 ̸ 0◦ 1 ̸ 90◦ 0
P3 1̸ 180◦ 0 1 ̸ 180◦ 0
P4 0 1 ̸ 180◦ 1 ̸ 270◦ 0
P5 1 ̸ 0◦ 0 0 1 ̸ 0◦

P6 0 1 ̸ 0◦ 0 1̸ 270◦

P7 1̸ 180◦ 0 0 1 ̸ 180◦

P8 0 1 ̸ 180◦ 0 1̸ 90◦

Figure 2.5: Top, bottom and side layout views of the proposed DRAs (relevant to both
Designs A and B). Dimensional details are described in Table 2.2.

matching values at all its eight ports with consistent gain values. This is because the

structure, Design B, is symmetric. Regardless, depending on the specific polarization

or gain diversity application, Design A or Design B may be more suitable. As further
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described in Table 2.1, each polarization state of the DRA is made possible by exciting

different ports and applying the relevant phase shifts. In addition, both Design A and De-

sign B were optimized using the commercial full-wave simulator Ansys HFSS and CST

microwave Studio. HFSS was mainly used to refine the structure dimensions and simu-

late the radiation performances, while CST was used to compute the active S-parameter

(or F-parameter) response, beam patterns, realized gain, and antenna efficiency.

Antenna Operation: Design A

Circular Polarization: RHCP (P1 to P4), LHCP (P5 to P8)

In this configuration the antenna was excited using ports 1 to 4 or ports 5 to 8 with

the applied phase shift of 90◦ (i.e. sequential rotation [50]) with respect to each port (see

Table 2.1). As a result, RHCP and LHCP radiation was made possible defining the CP

polarization states.

During the simulations and structure optimizations in HFSS, the relevant dimensions

near the ACSs for the 50-Ω microstrip lines were varied such that ports 1 to 4 provided

the best possible matching (see Fig. 2.6(a)), while still making it possible to operate the

antenna when using ports 5 to 8 for the other polarization state. As a result, the RHCP

state provided better active F-parameter matching when compared to the LHCP state (see

Figs. 2.6(b) and 2.7(a), respectively). For example, the active F-parameters for the RHCP

state showed a -10 dB matching (or better) over a bandwidth from 1 to 1.58 GHz, while

LHCP was only able to reach -9 dB from 1.05 to 1.45 GHz with only -8 dB at the center

frequency of 1.5 GHz. Since the coupling to the non-active ports is minimized at the 1.5

GHz design frequency whilst good matching is achieved for the RHCP state, an efficiency

maximum of 82 % is achieved. On the other hand, an efficiency of 74 % is possible for

the LHCP state (see Figs. 2.6(b) and 2.7(a)). Consequently, maximum realized gains for

the RHCP state reached 4.9 dBic, while the LHCP state only reached 3.2 dBic (see Table

2.3).

This general design goal for Design A, to achieve a higher CP gain for one polariza-

tion state, impacted the matching for ports 5 to 8; i.e. the reflection coefficient values

(passive) were about -7 dB over the operating band of the DRA (see Fig. 2.6(a)). As

expected, the active LHCP state is also not well matched; i.e. the active F-parameters

are greater than -10 dB (see Fig. 2.7(a)). Looking at the simulated beam patterns for

the LHCP and RHCP states (see Fig. 2.8) the diversity in the CP gains can be observed.

Also, for both RHCP and LHCP, the cross-polarization level is well below -50 dBic at
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Figure 2.6: Design A: (a) Simulated reflection coefficients (passive) for all eight ports.
Reflection coefficient values for ports 1 to 4 are below -10 dB over entire range, how-
ever matching for ports 5 to 8 did not reach -10 dB. (b) The F-parameters and antenna
efficiency for the RHCP state (ports 1 to 4).

broadside.

Figure 2.7: Design A: (a) simulated active S-parameters (or F-parameters from CST
defining the active reflection coefficient in dB as well as the coupling to the non-activated
ports) for the LHCP state (ports 5 to 8). It can be observed that increased reflections are
generated for the active S-parameters when compared to the RHCP state (see Fig. 2.6(b)).
(b) Simulated F-parameters for the LP states (Horizontal: Ports 1, 3, 5, and 7; Vertical:
Ports 2, 4, 6, and 8). The antenna is matched better for the horizontal state.

Linear Polarization: Horizontal (P1, P3, P5, and P7) Vertical (P2, P4, P6, and

P8)

In this state the antenna was excited using ports 1, 3, 5, 7 or 2, 4, 6, 8 with a 0◦ and

180◦ phase shift applied to the ports as defined in Table 2.1. Using this approach two

Table 2.2: DRA Dimensions (all values in millimeters, see Fig. 2.5)
Wg HF HS HR DR WS LS SOx SOy

Design A 160 0.762 0.035 22 63.5 8.8 36 19.4 4
Design B 160 0.762 0.035 22 63.5 8.8 36 19.4 4

WF FOya FOyb FOx FS SA Lsa Lsb
Design A 1.45 3.275 14.475 16.75 17.75 45◦ 7.5 8.3
Design B 1.45 5.675 12.775 16.75 18.45 45◦ 7.5 8.5
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Figure 2.8: Design A: simulated beam patterns and cross-polarization levels for the an-
tenna operating states as defined in Table 2.1 in the (a) φ = 0◦ and (b) φ = 90◦ planes. As
mentioned, Design A provides variation of the gains for its different polarization states.

ACS slots will be activated only. When compared to the case when only one feed line

per slot was driven (; i.e. port 1 or 5, and ports 2 or 6), the differential feeding outlined

in Table 2.1 showed to offer the most efficient LP states with a radiation efficiency of 88

% at 1.5 GHz (see Fig. 2.7(b)). The simulations of the F-parameters confirmed that the

active reflection coefficient reaches -20 dB at the design frequency for ports 1 and 3 or

ports 2 and 4. Similar to the LHCP state, ports 5, 6, 7 and 8 were actively matched with

values of about -7 dB. Also, simulated beam patterns in Fig. 2.8 showed that the cross-

polarization level is well below -15 dBi with the maximum realized gain at 1.5 GHz as

expected.

Using this design approach, different gains for the different polarization states can

be achieved defining a type of antenna offering polarization-gain diversity. As can be

observed in the plot of the realized gain versus frequency for the different polarization

cases as in Fig. 2.9(a), a diversity gain of about 2 dB can be achieved for Design A at its

center frequency of 1.5 GHz.

Table 2.3: Design A: Simulation Results for the Polarization States
Pol. Max Gain X-pol. Level 3dB Rad. Active Impedance
State (Real.) (θ = 0◦) HPBW Eff. Matching at 1.5 GHz

RHCP 4.9 dBic <-50 dB 85◦ 81 % P5,6,7,8 -17 dB
LHCP 3.2 dBic <-50 dB 83◦ 74 % P1,2,3,4 -8 dB

LP (Hor.) 5.3 dBi <-18 dB 81◦ 88 % P1,3 -14.8 dB P5,7 -8 dB
LP (Ver.) 5.3 dBi <-18 dB 81◦ 88 % P2,4 -14.8 dB P6,8 -8 dB

21



Chapter 2. Dielectric Resonator Antennas Offering Polarization Diversity

Figure 2.9: Simulated realized gain versus frequency for Design A (a) and Design B (b)
considering the defined port definitions in Table 2.1. It should be mentioned that Design
A (a) provides different realized gain for its states, while Design B (b) achieves consistent
gain values of about 5 dBi and 5 dBic at 1.5 GHz.

Antenna Operation: Design B

Circular Polarization: RHCP (P1 to P4), LHCP (P5 to P8)

For Design B the microstrip terminations near the ACSs slots were optimized to

achieve similar passive matching at all the ports whilst achieving port coupling (pas-

sive) well below -15 dB for the ports connected to non-parallel microstrip feed lines (see

Figs. 2.10 and 2.11).

As a result, the RHCP and LHCP states also provide consistent active F-parameters

(see Fig. 2.12(a)). Overall, the F-parameters showed a -10 dB (or better) impedance

matching over a bandwidth from 1.1 to 1.55 GHz. Additionally, the coupling to the non-

activated ports is minimized at the 1.5 GHz design frequency. This results in an efficiency

maximum of 80 % (see Fig. 2.12(a)). This is related to the fact that two microstrip lines

feed the same ACS, defining the proposed co-located antenna feeding structure. Also,

by using this symmetric feeding approach the realized gain for the DRA is consistent for

both CP states; i.e. simulated realized gain peaks were about 5 dBic for the LHCP and

RHCP states, respectively, as reported in Fig. 2.9(b).

Linear Polarization: Horizontal (P1, P3, P5, and P7) Vertical (P2, P4, P6, and

P8)

The F-parameters for the LP states are presented in Fig. 2.12(b) and generally provide

a more narrow -10 dB impedance bandwidth when compared to the CP states for Design

B in that the structure is only well matched from 1.45 to 1.55 GHz. Additionally, the
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Figure 2.10: Design B: simulated and measured reflection coefficients (passive) for all
eight ports. Reflection coefficient values are -14 dB at the 1.5 GHz design frequency. It
is important to note that the reflection coefficients for all eight ports are consistent. This
is due to the symmetric antenna structure.

Figure 2.11: Design B: simulated and measured passive coupling between the ports. Cou-
pling values are about -15 dB or below at 1.5 GHz (a)-(c), except for cases when the ports
are connected to microstrip lines which feed the same slot (d).

coupling is generally lower than the CP configurations over the operating band of the

antenna while the maximum antenna efficiency is 88 % at 1.5 GHz.

The antenna simulations also suggest that high polarization purity is also possible.

This is because low cross-polarization levels of -20 dB or better can be observed for
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the LP states at broadside (see Fig. 2.13). Similarly for RHCP and LHCP. Also, the

simulated beam patterns in Fig. 2.13 suggest that the half-power beam width (HPBW) is

approximately 85◦ while the maximum realized gain is more than 5 dBi at 1.5 GHz (see

Fig. 2.9(b) and Table 2.4).

Table 2.4: Design B: Simulation Results for the Polarization States
Polarization Max Gain X-pol. Level 3dB Rad. Active Impedance

State (Real.) (θ = 0◦) HPBW Eff. Matching at 1.5 GHz

RHCP 4.9 dBic <-50 dB 85◦ 80 % P5,6,7,8 -12 dB
LHCP 4.8 dBic <-50 dB 83◦ 80 % P1,2,3,4 -12 dB

LP (Hor.) 5.2 dBi <-20 dB 81◦ 88 % P1,3,5,8 -14 dB
LP (Ver.) 5.2 dBi <-20 dB 81◦ 88 % P2,4,6,8 -14 dB

2.6.2 Measurements and Discussions

To validate the proposed diversity antennas, Design A and Design B were both man-

ufactured and measured. For brevity, only results for Design B are fully reported in this

section. This is because Design B offers better matching for both of its LP states. On the

other hand, the RHCP state for Design A offers best matching as well as higher gain and

efficiency when compared to its LHCP state making the proposed antenna (i.e. Design A)

suitable for diversity gain scenarios [45] enabling a co-located antenna system and thus

not requiring the need to switch to different antennas which offer different gains. How-

ever, Design B offers good matching for all its ports and consistent gains for its LP and

CP states making it suitable for perhaps polarization diversity applications as in [7,8,46]

and where a single-antenna unit is required enabling lower system implementation costs.

The S-parameters (passive) for Design A and B were measured using an Anritsu

37377C Vector Network Analyzer and results were in agreement with the simulations

(see results in Figs. 2.10 and 2.11). Far-field antenna measurements were completed

in a calibrated anechoic chamber and values show a good agreement with the full-wave

simulations (see Figs. 2.12-2.17). In addition, external coupler circuits and combiners

(as in [49], [51] and references therein) were employed for the far-field measurements

to achieve the desired phase at the ports while non-activated ports were terminated in

50-Ω loads. Given this experimental setup, particular measured realized gain patterns

were plotted for different azimuth angles as well as the antenna response with respect

to frequency. Beam patterns, the matching and the coupling responses, axial ratios, and

cross-polarization levels are also reported.
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Port Matching and Coupling

Measured and simulated passive S-parameters are presented in Figs. 2.10 and 2.11

for Design B. Results indicate that the DRA offers a good impedance bandwidth with

reflection coefficients below -10 dB from 1.1 to 1.8 GHz (which is more than 40 %). The

coupling between ports 3 and 1 is also below -15 dB over the entire frequency range while

the coupling between ports 1 and 2 is below -10 dB (see Fig. 2.11(a)). This increase in

coupling is related to the port locations; i.e they are opposite to each other. In a similar

way ports 6, 7, and 8 have coupling values to port 1 below -10 dB. However, the inter-

port coupling between the microstrip lines which drive the same ACS can reach up to

-4 dB (see Fig. 2.11(d)). This is consistent with the simulations for both Design A and

Design B (all results not reported for brevity). It is also important, to follow the port

definitions as described in Table 2.1 for the various polarization states. This is because

after significant comparisons and simulation trials (not fully reported here for simplicity),

these port definitions offered the best radiation efficiency performances for all the defined

polarization states as well as improved matching, reduced coupling and when the active

S-parameters or F-parameters were considered as in Fig. 2.6(b), 2.7, and 2.12 and in

Tables 2.3 and 2.4 for the same DRA structure.

CP Antenna Operation: RHCP and LHCP

The antenna simulations and measurements demonstrate high polarization purity with

low cross polarization levels at broadside for every CP state (see Figs. 2.13-2.16). For

Design A and B, the different CP gain values can be observed in Fig. 2.14 for the RHCP

and LHCP states, respectively. Also, the measured maximum realized gain is about 5

dBic at 1.5 GHz for Design B (both polarization states) and the antenna offers a HPBW

of approximately 80◦ (see Figs. 2.14(b) and 2.15, respectively). Measured axial ratios

are also well below 3 dB considering an angular range of more than ±50◦ as reported for

different azimuth angles as in Fig. 2.16. In general, the simulation results are in close

agreement with the measurements.

LP Antenna Operation: Horizontal and Vertical

For Design B the antenna simulations and measurements demonstrated good polariza-

tion purity with cross polarization levels of -15 dBi or less at broadside for every LP state

(see Fig. 2.17). Measured maximum realized gain is at 1.5 GHz with a value of almost

5 dBi which is consistent with the simulations as reported in Table 2.4. Additionally, the

realized gain over frequency is shown in Fig. 2.17(a) while the HPBW is approximately

25



Chapter 2. Dielectric Resonator Antennas Offering Polarization Diversity

88◦ as observed in Fig. 2.17(b).

Figure 2.12: Design B: simulated active S-parameters (or F-parameters from CST) defin-
ing the active reflection coefficient in dB as well as the coupling to the non-activated ports
for the CP (a) and LP (b) states. The efficiency is also reported in (a) where it is observed
that when the coupled power to the non-active ports is reduced, antenna efficiency in-
creases. In addition, the active reflection coefficients demonstrate values of -10 dB (or
less) at 1.5 GHz.

Figure 2.13: Design B: simulated beam patterns and cross-polarization levels for the
antenna operating states as defined in Table 2.1.

2.6.3 General Discussions

Discrepancies between simulations and measurements for Design A and Design B

could be related to manufacturing tolerances or by imbalances in the power combiners

and external hybrid couplers employed to generate the required phase shifts at the ports

(see Table 2.1). More specifically, in the simulations the applied port voltage (magnitude

and phase) were considered ideal. It should also be mentioned that higher than expected

cross-polarization levels were observed and are likely related to the commercial reference
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Figure 2.14: Design A (a) and Design B (b) simulated and measured broadside gain
versus frequency for the RHCP and LHCP states. Simulations and measurements are
continuous and dashed lines, respectively.

Figure 2.15: Design B: RHCP (a) and LHCP (b) measured beam patterns at 1.5 GHz.
Cross-polarization levels are also shown.

Figure 2.16: Design B: measured axial ratios for the RHCP and LHCP states.

antennas which also have relatively high cross-polarization values (10 dB below the main

co-pol. beam maximum) at the measurement frequencies as well unwanted scattering

from the metallic antenna tower. Regardless of these practicalities, measurements and
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Figure 2.17: Design B: LP (vertical) realized gain versus frequency (a) and beam pattern
(b). For (b) simulations and measurements are continuous and dashed lines, respectively.
Very similar results are observed for Design A, LP (vertical and horizontal) as well as
Design B, LP (horizontal). All results not shown for brevity.

simulations are generally in good agreement for the proposed L-band diversity antennas.

2.6.4 Feeding System Discussions

To generate circularly polarized radiation, approximately phased signals need to be

applied to ports 1 to 4 or ports 5 to 8; i.e. an applied phase delay of 90◦ is required.

Similarly, for the LP states, the DRA needs to be excited using ports 1, 3, 5, 7 or 2,

4, 6, 8 with a 0◦ and 180◦ phase shift; i.e. differential. To achieve these phase shifts

different combinations of external hybrid couplers can be used, defining a supporting

coupler system. The simplest implementation could be one 180◦ coupler and two 90◦

couplers for the CP states. For LP, only one hybrid coupler with a 180◦ output phase

difference is required.

Possible circuit schematics are detailed in Fig. 2.18 for the CP and LP cases and

examples of such couplers can be found in [52] or [53]. For simplicity, the coupler system

from [51] (see specifically Fig. 5, from [51]) was employed for the DRA measurements

in this paper; i.e. for the fabricated antenna prototype as in Fig. 2.4, enabling polarization

diversity. Moreover, this external 5-port coupler system offered reduced imbalances at the

ports from about 1 to 1.8 GHz. For example, the magnitude imbalance is less than about

1 dB over the majority of this frequency range whilst offering the required 90◦ sequential

rotation [51].
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Figure 2.18: Possible circuit combinations to generate CP, (a), where one 180◦ and two
90◦ hybrid couplers are required, and (b), LP, where only 180◦ coupler is needed. As fur-
ther described in the text, a 5-port coupler system (see Fig. 5 from [51]) can be employed
for both CP or LP DRA measurements. For example, for LP measurements, the 0◦ and
180◦ output circuit ports are only needed, from (a), while the -90◦ and -270◦ ports can be
terminated in matched loads. Phased matched cables are also required when connecting
this type of external coupler system to the appropriate ports of the DRA (see Table 2.1).

2.6.5 Conclusion, Achievements and Discussions

A novel 8-port dielectric resonator antenna (DRA) was presented for gain and polar-

ization diversity applications. The antenna design consists of eight 50-Ω microstrip lines

feeding 4 slots (with unconventionally 2 feed lines per slot), and a dielectric resonator

element on top with a relative permittivity of εr = 10 which exploits degenerate HE11∂

modes. This DRA structure offers dual-linear and dual-circularly polarized radiation by

its flexible port arrangement. Maximum gains of 5.2 dBi and 4.9 dBic are obtained for

the linear and circular polarization states, respectively. For proof-of-concept, two distinct

prototypes were fabricated and experimentally verified (Design A and Design B). Further

advancements could be the realization of a higher dielectric constant for the resonator for
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size reduction, as briefly studied in [54], as well as an integrated feeding circuit. The

proposed antenna can be used in various communication systems where antenna gain and

polarization diversity are required such as in geolocation or other wireless systems.

Therefore, while the 8-port DRA achieves a relatively compact design, it is possible

to further reduce the size of the antenna by choosing a higher dielectric. Additionally,

the feeding which required additional coupler circuits could be not desirable in practice

as it creates an additional microwave element. Thus, a more practical feeding circuit

integration would require integrating commercial coupler systems on the same feeding

PCB could be a great solution for this antenna.

2.7 Planar Feeding Circuit Integrated with a Compact Dielectric Resonator for Po-

larization Diversity

Given the previous findings, investigations to simplify the overall design of the DRA

whilst reducing the feeding network complexity was also of interest. For example, mo-

tivations where to simplify the previous 8-port DR structure for polarization diversity

applications which generated LHCP, RHCP, and LP. Such an antenna system required a

network of external couplers and an 8-port feeding configuration. To advance this design,

a similar antenna system (but with only 4-ports) was made more efficient and compact

in [51] by using a meandered slot ring with a metallic cavity backing. In particular, the

DR element was reduced in size by using a high relative dielectric constant material, and

similar to [49], CP radiation over a wide frequency band (35 %) was achieved only for

the 4-port antenna by using external couplers.

Most of the feeding systems for polarization control or reconfigurability can be di-

vided into active or passive circuit solutions. An example of such a passive system was

presented in [55], where a dually-polarized waveguide coupler system was presented

which operated at 60 GHz. The proposed feeding system enabled an efficient power split

ratio which can be useful in base station applications. Also in that work a dual-polarized

Butler Matrix feeding system was adopted, verifying the capabilities of the beam-forming

network.

Another reconfigurable system was presented in [56]. The described waveguide an-

tenna feeder provided an efficient signal rotation between LHCP and RHCP. Also, by

utilizing piezo-motors integrated within the waveguide system, the authors were able to

achieve a compact design while maintaining a high efficiency power split ratio. The re-

30



Chapter 2. Dielectric Resonator Antennas Offering Polarization Diversity

Figure 2.19: Complete stack-up for the proposed dielectric resonator and circuit system
(DRCS) defined by two 31 mil FR-4 substrates, two epoxy layers, surface mount com-
ponents and the cylindrical DR itself. Dimensions h, W , and r are 18.1 mm, 90 mm, and
19.05 mm, respectively. In terms of size with respect to the wavelength, the total structure
is 0.54 λ0 by 0.54 λ0 by 0.1 λ0 (at the higher operational frequency range which is about
1.8 GHz).

ported polarizer operated from about 13 to 15 GHz with an axial ratio below 3 dB. An

example of an active system could be reconfigurable elements based on p-i-n switches.

The antenna design presented in [57] utilized such a diode system to control beam proper-

ties of the dipole antenna array. This structure operated from about 24 to 27.5 GHz with a

maximum realized gain of 10 dBi and a 90 % efficiency. The antenna was also integrated

within a mobile phone model suggesting that such a structure could be applicable for 5G

communication systems.

Following these developments, in this thesis a new L-band dielectric resonator cir-

cuit system; i.e. a DRCS, with only 2 external ports which offers RHCP, LHCP and two

orthogonal LP operating states is also reported (see Figs. 2.19, 2.20, and 2.21). As a

starting point in our design, the preliminary efforts in [58] for the simulated 8-port DR

antenna were reviewed and studied. Expanding on these findings, a totally new feeding

system was designed and fully integrated under the DR ground plane (see Fig. 2.19).

Then this DRCS was fabricated and experimentally verified to demonstrate polarization

agility. The particular choice of the L-band frequency range, whilst offering polarization

diversity, can support connectivity to the Global Navigation Satellite System (GNSS), the
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Global Positioning System (GPS), and other wireless communication systems where po-

larization diversity and polarization purity is of interest [59]. Using this antenna diversity

and the supporting signal processing techniques as outlined in [60], [61], noise effects

can be reduced and channel fading mitigated.

The antenna circuit system reported in this paper, for operation in the L-band, offers

similar compactness to [51], but also, with the noted integrated feeding (see Fig. 2.20(b)).

In addition and as further discussed in this thesis, a more complicated DR excitation ap-

proach enabling polarization diversity is employed. With such compactness into a single

antenna unit, there are many benefits when adopting such a DRCS for real-life scenarios.

However, as further outlined herein, there are also some minor design constraints. This

includes acceptable coupling within the circuit and reduced DRCS total efficiency, the

need for an external combiner and phase shifter for LP operation, and, reduced realized

antenna gains when using commercial printed circuit board (PCB) dielectric materials of

low-cost; i.e. FR-4. As further discussed in the paper, solutions include re-designing the

feeding network, to better support LP operation, at the cost of an enlarged circuit layout

size and using lower-loss PCB substrates to enhance DRCS efficiency.

Regardless of these points, the fabricated and measured DRCS reported for proof-of-

concept is well matched between 1.25 and 1.9 GHz defining the -10 dB impedance reflec-

tion coefficient bandwidth (which is in excess of 40 %). Also, the simulated total DRCS

efficiency (antenna and feeding system) for all polarization states is about 70% or more.

Measured beam patterns are documented as well as the realized gain over frequency with

results in agreement with full-wave simulations. Simulated and measured axial ratios for

the LHCP and RHCP states are also well below 3 dB over the DRCS operational fre-

quency range. To the best knowledge of the authors, no similar antenna structure with an

integrated feeding system has been reported offering comparable functionality in terms

of overall compactness, broadband operation, and polarization diversity.

2.7.1 Dielectric Resonator & Circuit System Design

As an initial step in the design and development of the proposed DRCS, the cylindri-

cal DR with the basic feeding system from [58] is reviewed. That preliminary feeding

system was defined by a network of eight microstrip lines etched on the bottom side of

the substrate to feed four aperture coupled slots (ACSs) which were positioned on the

bottom side of the DR (see inset of the 8-port feeding system in Fig. 2.22). This 8-port
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Figure 2.20: (a) Top view and (b) bottom view for the fabricated DRCS (total dimensions:
90 by 90 by 19.7 mm3, excluding connectors); see the multilayer stack-up for the relevant
circuit and ground plane layers as shown in Fig. 2.19.

structure was able to provide a high-degree of freedom and when applying the appro-

priate (and fixed) phase shifts to the ports (see Table 2.5), the excitation and control of

degenerate HE11δ modes were made possible. As a result, an agile 8-port polarization

diverse antenna [58] was simulated and optimized which offered LP, LHCP and RHCP

radiation.

The realized gains in the far-field for the polarization states described in Table 2.5

can also be plotted versus frequency as in Fig. 2.22 considering a relative dielectric

constant (εr) of 27 for the DR. While polarization diversity can be observed for the 8-

port DR antenna, see Fig. 2.22, and some preliminary simulations were reported in [58]

with εr = 30 for the DR (whilst both adopting ideal port excitation), no practical feeding

circuit was developed. As further described herein, a new feeding system with only

2 external ports is designed for complete DRCS integration, allowing for dual-CP and

dual-LP operation.
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Figure 2.21: Illustration of the possible polarization states for the 2-port DRCS where
the relevant ports are driven and the non-active ports are terminated with 50-Ω loads: a)
RHCP, b) LHCP, c) LP state 1 (dominant in the y-z plane), and d) LP state 2 (dominant
in the x-z plane).

2.7.2 General DRCS Structure Overview

The proposed DRCS consists of an optimized cylindrical DR (εr = 27) having a radius

of 19.05 mm and a height of 13.80 mm (see Figs. 2.19 to 2.21). This DR and its ground

plane are placed on top of two 31 mil square FR-4 substrates, each having dimensions

of 90 mm by 90 mm. The four radiating HE11δ modes of the DR are excited by four

radial ACSs. The slots are driven by the aforementioned feeding circuit (see Fig. 2.23)

which shares the ground plane of the top cylindrical DR element. Basically, each port of

the DRCS when driven generates either RHCP or LHCP. These external ports define the

input connections to two distinct planar circuits, and given the compact implementation,

34



Chapter 2. Dielectric Resonator Antennas Offering Polarization Diversity

Table 2.5: Feed Definitions for the Polarization States (see Fig. 2.22)
Port RHCP LHCP LP (Horizontal) LP (Vertical)

P1 1 ̸ 0◦ 0 1̸ −30◦ 1̸ −210◦

P2 1 ̸ 270◦ 0 1̸ 240◦ 1 ̸ 60◦

P3 1 ̸ 180◦ 0 1̸ 150◦ 1 ̸ −30◦

P4 1 ̸ 90◦ 0 1̸ 60◦ 1̸ −120◦

P5 0 1̸ 0◦ 1 ̸ 180◦ 1 ̸ 210◦

P6 0 1̸ 90◦ 1 ̸ 270◦ 1 ̸ 300◦

P7 0 1 ̸ 180◦ 1̸ 0◦ 1 ̸ 30◦

P8 0 1 ̸ 270◦ 1̸ 90◦ 1 ̸ 120◦

Figure 2.22: Simulated gain and cross-polarization levels for a representative 8-port DR
structure (see inset for the bottom view and top view), whilst considering the (ideal) port
definitions as outlined in Table 2.5 from 1 to 2 GHz. Note that no feeding circuit, as in
Fig. 2.20(b), was included in the simulation model.

these circuits become co-located.

As outlined in Figs. 2.19 and 2.20, these RHCP and LHCP feeding circuits are re-

alized by a bottom microstrip transmission line layer and an inner strip layer (or buried

microstrip). This ensures overall structure compactness and full integration with the top

DR element. Additionally, for some practical applications and when interference from
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other radiation sources can be problematic, the bottom side of the DRCS can be covered

with a metal sheet or the feeding system can be placed inside a cavity as in [51]. Full-

wave simulations suggest that an air gap of at least 6 mm between the bottom PCB (of

the DRCS) and any additional metal sheeting for shielding purposes is required. This

can help to minimize any unwanted coupling effects and de-tuning of the microstrip line-

based feed system (all results not reported for brevity).

It can be noted that the realized gain traces in Fig. 2.22 consist of two peaks: one

located at about 1.25 GHz and the other at 1.65 GHz. The 1.25 GHz peak is related

to the resonances of the ACSs which are driven by the feeding circuit. These slots also

transfer power to the DR for hybridized radiation into the far-field. The 1.65 GHz peak

can be attributed to strong HE11δ mode excitation. It is the combination of these two

complementary radiation mechanisms which supports the broadband DRCS performance

whilst it is the high relative dielectric constant material for the resonator and its PCB

feeding circuit which dictates overall DRCS compactness.

2.7.3 Design & Operation of the Feed Circuit

The antenna feeding circuit layout overview for overall DRCS design purposes, can

be seen in Fig. 2.23 and the motivation for this structure was primarily to achieve CP

operation by either a sequential +90◦ or -90◦ applied to the four ACSs. However, LP

operation can be made possible using external phase shifters and will also be described

herein.

Circularly Polarized Radiation

to achieve LHCP for example, a +90◦ sequential phase shift is achieved by taking

power incident on a single port (see Figs. 2.20 and 2.21) and then having it divided

through a meandered and compact Wilkinson power divider in order to achieve a 3 dB

power split. Each of these two split signals is then routed to a 90◦ surface mount hybrid

coupler (Anaren model XC1400P-03S) which further splits the input power while also

adding a 90◦ delay. This results in four signal paths; i.e. two signals in phase and two

signals with a 90◦ relative phase shift. However, sequential +90◦ is required at the ACSs

for LHCP operation; i.e. 0◦, +90◦, +180◦, and +270◦. These last two phase shifts are ob-

tained by passing one of the two signal lines from the Wilkinson power divider through a

180◦ long trace or delay line (designed with a 1.3 GHz centre frequency) prior to another

90◦ hybrid coupler. Similarly, a sequential -90◦ phase shift (i.e. 0◦, -90◦, -180◦, -270◦)
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Figure 2.23: Intermediate layout of the feeding network for design and simulation pur-
poses; for the final PCB circuit dimensions, see Fig. 2.28 and Table 2.6, respectively. As
outlined in Fig. 2.19, the feed circuit is composed of two FR-4 dielectric layers having a
common ground plane and 10 circuit ports; i.e. CPi where i ∈ [1,10]. Microstrip trans-
mission lines (yellow trace) are attached to the two external ports (i.e. P1 or CP1 and P2
or CP2, see Fig. 2.20) while the inner strip transmission lines or buried microstrip (red
trace), are connected to the eight internal ports for DR feeding: CP3, CP4, CP5, CP6,
CP7, CP8, CP9, and CP10. It should be mentioned that the microstrip and strip lines
were electrically connected by metalized vias while ideal magnitude and phase responses
were defined for the four surface mount couplers during simulations.

for RHCP is achieved by a separate and co-located circuit enabling this opposite polar-

ization state. The primary differences being that auxiliary ports on the hybrid couplers

are connected to the traces from the power divider.

Linearly Polarized Radiation

is achieved by employing an external power divider and simultaneous excitation of

both the LHCP and RHCP ports. However, an external phase shifter providing an offset

of either -210◦ or -30◦ should be connected to P2 (LHCP) in order to account for path

length differences between the two feeding circuits. The two options (-210◦ or -30◦) will

provide orthogonal orientations of the radiated fields (see Fig. 2.21), defining LP state 1
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and LP state 2 for the DRCS, respectively.

It should be mentioned that other phase offsets are possible such as 0◦ and 180◦ (or

90◦ and -90◦), however, full-wave simulations for the DRCS suggest that -210◦ and -30◦

offered increased realized gain values in the far-field. These phase requirements are re-

lated to the asymmetry within the feeding circuit, unwanted phase offsets incurred due to

electromagnetic coupling within the PCB and transmission line meandering. This trans-

mission line meandering was needed to ensure a compact feeding circuit implementation.

2.7.4 Feeding of the Radial Aperture Coupled Slots (ACSs)

By inspection of the feeding circuit and the slots positioned under the DR element (see

Figs. 2.19 and 2.20), it can be observed that two transmission lines which originate from

the hybrid couplers, drive each of the four ACSs, for example, CP3 and CP7 or CP4 and

CP8. The radial positioning of these slots, and the resulting physical connection of the

lines, was required due to the high relative dielectric constant of the DR (εr = 27) which

enabled overall structure compactness. This resulted in an eight-point feed arrangement

for the cylindrical DR element. It should also be mentioned that, whilst considering

these design constraints, a parametric optimization for the relevant dimensions of the DR

(such as radius and height of the DR as well as the radius, orientation and position of

the ACSs, whilst excluding and then including the feeding circuit) was completed using

a commercial full-wave simulator. Results suggest that the best possible matching was

achieved from about 1.1 GHz to 1.7 GHz with maximum realized gain values as reported

in Fig. 2.22 for the case without the integrated feeding circuit.

It should be mentioned that coupling is not significantly increased with these physical

connections of the transmission lines near the ACSs (see Figs. 2.19 and 2.20(b)), when

compared to more classic open circuited stub matching techniques as adopted in [49].

This is because the majority of any coupling is mainly generated by the adjacently posi-

tioned strip lines, which feed the common slots, and not the connected stubs positioned

near the origin. In fact, it was found that during our design work, the connected transmis-

sion lines under the DR, provide some reactive loading and can be utilized when matching

and improving power delivery to the slots for hybridized radiation of the ACSs with the

DR.
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2.7.5 Feed Circuit & DRCS Simulations

To further design the feeding network, the PCB circuit in Fig. 2.23 was optimized

using a commercial circuit simulator. In particular, dimensions of the Wilkinson power

dividers, the placement of the via interconnections, and, the equal phase delay lines po-

sitioned between couplers and other connection points. There are also two 180◦ delay

transmission line (see Fig. 2.22) considering a centre frequency of 1.3 GHz to achieve

the required phase delays (see Table 2.5) at the feed points of DR element. In addition,

similar circuit performances were also desired from about 1.1 GHz to 1.7 GHz. The sim-

ulations were initially completed having no DR element placed on top of the structure

whilst using the circuit as illustrated in Fig. 2.23.

The feed system was also carefully designed and optimized by considering the possi-

ble electromagnetic coupling effects between transmission lines and any unwanted phase

offsets accrued due to meandering. In particular, traces were separated as much as possi-

ble while corner chamfers, due to the meanders and 90◦ bends, were taken into considera-

tion during the DRCS optimization. This ensures phase stability and improves the overall

response of the circuit system. In the following, simulation results for the various circuit

parts are reported realizing the various polarization states as well as the generated electric

field within the PCB for the RHCP state (see Figs. 2.24 to 2.27). Detailed dimensional

layouts for the final and fabricated feeding circuit are outlined in Fig. 2.28 and Table 2.6.

Simulated losses, phase imbalances, and total DRCS efficiency values are also reported

in Figs. 2.29 and 2.30 as well as Table 2.7.

Excitation of DRCS Port 1 or CP1 for RHCP

The first external port, CP1, divides the input signal to circuit ports CP7, CP8, CP9

and CP10 for RHCP. The feeding network magnitude and phase imbalances can be seen

in Fig. 2.24. It should be noted that the magnitude imbalance is no more than 0.8 dB

across the entire simulated range, from 1 to 2 GHz, which is slightly higher than the

magnitude imbalance for the LHCP feeding circuit (see Fig. 2.26).

The different electrical lengths for the transmission lines connected to CP 7,8 and CP

9,10 provide the required phase at 1.3 GHz as per design (see Fig. 2.24). For example, it

can be seen that a sequential 90◦ phase shift is achieved at that frequency (as required with

reference to Table 2.5 for the RHCP state). For other frequencies, the electrical lengths

of the microstrip lines are naturally different due to dispersion and it can be observed that

at 1.1 GHz and 1.5 GHz the required sequential phase difference is offset by about 25◦
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(see Fig. 2.24). Similar phase responses are observed for the LHCP circuit-part.

The observed minor magnitude and phase imbalances in Fig. 2.24, which is unwanted

and can detune DRCS operation, is related to the signal cross-talk between the co-located

LHCP and RHCP feed circuits. A full-wave simulation of the electric field within the

PCB for this polarization state confirms that unavoidable electromagnetic coupling oc-

curs at the cross-over sections of the microstrip and strip lines near CP4 and CP7 as well

as CP6 and CP9 (see insets in Fig. 2.25). The simulated cross-coupled power from 1 GHz

to 2 GHz showed values below -20 dB for both cases. It should be mentioned that the full-

wave simulator did account for this coupling during the feeding circuit optimization; i.e.

the refinement of the detailed metallic patterning features such as the transmission line

bends and meandering (see Fig. 2.28 and Table 2.6). However, this unavoidable coupling

within the co-located RHCP and LHCP circuit-parts can still moderately detune circuit

performance for the different external port excitations (which enable the various polar-

ization states) contributing to the observed magnitude and phase imbalances reported in

Fig. 2.24.

By inspection of Fig. 2.25 it can be observed that such coupled power would be

absorbed at the resistive loads connected to the hybrid couplers decreasing efficiency.

These E-field simulations for the RHCP state in Fig. 2.25 are very similar to the LHCP

case and are not reported for brevity. Regardless of these points, the losses for the RHCP

circuit-part are less than 1 dB at the circuit design frequency of 1.3 GHz when considering

no losses for the PCB as well as for tanδ = 0.02 as reported in Fig. 2.29. Efficiency values

for the complete DRCS range from 74 % to 83 % when all PCB loss cases are compared

(see Fig. 2.30 and Table 2.7) whilst considering common conductor losses associated

with the copper traces and the ground plane.

Excitation of DRCS Port 2 or CP2 for LHCP

When circuit port 2 (CP2) of the DRCS is driven, LHCP radiation can be made pos-

sible. Basically the input signal is mostly divided equally to circuit ports CP3, CP4, CP5

and CP6, and ideally, with the phase delays as outlined in Table 2.5. Also for this state,

simulations suggest that the imbalance of those ports can reach maximum values which

are less than 0.5 dB at 1.3 GHz (see Fig. 2.26). Close to ideal phase imbalances can

also be observed at 1.3 GHz. This is related to the optimized electrical lengths of the

transmission lines connected to CP3, CP4, CP5, and CP6.

The overall circuit losses for this LHCP state are compared to other states (see Fig.
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Figure 2.24: Simulated response of the feeding network for the RHCP state without the
DR (see Fig. 2.23). The maximum magnitude imbalance is approximately 0.7 dB at the
1.3 GHz circuit centre frequency, which is slightly higher when compared to the RHCP
state (see Fig. 2.26). Phase differences are ±90◦ or -180◦ at 1.3 GHz which is similar to
the RHCP state.

Figure 2.25: Simulated E-field at 1.3 GHz within the central part of the feeding circuit
(bottom view) for the RCHP state and where power is injected into P1 or CP1. Due to
the compactness of the structure, the microstrip and strip lines cross-over in particular
sections. This allows for unwanted (minor) cross-coupling between the two main CP
circuits (see insets) and this can be observed between the transmission lines connected
to internal ports CP4 and CP7, CP6 and CP9 (whose S-parameter coupling values are
below 20 dB). Similar observations were made for the LHCP and LP states (all results
not reported for brevity).

2.29) considering a lossless and lossy FR-4 feeding circuit structure. Maximum effi-

ciency for the LHCP state can be seen at 1.35 GHz with a value of 73 %. Simulations

in Table 2.7 also report different values of tanδ for the two FR-4 PCB layers (no loss

with tanδ = 0, low-loss; i.e. where tanδ = 0.002 representing a hypothetical dielectric

PCB material, and standard FR-4 with tanδ = 0.02). It can be observed that when com-

paring the maximum feed circuit imbalances for different values of tanδ , the total DRCS

efficiency increases (see Fig. 2.30) for lower dielectric losses. This makes sense since
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Figure 2.26: Simulated response of the feeding network for the LHCP state without the
DR (see Fig. 2.23). The magnitude imbalance is about 0.6 dB for 1.7 GHz (or below)
while the general phase response is similar to the LHCP case (see Fig. 2.24) but with a
reverse sequential phase rotation.

the signal along the circuit path accrues higher losses (for larger values of tanδ ) which

dictate a larger magnitude imbalance for the entire feeding circuit. For example, for tanδ

= 0 [tanδ = 0.02] the maximum simulated circuit imbalances are 0.50 dB [0.62 dB] while

the total peak DRCS efficiency is 80 % [68 %] for the LHCP state.

It is also important to note that the circuit and DRCS efficiency is generally improved

for the RHCP state when compared to the LHCP state. This is related to the fact that the

majority of the RHCP circuit-part is defined by a conventional microstrip transmission

line (see the red trace in Fig. 2.28(a)) with the signal path defined by an air-dielectric

medium versus the strip lines (or the microrstrip immersed in dielectric) for the LHCP

circuit-part (see the blue trace in Fig. 2.28(b)). Basically the LHCP circuit-part accrues

more dielectric and conductor losses for this compact circuit configuration.

Simultaneous Excitation of DRCS Ports 1 and 2 for LP

In this state both DRCS ports are activated (RCHP port and LHCP port). However,

to obtain the required phases for the two LP states as defined in Fig. 2.21 and Table

2.5, external phase shifters and power combiners are required. To simulate the circuit

response, an ideal phase shift of -30◦ for LP1 and -210◦ for LP2 were considered in the

simulation model from 1 to 2 GHz and by assigning the required port definitions. For

brevity, only the results for the -30◦ case are reported in Fig. 2.27; i.e. the LP1 state, as

similar results were observed for the LP2 state.

For both LP states, the magnitude imbalance is less than 0.5 dB at 1.3 GHz while the

phases are offset by about 20◦ or less and this is related to the aforementioned coupling

between the LHCP and RHCP circuit-parts. However, the overall DRCS performance
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Figure 2.27: Simulated response of the feeding network for the LP1 state without the DR
considering the circuit in Fig. 2.23. It is important to note that due to the asymmetry
of the design and its compactness, the phase response needs to be corrected so that the
phase shifts, as described in Table 2.5, are achieved at the internal ports. Basically, in this
simulation an ideal phase shift of -30◦ was defined (to represent any external mechanical
phase shifter). It is important to note that the magnitude imbalances are ±0.5 dB at about
1.35 GHz while phase differences are near 0, ±90◦, or ±180◦.

is acceptable for the LP states (see Figs. 2.29 and 2.30 as well as Table 2.7) and the

optimized circuit-parts, as shown in Fig. 2.28, which achieved the required wideband

performance within the commercial simulator. Moreover, it was not possible to achieve

the required phase for all the possible polarization states and over the frequency range

from 1.1 GHz to 1.7 GHz. From these studies it is likely that the LP states will have

more narrow band performance when compared to the LHCP or RHCP states in practice.

Mainly because the noted phase offsets of -30◦ for LP1 and -210◦ for LP2 can be difficult

to achieve with an external phase shifter and power divider combination whilst over the

required frequency range to enable broadband LP operation.

The simulated losses for these LP states is about the mean for the RHCP and the

LHCP states (see Fig. 2.29 and Table 2.7). For example, the simulated efficiency of the

DRCS considering LP operation is slightly lower than the RHCP state with values ranging

from 72 % to 81 % for the various PCB loss cases as outlined in Table 2.7. Regardless of

these results, simulations suggest that the LP states can be made possible.

2.7.6 DRCS Structure Considerations & Simulations

It should be noted that the DRCS was originally designed considering εr = 30 for the

DR element as in [58]. However, after further experimental study and by following [51],

the relative dielectric for the DR was defined as 27 for the full-wave simulations (in
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Figure 2.28: Final layout of the feeding circuit (relevant dimensions in Table 2.6). (a):
The bottom 31 mil thick FR-4 layer and where the top-face of the microstrip lines are
shown. (b): The middle strip trace layer. This layout defines the inner layer which
employs microstrip covered by 31 mil thick FR-4; i.e. a strip layer.
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Table 2.6: DRCS feeding circuit dimensions as Illustrated in Fig. 2.28
(all values in millimeters)

a b c d e f g h i
39.5 8.2 11.8 5.8 16.7 5.5 5.1 4.3 4
j k l m n o p q r
6.2 2 6.2 2.7 5 3.9 4.0 2.6 1.4
s t u v w x y z a1
14 2.8 4.2 8.6 17 3.1 6.2 12 4.9
b1 c1 d1 e1 f1 g1 h1 i1 j1
42.6 9.7 9.7 12.9 12.4 12.9 12.7 11.6 2.8
k1 l1 m1 n1 o1 p1 q1 r1 s1
2.6 13.4 8.3 3.5 14.2 35 12.7 11.7 50.3
t1 u1 v1 w1 x1
20.7 5.4 13.5 7.3 13.7

Figure 2.29: Simulated losses for the feeding network without the DR element (see Fig.
2.23). Dashed lines considers no PCB dielectric losses; i.e. tanδ = 0 while the solid
lines defines the employed FR-4 material (tanδ = 0.02). It can be observed that the
LHCP circuit-part has increased losses when compared to both the RHCP and LP states.
Note: both LP states offer consistent losses.

Table 2.7: Simulated PCB Feeding Circuit Performance & DRCS Efficiency (see Fig.
2.30) Considering Different Values for tanδ

RHCP State LHCP State LP States
PCB Maximum Feed Peak DRCS Maximum Feed Peak DRCS Maximum Feed Peak DRCS
tanδ Circuit Imbalance Efficiency Circuit Imbalance Efficiency Circuit Imbalance Efficiency

0.000 (ideal) 0.48 dB 83 % 0.50 dB 80 % 1.10 dB 81 %
0.002 0.52 dB 82 % 0.51 dB 79 % 1.50 dB 80 %
0.020 (FR-4) 0.78 dB 74 % 0.62 dB 68 % 2.00 dB 72 %

Figs. 2.22 and 2.30), rather than 30, the nominal value reported by the manufacturer

on the material data sheet. This is related to the given rated variance specification for

the dielectric material, εr = 30± 10 % (Eccostock HiK500F). Given these findings, all

simulations results provided in this paper are those for a dielectric resonator with εr = 27,

and not 30, providing a valid comparison with any measurements.
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Figure 2.30: Simulated efficiency for the DRCS without (see Fig. 2.22) and with the
feeding circuit system. Values are 65 % or more from 1.25 GHz to 1.70 GHz considering
the employed FR-4 substrate defined by tanδ = 0.02. Improved efficiency is possible
with PCB substrates having reduced dielectric losses (see Table 2.7).

Figure 2.31: The far-field measurement setup: a) one-port configuration for CP and b)
two-port for LP. For the CP states, one of the ports was terminated with a 50-Ω load as
shown in Fig. 2.21. An external power divider and mechanical phase shifters were used
to excite both ports for the LP states (see Fig. 2.21). It should be highlighted that two
equivalent phase shifters were employed in the LP measurements and that the relative
phase differences were defined as required; i.e. -30◦ and -210◦ for LP state 1 and LP state
2, respectively.
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Figure 2.32: Photo of the DUT for far-field characterization: DRCS defined by a top
cylindrical DR element and its integrated PCB feed circuit.

2.7.7 Results & Discussion

The proposed DRCS (see Figs. 2.19 and 2.20) was fabricated and then measured

using the anechoic chamber facilities at The Royal Military College of Canada. The

DRCS measurement setup can be better understood in Fig. 2.31 while a photograph of

this device under test (DUT) positioned within the anechoic chamber can be observed in

Fig. 2.32. The DRCS was measured in transmit mode where the reference horn antenna

was used as the receiver (see Fig. 2.31). The measurements were completed from 1

GHz to 2 GHz with steps of 8 MHz. As discussed previously, to measure the DRCS

response when considering CP operation, one of the ports was terminated with a 50-

Ω load (see Fig. 2.21). For both LP cases, external phase shifters (mechanical) were

employed as well as a power divider. The resulting far-field beam patterns, realized

gains, axial ratios, and port matching values are reported in Figs. 2.33 to 2.37. The

minimum and maximum ripples in the beam patterns are most likely related to the raw

highly sampled measurements and overall measurement tolerances such as some minor

misalignment and unwanted phase noise in the samples due to possible cable bending and

twisting.

Referring to Fig. 2.33(a), the LHCP port of the DRCS, has a measured -10 dB reflec-

tion coefficient bandwidth from 1.11 GHz to above 1.90 GHz. The peak gain is 0.0 dBic

with a 3 dB bandwidth from 1.25 GHz to 1.62 GHz. On the other hand, it can be observed

that the RHCP port of the measured DRCS, was matched with a -10 dB impedance reflec-

tion coefficient bandwidth of 41 % from 1.25 GHz to 1.90 GHz (although |S22| does rise

above -10 dB slightly at 1.35 GHz). Additionally, the peak gain of the DRCS is 1.20 dBic

occurring at 1.35 GHz, with a 3 dB bandwidth from 1.25 GHz to 1.83 GHz. The reduced

realized gain for the LHCP state is expected and inline with the full-wave simulations

since the DRCS efficiency is less than 70 % (see Fig. 2.30). On the other hand, efficiency
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Figure 2.33: (a) Simulated and measured LHCP gain and reflection coefficient. (b) Simu-
lated (solid) and measured (dashed/dotted) reflection coefficient and realized RHCP gain
at broadside versus frequency.
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Figure 2.34: Simulated (solid) and measured (dashed) axial ratios at broadside for the
LHCP (red) and RHCP (black) states as compared to frequency.

values are above 70 % from 1.3 GHz to 1.6 GHz for the RHCP state. Improved realized

gain values are expected for a PCB substrate with less loss than FR-4 (see Figs. 2.29 and

2.30 as well as Table 2.7).

Referring to the axial ratio results in Fig. 2.34, simulation results are well below 3
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Figure 2.35: Measured LHCP and RHCP beam patterns in the φ = 0◦ plane. Normalized
patterns are shown at 1.3 GHz, 1.5 GHz, and 1.7 GHz (similar patterns were observed
over the operating band of the DRCS).

dB over the entire operating band of the DRCS. For the measurements, axial ratio values

are about 4 dB or below. This minor discrepancy can be related to some fabrication and

assembly tolerances in that the DR element was likely not perfectly positioned on top of

the four ACSs.

The RHCP and LHCP radiation patterns were measured and are reported in Fig. 2.35.

It can be observed that when excited for RHCP radiation, the DRCS offers a 3 dB beam

width greater than 120◦ in the elevation plane, and a cross-polarization level of -13 dB

(at worst) below the co-polarized values at broadside. When excited for LHCP operation,

the 3 dB angular beam width is similar to the RHCP case.

As mentioned previously, in addition to RHCP and LHCP, the 2-port DRCS is ca-

pable of generating two orthogonal LP states (see Fig. 2.21). This is achieved through

simultaneous excitation of both the RHCP and LHCP ports. Results for these LP states

were also measured and the resulting gain is presented as a function of frequency in Fig.

2.36 while the normalized beam patterns are reported in Fig. 2.37.
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Figure 2.36: Measured (solid lines) and simulated (dash lines) LP gains versus frequency
for both states. Calibrated phase offsets defined at 1.35 GHz, which provided the needed
-30◦ and -210◦ phase offset at the ports, were achieved using a tunable mechanical phase
shifter. It can be observed that when the (passive) port coupling |S21| is minimized, the
realized LP gain increases.

Comparing Figs. 2.33 and 2.36, it can be observed that the LP peak gains are higher

than those of both the RHCP and LHCP cases (as also reported in Fig. 2.22). This is

because, during LP operation, the power from both ports is combined (see Fig. 2.21(c)

and (d)), resulting in an overall higher realized gain. Similar results were observed for

the full-wave simulations in Fig. 2.22. Additionally, note that the gain profile versus

frequency for the studied LP case in Fig. 2.36 has more variation over frequency than

those for the CP cases reported in Fig. 2.33. This is attributed to several factors including

phase mismatches between the RHCP and the LHCP ports. This was because the required

phase offset was provided through an external and tunable phase shifter (which does have

some frequency dependance), and, unequal amplitudes at the LHCP and RHCP ports

(caused by the practically realized and non-symmetric feed system). These factors likely

caused different signal amplitudes and minor phase offsets for the two main signal paths.

When considering possible real-life applications for the reported L-band DRCS, such

as GNSS/GPS systems, the cross-coupling between the LHCP and RHCP ports is not

much of a concern. This is because it can be expected that the same signal will be received

at the two ports from the far-field (albeit at different power levels). Also, the polarization

of the incoming signal might be elliptical. This would realize an unequal power split ratio

onto the antenna, of the same far-field signal, for collection at the external ports. This

makes the coupled signal (between ports) of little significance. However, in the case of
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Figure 2.37: Measured LP beam patterns generated by excitation of both DRCS ports
(see Fig. 2.21): a) LP state 1 and b) LP state 2. Normalized patterns are shown at 1.3
GHz, 1.5 GHz, and 1.7 GHz. It should be mentioned that the required phase shifts were
achieved using a calibrated phase shifter at these three frequencies.

other RF systems with two different incoming signals onto the antenna, and with different

polarizations, the circuit coupling within the DRCS should be taken into account. This

can possibly be accommodated by introducing some type of filtering within the feed

system, or, by applying some other signal processing techniques. These approaches could

help to mitigate any unwanted cross-talk.

Studying the beam patterns in Fig. 2.37 it can be observed that both LP antenna states

have a -3 dB beam width of approximately 120◦. Furthermore, the cross-polarization

levels for the LP states were measured to be (at most) less than 12 dB below the co-

polarization levels at broadside, and as low as -27 dB depending on the observed fre-

quency.

2.7.8 Conclusions and Achievements

In this chapter a single dielectric resonator (DR) and feeding circuit system (CS); i.e.

a DRCS were presented. This antenna structure is capable of right-handed circular polar-
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ization (RHCP), left-handed circular polarization (LHCP), and two orthogonal linearly

polarized operating states. The two ports of the DRCS were measured to have -10 dB

impedance reflection coefficient bandwidths of 41 % and 53 %, which are representative

of the RHCP and LHCP antenna operational states, respectively. Additionally, the DRCS

was measured and offers peaks gains of 1.2 dBic, 0.0 dBic, 3.6 dBi, and 2.6 dBi for

RHCP, LHCP, and both linear polarization (LP) orientations, respectively. Furthermore,

all CP and LP states were found to have a beamwidth greater than 120◦ in the elevation

plane and cross-polarization levels are typically in excess of -10 dB.

Improvements which could be made to the DRCS include a modified feeding cir-

cuit considering a dielectric substrate with reduced losses when compared to FR-4. This

would improve DRCS realized gain values and efficiency. In addition, a modified feeding

circuit that includes both the additional transmission line lengths of -210◦ or -30◦ could

be designed to achieve both, LP and CP radiation, and thus not requiring an external com-

biner/divider and phase shifter as in the LP case. However, this would require additional

delay lines and printed circuit parts which could increase the physical size of the net-

work and thus the entire antenna system. Furthermore, additional feeding circuit losses

would be observed due to the added transmission line lengths to achieve such dual-CP

and dual-LP operation. To avoid this problem a dielectric substrate with lower loss could

be employed; i.e. not FR-4 as mentioned previously. However, in some cases, only dual-

CP operation (and not both dual-CP and dual-LP) might be the main design motivation

for the compact DRCS, in that both LHCP and RHCP using two distinct ports is of main

interest, as demonstrated in this work.

Overall this DRCS functionality has been made possible by a compact wideband an-

tenna structure and a low-cost feeding circuit implementation for dual-CP. External phase

shifters were employed to demonstrate dual-LP operation as well, and in the main effort

to circumvent the aforementioned losses in the FR-4 feeding circuit.

2.8 Full-duplex, Compatability of the Polarization Diverse Antennas for In-band

Full-duplex Systems

Another main recent focus of the antennas and propagation society, is In-band Full-

duplex systems, also known as simultaneous transmit and receive (STAR). Those systems

can double spectrum efficiency and reduce the congested frequency spectrum of wireless

systems. Such systems have increased requirements for isolation and antenna systems
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requiring two orthogonal polarizations. Typically the minimum isolation needs to be

around 100 to 110 dB for the combined analogue, digital and antenna cancellation sys-

tems [62]. Thus appropriate levels for antennas are typically in the range of 30 to 40 dB

as the minimum would be sufficient.

Thus, it is possible to use in some cases the proposed DRAs in this chapter, how-

ever, additional constraints and further isolation requirements for analogue and digital

cancellations would be needed. This increases the cost of the systems and increases the

constraints of the analogue and digital cancellation network. Moreover, the beam-steering

would be a great addition to Full-duplex systems which is not possible with the reported

single-element resonator antennas.

2.9 Chapter Summary

In this chapter, the achieved multiple polarization states and multi-port antenna con-

figurations can indeed support FD systems. However, those DRAs have a significant

drawback when it comes to isolation levels. The inter-port coupling between polarization

states is at best below -20 dB making it not suitable and challenging to integrate into

Full-duplex communication systems. Such as the required level of isolation needs to be

increased at least to 30-40 dB with high as possible bandwidth. Additionally, the beam-

steering approach could be challenging to integrate into those DRAs however, the use of

different frequency bands for STAR is another possible line of research.

Thus different antenna solutions were explored. Therefore, in the next chapters, this

thesis further investigates the types of FD systems with a motivation to improve isolation

levels, increase bandwidth, and offer beam-steering functionality using arrays.
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Chapter 3

H-shaped Slot Antennas for In-band Full-duplex Systems

3.1 Introduction

In this chapter, Full-duplex antennas will be investigated and new solutions for in-

band Full-duplex systems will be proposed. The first part will be focused on the existing

antenna approaches using coupler-based solutions and how isolation can be enhanced by

employing differential-based feeding. Some important antenna technologies such as slot

and H-shaped slots will also be investigated and antenna array configuration analyzed.

Afterward, the new external feeding H-shaped slot antenna system for S-band in-

band Full-duplex is proposed. An additional effort was done to design a new slot-line

coupler with a highly stable phase-response to improve isolation levels. While the an-

tenna achieves high isolation levels, the connections need to be co-located at times and

ideally designed within a single PCB. This can make system integration challenging as

a chain of connections is typically required, making the system bulky. Because of these

challenges, conventional solutions employ external feeding systems as the first step.

To improve and simplify the required antenna feeding, a new dual-differential H-

shaped antenna for IBFD applications with a fully integrated feeding system was de-

signed. The isolation level was slightly lower but offered a simple two-port approach for

transmitting and receiving making the system significantly more compact. Additionally,

the antenna arrays used external feeding (2×2) and internal feeding (4×1) were proposed

with options for beam-steering configurations. The antenna arrays were analyzed and a

4×1 antenna array was manufactured. Finally, the conclusions and achievements for

those Full-duplex antennas are discussed in detail.

3.2 Duplex Classification

In order to understand the problem of FD systems, it is necessary to review the exist-

ing data receptions and transmission schemes. When transmitting data or some other rele-

vant information between two connected devices over a network, the antenna, supporting
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RF hardware, and digital backbone; i.e. the system can be considered in transmission

mode [63]. This transmission mode indicates the direction of signal flow between two

connected devices. Currently, there are three categories of transmission modes [64], [65]:

• Simplex
• Half-Duplex (two-frequency simplex)
• Full-Duplex

In simplex communications, the signal is transmitted in one way only and within the

same communication channel. The transmitter turns on when transmitting and turns off

when receiving. Most Very High Frequency (VHF) and Single Side Band (SSB) radio

stations operate in simplex mode. Similarly, in television and radio broadcasting, infor-

mation flows only from the site of the transmitter to several receivers. The transmission

medium (radio signal over the air) can carry information in only one direction. More

modern communications systems generally require two-way data exchange, but simplex

is a one-way exchange, so there is no communication of data between devices.

In Half-Duplex mode, each device can transmit and receive data. A message flow

can go in both directions, but not simultaneously. All communication channel bandwidth

is used in one direction at a time. In this mode, the sender sends the data and waits for

their confirmation, and if there is any error, the recipient may require him to re-transmit

this data. Because of this, any possible error detection is possible. An example of a half-

duplex mode could be a walkie-talkie. In the walkie-talkie, on the one hand, an operator

speaks into the microphone of the device, and on the other, someone is listening. After

a pause, another speaks and the first person listens. The disadvantage of this approach is

the delay in sending data at the same time because when one device sends data, the other

must wait for the data to be sent.

In FD mode, communication is bi-directional, which means that the data flow goes

in both directions at the same time. From both ends, data reception and transmission are

possible simultaneously. FD mode has two physically separate transmission paths, one

of which is designed for traffic in one direction and the other for traffic in the opposite

direction. This is one of the fastest ways to communicate between devices.

3.3 Full-Duplex Classification

One of the difficulties in FD systems is the separation of channels for receiving and

transmitting data. Currently, there are three types of FD systems:
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• Frequency Division Duplex (FDD) [66]
• Time Division Duplex (TDD) [67]
• In Band Full-Duplex (IBFD) [68]

Frequency Division Duplex (FDD) is the type of the communication where the trans-

mitter and receiver operate at different carrier frequencies. The method is often used in

simple radio transmitters, where the operator tries to use a repeater station [69]. A relay

station must be able to transmit and receive at the same time, and does so by slightly

changing the frequency at which it sends and receives; i.e. the up-link and down-link

frequencies. The advantage of frequency division duplex is that it makes radio planning

easier and more efficient since the base stations do not interfere between each other (be-

cause they transmit and receive in different sub-bands).

Time Division Duplex (TDD) is a time division multiplexing application to separate

outward and returned signals. It emulates FD half- line duplex communication [70]. Du-

plex time division is flexible when asymmetries exist between the up-link and the down-

link data rate. As the amount of up-link data increases, more communication capabilities

can be dynamically distributed and as traffic load becomes easier, capacity can be taken

away. The same applies in the down-link direction.

In Band Full-Duplex (IBFD) is the type of transmission where the transmitter and

the receiver operate at the same frequency, and, at the same time, [14]. This solution is

more attractive due to the same frequency reuse, but challenging for the transmitter and

the receiver due to the bi-directional nature of the communications. Usually, this type of

transmission scheme uses either different polarizations or circulators to avoid interference

between the transmitted and the received signals.

3.4 Full-duplex Antennas

Full-duplex (FD) antennas are the type of antennas that accommodate two ports to

transmit and receive, have high isolation, and can use two different polarization states.

This could be using different frequencies (OBFD) or by using the same frequency (IBFD),

but with isolation techniques applied. The main focus of this thesis is antennas with an

In-band frequency approach. The problem of IBFD is the antenna self-interference (SI)

where the signal strength of the transmitted signal interferes with the desired received

signal. In particular, in IBFD systems, the transmitted signal is received with a very high
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power level compared to the desired received signal power and suppresses the signal of

interest at the receiver, thus making data reception very challenging.

When developing FD antennas it is important to take into account polarization con-

trol. Thus, polarization diversity antennas are another focus of this thesis in the previous

chapter. These types of antennas are widely used in systems where stable communica-

tion could be challenging i.e in a challenging radio frequency (RF) environment. Thus,

the antenna supports different polarizations and can be switched into the mode where the

signal is less affected by the environment. Usually, such antennas required a multi-port

configuration with additional phase control circuitry connected to them.

The main contribution of this thesis is to present new types of FD and polarization-

diverse antennas. Such design approaches can be well adapted to the FD systems. The

main advantage of those systems are:

1) The antenna can relax analogue and digital cancellation systems in the FD system.

Thus, making wireless transfer cheaper and more available. 2) The reconfigurability and

polarization diversity can be well used in the radar and RF challenges environment. 3)

Potential applicability in the radar systems with beam-tracking as an option should it be

needed.

Figure 3.1: Self-inteference between transmitter and receiver.
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3.5 Coupler Based Systems on Full-duplex

Some attractive solutions are antennas based on hybrid coupler systems. Recently,

different structures have been reported which consist of hybrid couplers and one resonat-

ing patch antenna [71], [72]. These designs are based on a single- and double-differential

signal shift, where the input signals applied to the couplers input port, provide a phase

shift of 180◦ between ports 2 and 4, while port 3 is terminated by a 50-Ω load. With

this feeding, SI is reduced and high isolation of 40 to 50 dB can be achieved. Moreover,

due to the field cancellation effect, i.e signal difference in 180◦, the cross-polarization

due to the field cancellation effect can also be improved. However, the majority of the

presented papers based on this technique have offered narrow bandwidths whilst the an-

tenna presented in [73], which operated at 5 GHz, was able to provide a bandwidth of

22% achieving isolation levels of over 50 dB and only having one slot-line type hybrid

coupler.

It should be noted that the dual-polarization control in [73] was achieved by a single-

differential feeding approach. In this antenna array, port one of the coupler provided

equal signal phase shift, and coupler port two provided the differential signal shift. Thus,

when the equal phase shift occurred, the produced field configuration with the 0◦ shifts

on the active transmitted ports, and a null in the cross-polarization can be observed. This

possibly deteriorated the antenna performance when the second port of the coupler when

the 0◦ signal split was used. Moreover, the -10 dB impedance bandwidth over frequency

of ports one and two were not the same.

According to [71], the coupling reduction mechanism considering the various trans-

mitted current signals with double-differential feeding for a 4-port system (see Fig. 3.2)

can be described as [71]:

IT x1 =
IT x√

2

IT x3 =
IT x√

2
e j180◦

The total current IRx using differential ports will be as in [71]:

IRx =
1√
2
(IRx2 + e j180◦IRx4)
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Which can be re-written to:

IRx =
IT x√

2
[(S21 −S23)− (S41 −S43)]

Which leads to:

IT x

IRx
=

2
(S21 −S23)− (S41 −S43)

Which looking at the figure Fig. 3.2, the coupling between ports is S21=S23=S41=S43

is similar. As described above, when the phase and amplitude for the differential case is

ideal, the cancellation effect tends to be infinite. However, in real-life applications, this is

not possible. The coupler stability will never be ideal, some small amount of power can

leak into the signal paths reducing the isolation.

Figure 3.2: Equivalent circuit and signal path definitions for SI suppression based on
the technique from [71] considering four excitation points of a rectangular patch. This
configuration achieves dual-polarization linear. Concepts can also be applied to other
symmetric antenna elements having four points of excitation.

As described above, the antenna design is important for isolation enhancement. Also,

the antenna is required to offer two different polarizations and high port-to-port isolation.

By achieving the highest possible isolation, some other isolation techniques such as dig-

ital or analogue can be relaxed. In particular, as outlined in [14] and [16], the primary

goal of any IBFD communication system is that the required level of isolation needs to
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be around 100 dB. Such isolation levels allow for the recovery of the signal without a

reduction in the transmitted power. The secondary focus of that system is bandwidth.

It should be noted that in-band or out-of-band antennas and H-shaped slots are relevant

ideas that can be used to achieve new and novel antenna designs.

3.6 The Radiating Slot

An elementary slot antenna is a slot cut in a perfectly conducting flat screen of un-

limited dimensions (see example in Fig 3.3). The slot cut in the wall of the waveguide is

excited by currents flowing along its inner surface [22]. The distribution of the surface

current is determined by the type of wave propagating in the waveguide, and the intensity

of the slot excitation depends on the number of current lines crossing it. The greater the

projection of the gap on the normal to the current lines and the greater its density, the

stronger the gap is excited and the greater the field strength is radiated by it. The maxi-

mum current density is obtained on the narrow walls of the waveguide and the edges of

its wide sides adjacent to them.

The slot antenna also follows Babinet’s principle, which states that two complemen-

tary screens generate a similar diffraction pattern [74]. Following this, the structure of the

slot antenna and the half-wave dipole structure cut out from the conducting sheet are op-

erating in a similar fashion. Thus, the operating principle of slot antennas is very similar

to the operation of λ/2 dipole antennas.

Figure 3.3: Representation of the ideal slot radiator on the metallic waveguide. Based
on [22].

The length of the slot Lslot at an air-dielectric interface can be calculated using the

following [22]:

Lslot =
λ0√

2(εr +1)
(3.1)
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where λ 0 is the free space wavelength, and εr is the permittivity of the dielectric.

From [74] using Babinet’s principle and the intrinsic impedance of free space, the

dominant field component (in the far-field) radiated by the slot antenna can be written as:

Eφ =
E0sinθ

η
(3.2)

where η is the intrinsic impedance of free space and E0sinθ the is the field component

for dipole-like radiation.

Similarly, the impedance of the slot Zs can be calculated using following [74]:

Zs =
η2

4ZD
(3.3)

where ZD is the impedance of the dipole.

3.7 Slot Antennas

Slot antennas are understood to mean antennas whose radiation is associated with the

radiation of electromagnetic waves from holes cut in metal screens [22], [65]. Typically a

slot antenna, can be made in the form of a coaxial line [75], a cavity resonator [76], a flat

metal sheet (screen), or in a conductive surface with cut holes (slots) [77]. These apertures

serve to emit (or receive) radio waves. Radiation occurs as a result of the excitation of

gaps: in a wave, resonator, and coaxial lines, in an internal electromagnetic field, in flat

screens, by means of a radio frequency cable connected directly to the edges of the gap.

Since the polarization of the radiation field coincides with the direction of the electric

lines within such slot antennas, the horizontal gap will emit vertically polarized waves.

The radiation patterns of this antenna will approximately coincide with the patterns

of its dipole counter-part, with the exception of the position in space of the field vectors

E⃗ and H⃗, which, based on a slot implementation, will be interchanged. Slot length in

terms of λ/2 determines the resonant frequency (see Fig. 3.3). To date, slot antennas are

popular due to their simplicity, high gain, small side lobes, and possibly high radiation

efficiency. These types of antennas are commonly used in radar applications such as

passive electronic scanning arrays or ones with electronic phase shifters as illustrated in

Fig. 3.5.

To improve radiation performance and provide polarization control, the conventional

rectangular-shaped slot has been modified in the literature [78], [79], [80]. Some of the
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most popular shapes are U-shaped, H-shaped and T-shaped. Depending on the feed-

ing system, different slots begin to act as capacitors and inductors. Thus, the equivalent

circuit elements can be determined, in which all real elements are replaced by their equiv-

alent circuits such as capacitors or inductors.

Figure 3.4: Example of the H-shaped slot placed on the substrate and excited using a
50-Ω microstrip line.

Nevertheless, when considering such planar-based slot antennas, size and practicality

play an important role. One of the very first papers, see [81], mentions the design of

H-shaped slots on PCB substrates using micrsotrip feed lines. In that work the authors

conducted experiments using different types of slots and were able to derive formulas

to calculate the input impedance for different shapes. The proposed structure showed

that the λ/2 size slot can be modified into a combination of shapes with λ/4 sizes to

present an H-shaped slot (see example in Fig. 3.4). This made it possible to reduce the

length of the slot, improve the structure bandwidth whilst having good efficiency. To

date, the H-shaped slot can be found in many various antennas implementations such as

the: coaxial feed type H-shaped slot antenna in [82], and where a leaky-wave antenna

based on H-shaped slots were studied.

3.8 Antenna Array Systems and Beam-Steering

An array is a type of antenna consisting of a set of individual antennas (radiating ele-

ments) [74] (see Fig. 3.5). The radiation pattern is formed as a result of the constructive

interference of waves transmitted by those elements. If the elements are identical and

equally oriented, then the total far-field pattern can be represented as the product of the
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patterns of those elements and the array factor. The array factor is invariant on antenna

type but is mainly related to the physical spacing between elements and the relative cur-

rent (magnitude and phase) driving each element. Generally, the array factor (AF), can

be described as in [74]:

AF = 1e j0 +1e jβ e jkdcosθ + ...+1e j(N−1)β e j(N−1)kdcosθ (3.4)

Where: N = Number of elements, k - wave number, θ - elevation angle, d - element

spacing and β - phase excitation. As a result, the antenna parameters such as gain, beam

directionality, or cross-polarization can be calculated theoretically and improved (in com-

parison to a single element). A fundamental feature of the antenna array is the ability to

control its beam direction (beam steering) when changing the complex amplitudes and/or

polarization of the waves radiated by the elements.

Figure 3.5: 6 element Antenna array structure with introduced beam steering. Based
on [22].

Two main types of systems based on phased antenna arrays should be distinguished;

i.e. passive and active antenna arrays [22]. The main difference is this. In passive antenna

arrays there is a single transceiver, whose signal is divided into all channels, conditionally

there is only one fixed phase shifting mechanism to control the beam. In active phased

arrays, the channel of each element of the array has its own transceiver. Each of the

concepts has its pros and cons: passive are much cheaper, but require the use of high

powerful signal sources, which, in turn, require a complex power supply and cooling
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circuit system. Active arrays have a huge margin of safety, for example, the failure of

one transceiver does not lead to a breakdown of the entire system, but the number of

components used and the complexity of control, and synchronization. In the end, the cost

of the active devices for the system can exceed the cost of just the passive array.

The best way to analyze the antenna array in the commercial simulators is to apply

consecutive phase shift, where the applied phase to the ports allows the beam direction to

change (see Fig. 3.5). This phase difference can be calculated as in [74]:

∆ϕ =
360◦dsin(θ0)

λ

Where: ∆ ϕ - applied relative phase shift to the ports, d - elements spacing, θ0 - main

beam position in the far-field. It should be noted that the phase shift must be carefully

tuned and ideally be simulated in the commercial full-wave simulations and prior to any

measurements to ensure that the desired beam pattern is realized.

3.9 Literature Review of Existing Full-duplex Antennas

One of the earliest designs of an inter-port antenna with high isolation was a circular

patch design in [83]. In that paper, two antenna designs were investigated. Both consisted

of two H-shaped slots and circular shaped patches elevated above the ground plane. As

a result, the antennas offered bandwidths of 8% with isolation values of only 31.3 dB. In

that same work [83] the authors extended the system to four H-shaped slots and a feeding

circuit consisting of two Wilkinson power dividers. Using this approach, the authors were

able to improve the antenna bandwidth to 17% and the port-to-port isolation to 34 dB.

The antenna gains reached 6.8 dBi with cross-polarization levels of 14 dB at the center

frequency.

Another method to achieve high isolation between the transmitting and receiving

ports is to design a Dual-Band (Out-of-Band) system. Antennas in such systems are

less affected by SI due to having different transmitting and receiving frequencies. One

such antenna was proposed in [84]. In that design the data was transmitted at a center

frequency of 4.7 GHz and a received frequency of 6 GHz. The antenna consisted of

coupled-resonators with a patch placed on top. The reported antenna -10 dB impedance

bandwidth was about 5.5% with isolation values around 35 dB and a maximum gain of

6.7 dBi. The antenna was further expanded into a 2×2 array system which slightly re-
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duced the isolation to 30 dB and increased the gain to a maximum of 12 dBi. In a similar

fashion, the dual-polarized antenna reported in [85] utilized a four-port system to achieve

dual-band operation at 1.8 GHz and 2.0 GHz for transmitting and receiving, respectively.

The proposed antenna consisted of resonator-based filtering channels, slot lines, and a

radiating patch. The reported gain was 7.2 dBi and the isolation was greater that 23 dB.

Following these recent developments, in-band full-duplex (IBFD) antennas are gen-

erally of greater interest than their dual-band counterparts, for reasons of their single

frequency re-use and doubled spectral efficiency [14]. The main focus of recent research

studies was to achieve wider bandwidths, high as possible inter-port isolation, and to

operate using dual-polarization. Previous FD antennas, which operate over a wide fre-

quency range, as proposed in the literature are generally complex, might require careful

feed and design considerations, and possibly can be expensive to manufacture. One such

antenna was proposed in [86]. The involved design consisted of four T-shape parasitic

elements mounted on a metallic ground plane. However, the antenna provided an im-

pressive bandwidth of 98% and operated at frequencies between 0.6 to 1.75 GHz with

isolation values below 40 dB. Maximum realized gain for the receive and transmitting

mode was approximately 7 dBi and 6 dBi, respectively, and with an omnidirectional-like

radiation pattern. Similarly, a metallic-based, four-port antenna was reported in [87]. It

provided an wider bandwidth of 108% and operated from 0.8 GHz to 2.7 GHz. The

antenna design consisted of resonating metallic ring elements with dipole-like arms, pro-

ducing a monopole-like radiation pattern. The reported maximum realized gain was 7

dBi with inter-port isolation values of 37 dB over the entire operating range.

These antennas are suitable for use in base station applications due to their wide

operational bandwidth and their physical size. However, simpler and lower-cost solutions

using printed circuit board (PCB) manufacturing techniques, for example, can be more

attractive for use in more basic or low-power radio transmission links for day-to-day

communication systems such as Wi-Fi.

Recently, different structures have been reported which consist of hybrid couplers

and a single resonating patch antenna [72], [71]. These designs are based on a single-

and double-differential signal shift, where a phase shift of 180◦ is achieved between two

coupler ports while a third port is terminated by a 50-Ω load. With this feeding, SI is

reduced and a high isolation of 40 to 50 dB can be achieved whilst the antenna system is

matched. Moreover, due to the signal cancellation effect at the coupler, i.e. the 180◦ phase
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shift, the antenna cross-polarization in the far-field is also improved. However, previous

designs [71], [72] which have implemented this technique have offered narrow isolation

bandwidths. On the other hand, the antenna presented in [73], which operated at 5 GHz,

achieved isolation levels of over 50 dB with a bandwidth of about 9%. That antenna

system [73] was implemented using only one slot-line type hybrid coupler supported by a

network of power dividers making it a single-differential feeding approach. In that work,

port one of the coupler provided an equal signal phase shift, while port two provided a

differential shift. This possibly limited the antenna performance and increased the cross-

polarization levels. Moreover, the -10 dB impedance bandwidth over frequency for ports

1 and 2 were not the same.

Another IBFD dual-CP antenna based on a sequential rotation array (SRA) and an ad-

ditional phase compensation control circuit was proposed in [88]. The system consisted

of four circularly polarized patches, two 180◦ hybrid couplers, and an additional circuit

on the receiver port with an attenuator and phase shifter. The reported radiation band-

width was 10% with a maximum realized gain of 10 dBic. In addition, the developed

cancellation circuit on the receiver side, integrated on a separate board, compensated

the phase instabilities of the cables and the hybrid coupler. This improved the isolation

beyond 50 dB.

3.10 Dual-Polarized High-Isolation Antenna Design and Beam Steering Array En-

abling Full-Duplex Communications for Operation Over a Wide Frequency

Range

Following these developments as outlined in this thesis, a new and low-cost antenna

and array are proposed in the following. These structures offer high inter-port isolation

and this can be useful for future wireless networks and RF-IBFD systems. The design

process is outlined in the following sections.

By the inclusion of simple antenna excitation approaches for improved bandwidths,

double-differential feeding, and by adopting different isolation techniques not explored

previously in the literature for FD antennas, the problem of SI can be further alleviated

whilst offering an advancement from previous studies. For example, isolation values in

excess of 60 dB are observed for a corresponding 10% impedance bandwidth for the

developed antenna (see Fig. 3.31). To explore the design attributes and to report these

findings, a few prototypes are simulated and measured. In addition, a new and compact
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slot-line coupler with high phase and magnitude stability is also developed (see Section

3.8.3) for improved IBFD antenna and system performances.

3.10.1 Antenna Design, Simulations, and General Considerations for the Single-element

The proposed IBFD antenna consists of four H-shaped slots connected to 50-Ω mi-

crostrip lines and two parasitic patch antennas placed on top of the slot arrangement (see

Figs. 4.2 and 3.6(a)) for improved bandwidth. Initially two Rat-Race couplers, as in Fig.

3.6(b), were included for the simulated antenna feeding system and the elevated patches

were positioned with no mechanical fixtures. Then foam spacers and nylon screws were

included defining the first and second prototypes, respectively. The antenna design di-

mensions can be seen in Fig. 3.7 and Table 3.1 for the structure using foam with sim-

ulations and measurements in Figs. 3.8 to 3.12. A photo of the second prototype using

nylon screws is also shown in Fig. 3.13. Both the foam spacer and the nylon screw-

based designs are compared to understand the benefits of the different structures as well

as to outline the design evolution to a final single-element which can offer significantly

better IBFD antenna operation when compared to other structures as found in the litera-

ture. See Tables 3.2 and 3.3 where results are compared in terms of bandwidth, isolation,

cross-polarization levels, and manufacturing simplicity.

To reduce leakage effects and improve the isolation, the H-shaped slots in both de-

signs were surrounded by a network of metalized vias (see Fig. 3.13) with a diameter and

periodicity of 2 mm and 3.3 mm, respectively. The antenna PCB design design material

was FR-4 (see Fig. 4.2, for stacked patch # 1 and # 2) with a relative permittivity of

4.6 and thickness of 1.6 mm. The H-shaped slots serve as an excitation mechanism for

the top radiating patches [89] with square dimensions of 48.3 mm for the bottom patch

and 42.5 mm for the top patch. This multilayer configuration can increase the bandwidth

of the antenna system. The overall dimensions of the system are 150 mm by 150 mm

(which corresponds to 1.13λ0 by 1.13λ0 at the lowest operating frequency of 2.25 GHz,

where λ0 is the free-space wavelength). The choice of the relatively large ground plane

size increases the antenna gain whilst reducing the sidelobe levels (SLLs) caused by any

parasitic radiation from the the H-shaped slots.

Table 3.1: Antenna dimensions as outlined in Fig. 4.2 (all values in millimeters)
a b c d e f g h i j k l m n o p q
16 2 19 1.3 4.3 0.2 14.6 150 42.5 51.7 150 58.3 33.3 14.6 3.1 4.2 9.4
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Figure 3.6: Bottom view of the feed system and coupler layout. a) Bottom view: 50-Ω
microstrip lines are printed on the bottom to feed the H-shaped slots which are isolated
using vias. b) Rat-Race coupler: Coupler Port 1 is the input port to the antenna and feed-
ing network and system, Coupler Ports 2 and 4 are connected using external cables to
Antenna Ports 1 and 2 to provide a 180◦ phase shift; i.e. differential feeding while Cou-
pler Port 3 is terminated with a 50-Ω load. A second coupler and analogous connections
are required for Antenna Ports 3 and 4.

Figure 3.7: Fabricated antenna design considering foam spacers (see dimensions in Table
3.1): (a) top view: four H-shaped slots with embedded vias. (b) Top view: loaded par-
asitic patches on top of the four H-shaped slots. (c) Bottom view: four 50 Ω lines with
connectors. (d) Side view: two parasitic patches and the foam placed in between.

As a first step in the feeding system design a basic microstrip-based hybrid coupler

was employed (see Fig. 3.6). This enables double-differential external feeding mak-

ing the feeding network for the single-element consist of two simple Rat-Race couplers.

These couplers were designed and manufactured using a Taconic TLY-5A substrate which

has a relative permittivity of approximately 2.2 and a thickness of 1.6 mm. With this ex-

ternal feeding approach, the two driven Antenna Ports (1 and 2, or 3 and 4, see Figs. 4.2

and 3.6) will have a 180◦ phase shift. This antenna and feed configuration can provide

two orthogonal linear polarizations with a main beam radiating at broadside. For exam-

ple, by driving Antenna Ports 1 and 2, the generated far-fields in the x-z plane will be
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linearly polarized. Similarly, by exciting antenna ports 3 and 4, the dominant fields in the

y-z plane will also be linearly polarized. Moreover, when the two couplers have perfect

phase balance and the same amplitude; i.e. minimal magnitude imbalance, the inter-port

leakage of the transmitted and the received signal can be minimized.

The antenna and hybrid couplers were designed and simulated in the commercial

full-wave simulator CST microwave studio. Since the antenna ports will be driven si-

multaneously, the proposed structure was initially optimized and analyzed using active

F-parameters (i.e active S-parameters), with the applied 0◦ and 180◦ shifts and without

the external hybrid coupler system. Simulations suggest that the antenna is well matched

between about 2.2 GHz to 2.46 GHz where the reflection coefficient is below -10 dB.

Also, the corresponding port isolation is below 60 dB in this frequency range (see Fig.

3.8). This defines an operating bandwidth of about 10%. The simulated maximum real-

ized gain can be observed at 2.3 GHz in Fig. 3.8 with a value of 7.8 dBi. Also, the anten-

nas and couplers were simulated independently which allowed us to use the S-parameter

combination tool in CST. Isolation values of more than 70 dB over the operating fre-

quency range of the antenna and coupler system can be observed (see Fig. 3.9).

Figure 3.8: Simulated antenna F-parameters from CST considering 0◦ and 180◦ phase
shifts applied to Antenna Ports 1 and 2, respectively (see Figs. 4.2 and 3.6). Similar
results are observed when applying analogous feeding to Antenna Ports 3 and 4, but with
an opposite polarization for the radiated far-fields. Realized gain values approach 8 dBi
(see right axis).
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Figure 3.9: Simulated ideal antenna (air spacing for the patches whilst considering dielec-
tric substrate losses, and ideal connections; i.e. no physical cable connections) response
with the external coupler system (see Fig. 3.6). Antenna Ports 1 and 2 where connected
to Ports 2 and 4 of Coupler 1. Likewise Antenna Ports 3 and 4 where connected to Ports
2 and 4 of Coupler 2. The |S11| is the port reflection coefficient at Port 1 of Coupler 1
(analogous results were observed for Coupler 2). The plotted |S21| is the coupling be-
tween Coupler 1 and Coupler 2 (connected to Port 1 for both). Port 3 of both couplers
are loaded with 50-Ω.

3.10.2 Single-element Fabrication and System Measurements

The proposed prototype IBFD antenna and couplers were manufactured and mea-

sured. A photograph of the antenna prototype with foam spacers and nylon screws can

be seen in Figs. 3.7 and 3.13, respectively. The S-parameter measurements were done

using Keysight PNAs N5225A and 5234A. The antenna was loaded with the elevated

patches. Ideally the H-shaped slots and the patches would by spaced apart by air layers.

For implementation of the first prototype, Laird Eccostock PP-4 type foam with a relative

permittivity of 1.06 was used as a spacer between the patches and the H-shaped slots.

To verify the beam pattern performance in the far-field, the antenna measurement

system DAMS 7100 Diamond Engineering was used in the anechoic chamber at Heriot-

Watt University. As a reference antenna, a Flann Horn (type 08240) was employed. The

simulated and measured beam patterns can be observed in Fig. 3.10 while the antenna

gain (measured in both receive and transmit modes) is reported in Fig. 3.11. It should be

mentioned that the maximum measured realized gain was 7.3 dBi at 2.3 GHz, which is

70



Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

slightly less than what was simulated by about 0.5 dBi. Measured realized gain from ports

one and two, and three and four, are similar since the antenna is fully symmetrical. How-

ever, in receive mode, the measured gain was slightly lower. These minor discrepancies

could be related to measurement tolerances or interactions with the antenna positioner.

Regardless, the normalized beam patterns for the operating frequencies can be seen in

Fig. 3.10 which match the simulations. Measured cross-polarization levels are more than

20 dB from the main beam maximum at the broadside.

Subsequent simulations which took into account the foam materials, some possible

misalignments, and other fabrication tolerances showed that the frequency was shifted by

about 50 MHz which better matched the S-parameter measurements (see Fig. 3.12). Due

to these practicalities, the inter-port isolation was reduced by about 5 to 10 dB over the

frequency range of interest. To circumvent this practical design challenge and improve

the isolation, the second antenna prototype was optimized and manufactured using nylon

screws with extended substrate layers for the top patches. This helped to improve the

alignment and positioning of the various layers (see Fig. 3.13). The antenna F-parameters

were simulated to validate the coupling of these approaches as reported in Fig. 3.14. From

the simulations, it was observed that when the foam is used as the separation between

elements, more energy leaks threw the foam to the H-shaped slots. Moreover, it is also

required to be glued which introduces further manufacturing complications. Vias could

help to reduce parasitic leakage caused by substrate and improve isolation levels. It can

be observed that the antenna with the nylon screws and vias provided the best isolation

suggesting structure fabrication and further testing for this design.

During the measurements of these antenna systems, it was also observed that the

phase-matched cables and port connectors (which were made consistent for all antennas),

introduced additional phase imbalances, which likely resulted in reduced isolation levels

between the antenna ports. The full system S-parameter simulations and measurements

including the cables, the couplers, and the antenna for the foam prototype are presented

in Fig. 3.12 with results for both structures in Table 3.2. In these measurements, two

short low-loss (phase-matched) cables were used. It is important to note that due to the

long 50-Ω microstrip feeding lines, coaxial cables were required to feed the signals to

the coupler ports. These additional cable lengths and the required connector ports, which

is not possible to avoid with the external couplers, introduced some practical phase and

magnitude imbalances and reduced port-to-port isolation.
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Figure 3.10: Simulated (dashed lines) and measured (solid lines) normalized beam pat-
terns at the operating frequencies for the antenna as in Fig. 3.7. The beam patterns are in
agreement with the cross-polarization levels which are below 20 dB at boresight.

Figure 3.11: Simulated (black line) and measured (red/green dots) realized gains for the
antenna system considering foam spacers (see Fig. 3.7). It should be noted that the
single-element was measured in both transmit and receive mode.
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Figure 3.12: Simulated (dashed lines) and measured (solid lines) S-parameters of the
antenna with the couplers and cables (foam spacer design, Fig. 3.7). In particular, the
S-parameter combination tool in CST was employed which included simulation and mea-
surement results of the couplers, the phase matched cables, and the four-port antenna.
This provided the combined simulation and measurements of the final two-port antenna
system.

Table 3.2: Prototype Comparisons Considering the Cables and Couplers
Developed Measured / Frequency Percentage Corresponding
Prototype Simulated Range Bandwidth Isolation Range

Foam Spacer Simulated 2.15 to 2.34 GHz 10% 45 to 49 dB

Foam spacer Measured 2.15 to 2.35 GHz 9% 48 to 49 dB

Nylon Screws Simulated 2.25 to 2.45 GHz 10% 60 to 70 dB

Nylon Screws Measured 2.14 to 2.42 GHz 11% 48 to 60 dB

It is also important to note that at low frequencies the environmental noise could

also be problematic (even in a fully enclosed anechoic chamber) when trying to achieve

low isolation responses which are inline with the simulations (all results not reported for

brevity). Regardless, from the simulations and measurements, the antenna with nylon

screws provided a similar response, but with improved isolation as outlined in Table 3.2.

For example, the measured isolation range, when the antennas are matched (i.e. the

external port reflection coefficients are -10 dB or less), is higher than 49 dB and 60 dB

for the antenna prototype with foam spacers and nylon screws, respectively.

73



Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Figure 3.13: Exploded view of the antenna prototype design (using nylon screws).

Overall, the prototypes show that the measurements and simulations are in agreement

when all the cables and couplers where taken into consideration. Some comparisons to

other types of IFBD antennas are presented in Table 3.3, were it can be observed that

the single-element can provide some benefits over the existing FD antennas in terms of

simplicity and low-cost manufacturing, while maintaining a better operating bandwidth

whilst providing high levels of isolation.

3.10.3 Slot-line Coupler for Phase Stability and Improved Full-duplex Antenna Oper-

ation

During the design work as outlined in the previous section, it was realized that antenna

operation could be improved when required for FD systems. One such improvement

could be the integration of a slot-line based coupler to replace the Rat-race coupler. This

is because it is generally well known that microstrip transmission lines are dispersive

and that Rat-Race couplers can be relatively narrow band. On the other hand, slot-based

structures are less dispersive [65]. The inclusion of a slot-based coupler would reduce
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Figure 3.14: Simulated F-parameter coupling of the antenna designs considering different
isolation techniques (see legend) and common design features. In these simulations no
external feeding systems were considered.

the phase imbalances introduced to the antenna by the feeding network. Such imbalances

can be seen in Fig. 3.10 where the beam pattern measurements are slightly squinted and

the cross-polarization is higher than simulated.

To improve these results, a slot-based coupler was designed using transmission line

meandering for compactness (see Fig. 3.15). From the simulations of the designed slot-

line coupler, the phase imbalance is less that 0.5◦ while the magnitude imbalance is less

than 0.2 dB (see Fig. 3.16). In the case of Rat-Race couplers, and thus for the antenna

design reported in the previous section, it can be observed that the coupler is narrow-band

and can only deliver stable operation at the center frequency (see Fig. 3.16). Moreover,

it can be seen that the magnitude imbalances can reach as high as 1 dB while phase

imbalances reach higher than 5◦. As described in the following sections, the proposed

slot-line based couplers can also be used to improve the phase and magnitude responses

as applied to the antenna in transmit and receive mode.

Slot-line Coupler Design Approach using Meandering

One of the earliest slot-line based coupler designs can be found in [94] where magic-T

slot-line based stubs were used to control the even and odd modes of operation. Addition-
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ally, the structure consisted of coplanar waveguide (CPW) connections and a hybrid-like

ring. Using this approach the authors were able to achieve wideband operation from 2.4

to 6 GHz with maximum phase imbalances of 2.5◦ and a magnitude imbalance of 0.4 dB.

Another similar example of such a coupler, but based on microstrip technology can be

seen in [52] where a similar magic-T like structure was presented. The placement of the

slots above the feeding line provided a stable power split. The authors claimed that by

carefully balancing the impedances of the system, by using open stubs and stepped cir-

cular rings, the currents can be exploited to enable good operation of the hybrid coupler.

The designed structure was able to achieve an almost 80% bandwidth (center frequency

of 10 GHz) with maximum magnitude imbalances of 0.25 dB and phase imbalances of

1◦. It should also be mentioned that generally slot-line based couplers operate and have

better performance at higher frequencies [65].

Advancing on these works we designed a new slot-line / microstrip-based coupler

to operate with a 2.3 GHz center frequency. Meandering of the transmission lines was

applied for compactness (see Fig. 3.15). Also, the initial size of the non-meandered

coupler was a = 0.38 λ0 by b = 0.5 λ0 (considering lambda at the center frequency of 2.3

GHz). This was reduced to c = 0.17 λ0 by d = 0.26 λ0 (see Fig. 3.17) for the meandered

structure which was fabricated and measured as reported in Figs. 3.18 to 3.20.

Figure 3.15: Top and bottom view of the proposed slot-line meandered hybrid coupler.
It should be noted that the coupler can operate as a 0◦ divider when port 4 is driven.
However, when port 1 is excited, a 180◦ phase difference can be observed at ports 2 and
3.

Coupler Performance and Antenna Results

The meandered coupler was designed using CST microwave studio. The reflections for

all ports are minimal at port 1 which is matched from 1.9 to 2.6 GHz, and at port 4 which
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Figure 3.16: Simulated phase and magnitude imbalances (active ports for a 180◦ phase
shift) of the hybrid couplers: Rat-Race type (considered for the single-element antenna,
Fig. 3.6) as well as the non-meandered and the proposed compact, meandered slot-line
type (see Fig. 3.17). It can be seen that the slot-line coupler has less than a 0.5◦ phase
imbalance and a 0.2 dB magnitude imbalance.

Figure 3.17: Size comparison between the meandered and non-meandered couplers. It
can be seen that the size is almost three times smaller for the meandered version.

is matched from 2.1 GHz to 3 GHz (see Figs. 3.19 and 3.20). The highest magnitude and

phase imbalances are around 0.1 dB and 1◦, respectively. The isolation between ports 1

and 4 is well below 40 dB. The hybrid coupler was compared to existing devices in the lit-

erature (see Table 3.4) and it can be observed that the developed coupler offers improved
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compactness, port isolation, and operating bandwidths. These features are important for

low-cost, FD antenna systems.

The slot-line coupler was manufactured and measured for the 0◦ and 180◦ division

input modes (see Fig. 3.18). For an input into port 1, the coupler divides the signal

with the phase shifts of 0◦ and 180◦, while for input into coupler port 4, an equal phase

output can be generated. Simulations and measurements are in good agreement. Port 1 is

matched from 1.9 to 2.6 GHz while port 4 is matched from 2.1 GHz to 3 GHz (see Figs.

3.19 and 3.20). The isolation between ports is also below 40 dB.

The antenna with the foam spacers was simulated considering the phase shifts due to

the slot-line and Rat-Race couplers. Results show that the beam tilt and cross-polarization

values are improved due to the slot-line coupler (see Table 3.5). For example, un-

wanted beam squints can be observed with the Rat-Race coupler, while improved cross-

polarization levels are observed with the slot-line coupler for all cases. Also, when two of

these compact, slot-line couplers were used to feed the antenna with nylon screws, mea-

sured isolation values were about 50 dB (or better) as shown in Fig. 3.21. These results

demonstrate a clear advantage when using the slot-line couplers in terms of enabling no

beam squint over frequency and generally providing lower cross-polarization levels as

well as sustained isolation for the practical antenna.

3.10.4 Conclusion and Achievements

In this thesis part a new IBFD dual-polarized antenna element was presented for S-

band applications. Two different single-element prototypes based on foam spacers and

nylon screws were discussed and the presented designs offer improvements in terms of

isolation and bandwidth when compared to similar structures previously reported (see

Table 3.3). Two simple external hybrid-couplers were manufactured and used with the

combined antenna system. The measured single element isolation was around 45 dB

for the foam spacer and approached 70 dB for the nylon screw system complimenting

the design approach. Most notably, a meandered slot-line based coupler to reduce the

magnitude and phase imbalances feeding the antenna was also demonstrated, and this

coupler offers better performances when compared to other structures in the literature in

terms of bandwidth, isolation, and reduced coupler imbalances (see Table 3.4).

The antenna isolation might be improved by considering a larger ground plane, mainly

to increase gain and reduce any leakage currents and unwanted coupling to the feeding
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Figure 3.18: Top and bottom view of the manufactured slot-line meandered hybrid cou-
pler. Coupler port 1 provides a differential phase shift at the output, while port 4 provides
an equal phase shift. Final dimensions of the coupler are defined in millimeters.

system and network analyzer. Basically, an increase in ground plane size might improve

practical isolation levels, however, the aim was to achieve a compact structure that is
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Figure 3.19: Simulated (dashed lines) and measured (sold lines) coupler response con-
sidering Port 1 as the input which provides a differential phase output.

Figure 3.20: Simulated (dashed lines) and measured (sold lines) coupler response con-
sidering Port 4 as the input which provides an equal phase output.

competitive in size when compared to other FD antenna systems as found in the litera-

ture. Improved operating bandwidths for the antenna might also be possible with a third

patch layer, however, misalignment could be a practical issue for the multi-layer design.

Additionally, the developed differential feed circuits could be integrated within the pro-

posed antenna system to avoid the need for external cables. This attractive solution for

future work would hopefully minimize any phase imbalances introduced by the many

82



Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Table 3.5: Antenna (foam prototype) and coupler response comparison
Coupler Beam Frequency Cross-pol. below

Type Position Beam Max

Rat-Race -1◦ 2.1 GHz <-34 dB
Slot-line 0◦ 2.1 GHz <-37 dB

Rat-Race 0◦ 2.2 GHz <-27 dB
Slot-line 0◦ 2.2 GHz <-32 dB

Rat-Race 1◦ 2.3 GHz <-25 dB
Slot-line 0◦ 2.3 GHz <-27 dB

Figure 3.21: Simulated (dashed lines) and measured (solid lines) S-parameters of the an-
tenna (nylon screws prototype, Fig. 3.13) with the newly proposed slot-line coupler (Fig.
3.18). Simulations are inline with the measurements which used the same experimental
setup as outlined for Fig. 3.12.

required mechanical cable connections. Ideally, this effort for complete feed circuit inte-

gration when considering the developed differential couplers required for FD operation

would also improve the practical inter-port isolation levels.
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3.11 Dual-Polarized Antenna With Dual-Differential Integrated Feeding for Wide-

band Full-Duplex Systems

Following the need for simple feeding approaches and low-cost systems, this part of

the thesis proposes an integrated feeding design (see Fig. 3.22, 3.23 and 3.24) with only

two dividers within the same antenna system, and no external couplers, which can offer

broadband operation while also employing elevated patches. As outlined in Section II,

this design approach can simplify the feeding and reduce the number of required cables,

while also, eliminating the requirement of external Rat-race couplers or other hybrids

(where one port is typically not used and loaded with 50-Ω). Previously, some more

narrowband IBFD antennas used two external hybrid couplers [71], [72] and connecting

phase-matched cables were required making the system cumbersome, bulky, and involved

to measure mainly due to the external feeding requirements.

In comparison to existing FD antennas and supporting circuit systems as found in the

literature the new two-port single-element antenna offers high isolation levels, employs

two slot-based internal power dividers for simple double-differential feeding, requires no

external cables for antenna operation (i.e cable-less feeding) while also provides a wide-

band response and low magnitude and phase imbalances for the circuit feeding system.

This dual-differential feeding approach is further outlined in Section 3.9.2 while antenna

system simulations and measurements are reported in Section 3.9.3. In addition, by ad-

vancing on this single-element design and the need for higher BW communications and

FD beam steering, an extension to 4×1 array is presented in Section 3.11. Some brief

conclusions follow in Section 3.12.

3.11.1 Single-element Design

The IBFD antenna with the proposed integrated feeding network consists of four H-

shaped slots connected to two power dividers, and two patch antennas placed on top of the

slot arrangement. The antenna design dimensions are outlined in Fig. 3.23 and Table 3.8.

In particular, the feeding system consists of two slot-line dividers and strut-like vertical

connectors for simple manufacturing and assembly. The optimized dimensions for the

patch layers and the ground plane are outlined by a through d (see Table 3.8), while the

parameters for the H-shaped slots are as follows: e = 0.2 mm, f = 14.6 mm, g = 19 mm,

h = 4 mm and the distance between the opposite elements is i = 20.7 mm.
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Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Table 3.7: Circuit Feeding Performances (Planar) for Some of the FD Antennas in Table
3.6 Reference Frequency 1Impedance Phase Mag. Numbers of Numbers of

Range BW (-10 dB) Imbalance Imbalance Power Dividers Hybrid Couplers

[71] 2.2 to 2.7 GHz 20% <5◦ <0.5 dB 0 2
[98] 1.8 to 3 GHz 50% <35◦ <0.5 dB 1 0
[72] 2.2 to 2.7 GHz 20% <5◦ <0.5 dB 0 1
[73] 3.5 to 6.5 GHz 60% <1◦ <0.4 dB 0 1
[86] 1.15 to 1.65 GHz 35% <5◦ <0.5 dB - -
[88] 2.2 to 2.7 GHz 20% <2◦ <1.5 dB 0 6

Proposed Antenna 1.85 to 2.8 GHz 40% <1◦ <0.1 dB 2 0
Proposed Array 1.85 to 2.8 GHz 40% <1◦ <0.1 dB 8 0

1The -10 dB impedance bandwidth (BW) refers to the percentage frequency BW for which all ports of the feed system offer a -10 dB reflection coefficient (or better).

The PCB design material for the patches was FR-4 (see Fig. 3.22, stacked patch #

1 and # 2) with a relative permittivity of 4.6 and thickness of 1.6 mm. The H-shaped

slots serve as an excitation mechanism for the top square patches with the dimensions

of b = 48.3 mm for the bottom patch and a = 42.5 mm for the top patch. Other slot-

feeding configurations are possible (such as the conventional aperture coupled slot with

a length of λ /2 in the ground plane and with microstrip feeding), but the H-shaped slot

can support wideband antenna operation whilst being compact [99, 100]. The optimized

distances between patches # 1 and # 2 are t = 9.36 mm, and, defined by s (= 4.16 mm), for

the separation between patch # 1 and the H-shaped slots. This multilayer configuration

can increase the BW of the antenna system. A single parasitic patch configuration is

also possible, but this was shown to reduce the operating BW for the antenna design (all

results were not reported for brevity).

The overall dimension of the proposed mutli-layer antenna system with four H-shaped

slots and two stacked parasitic patches (see Figs. 3.22 and 3.23) is c = 240 mm by d =

240 mm (which corresponds to 1.8 by 1.8 λ0 at the lowest operating frequency of 2.25

GHz). The distance between the H-shaped layer and the feeding layer is u = 24 mm. The

relatively large and extended ground plane increases the antenna gain whilst reducing the

side lobe levels caused by any parasitic radiation from the H-shaped slots. The antenna

dimensions including the feeding PCB are compiled in Tables 3.8 and 3.9.

Table 3.8: Antenna dimensions as Illustrated in Fig. 3.23 (all values in millimeters)
a b c d e f g h i j k l m n p q r s t u
42.5 48.3 240 240 0.2 14.6 19 4 20.7 2.3 98.3 66.3 21.35 11 3.1 69.5 45 4.16 9.36 24

3.11.2 Antenna Feeding Network

The double-differential integrated feeding network for the antenna consists of two

slot-line power dividers. They are designed using compact transmission line meandering
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Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Figure 3.22: Antenna design exploded view: 2-port dual-linearly polarized antenna sys-
tem with H-shaped slots and two parasitic square patch elements on top to increase BW.
Bottom differential feeding network consisting of two dividers for 0◦ and 180◦ and this
signal division circuit is made compact by meandering. Also, vertical strut-like transmis-
sion lines connect the multi-layer antenna.

considering a Rogers 3003c substrate which has a relative permittivity of 3 and thickness

of 0.76 mm. Using this feeding approach the divider provides dual-differential feeding

to the H-shaped slots with a signal shift of 0◦ and 180◦. With this feeding network, two

orthogonal linear polarizations are possible for the antenna. For example, by driving

Port 1, the generated far-fields in the x-z plane will be linearly polarized (see Fig. 3.22).

Similarly, by exciting Port 2, the dominant fields in the y-z plane will also be linearly

polarized. When two dividers have perfect phase balance and the same amplitude, the
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Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Figure 3.23: Antenna design overview. (a) Top view: loaded parasitic patches on top of
the H-shaped slots, (b) Top view: four H-shaped slots, (c) Bottom view of the H-shaped
board where strut-like connections are positioned for connectivity to the other layers, (d)
Top view: feeding system on the second substrate, (e) Side view: strut-like structure
connections to the H-shaped slots, (f) Bottom view of the lower substrate; i.e. T-shaped
slots of the compact slot-line divider. The dimensions of the antenna and feeding elements
can be seen in Table 3.8.

inter-port leakage of the transmitted and the received signals can be canceled. Thus, the

employed slot-line based divider can be utilized for phase and magnitude stability.

The proposed slot-line power divider was designed and simulated in the commercial

full-wave simulator CST microwave studio. The design of the divider can be seen in

Fig. 3.24. From the simulations it can be observed that port 1 is well matched from

1.8 to 2.8 GHz with values below -10 dB with a center frequency at 2.28 GHz (see Fig.

3.25). Due to the employed symmetry, ports 2 and 3 can provide an equal power split

ratio with values of -3.5 dB. However, it should be mentioned that ports 2 and 3 are

not well matched to 50-Ω and only reach -6 dB (for when 0◦ phase shifts are applied to

both ports). At first glance, it may seem that ports 2 and 3 are not well matched over

frequency. However, both ports need to be analyzed together; i.e. ports 2 and 3 operate

simultaneously. For this, the divider is required to be analyzed using active S-parameters

(or active F-parameters in the CST). In particular, by applying signals to ports 2 and 3

with 0◦ and 180◦ phase offsets, the matching is improved and the active F-parameter is

below -10 dB over the entire simulated range from about 1.8 GHz to 2.7 GHz. These

results suggest that this divider is suitable for the proposed antenna system when port 1

of the slot-line divider circuit (see Fig. 3.24) is used as the transmitting port.

It should also be noted that in comparison to the conventional Rat-race hybrid coupler,

the slot-line power divider magnitude and phase imbalance is much lower. The compar-

ison between a Rat-race coupler with a center frequency of 2.3 GHz and the proposed

slot-line divider as well as a Wilkinson power divider (and delay line as in [98]) can can
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Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Figure 3.24: Top and bottom view for the proposed slot-line divider for the antenna
feeding in Fig. 3.22. The slot-line divider dimensions are outlined in Table 3.9.

be seen in Fig. 3.26. The stability of the developed slot-line power divider is wideband

over frequency, while the conventional Rat-race coupler and Wilkinson power divider

can only provide stability at the center frequency. The full dimensions of the developed

slot-type divider are also outlined in Table 3.9.

Table 3.9: Slot-line divider dimensions as Illustrated in Fig. 3.24
(all values in millimeters)

v w x y z a1 b1 c1
22 2.5 1.5 8 1.07 1 1.37 0.76

3.11.3 Integration of the Antenna with the Feeding System & Results

The dividers were further integrated with the single antenna unit as depicted in Fig.

3.22. It should be mentioned that the integration of both dividers provides simplicity

in the feeding system for the multi-layer antenna where only two ports are employed.

Also, external couplers are not required. More importantly, this feeding system does not

require additional cable connections between the elements whilst employing the strut-

like connections. In comparison to more conventional feeding approaches [71, 72, 88],

practical (and unavoidable) cable bending and twisting, as well as the cable connections

themselves, could introduce additional phase and magnitude imbalances when external

hybrid couplers are needed. This could introduce unwanted main beam tilting issues in
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Figure 3.25: Simulated S-parameters of the slot-line divider proposed in Fig. 3.24. Port
1 provides a differential phase shift of 180◦ between ports 2 and ports 3. When analyzing
such a structure, ports 2 and 3 operate considering a differential single shift. Therefore,
S22 and S33 are only matched below -5 dB when studying conventional S-parameters.
However, when the differential mode is properly considered (or active ports F22 + F33;
i.e. when a differential phase is applied at ports 2 and 3) the active matching is well below
-10 dB.

the far-field whilst reducing cross-polarization performances. Additionally, the employed

slot-line coupler maintains stable magnitude and phase imbalances when compared to the

conventional Rat-race couplers (see Fig. 3.26). Moreover, 50-Ω load terminations at the

unused ports are not required as in [71, 72, 88].

The final antenna design was optimized in CST microwave studio (see results in Fig

3.27). The antenna is well matched with a simulated -10 dB impedance BW from 2.25

GHz to 2.48 GHz. Due to the employed feeding system, the matching is non-symmetrical,

but still offers a significant impedance matching BW which is above 10%. The minimum

simulated coupling (S21) is around 2.23 GHz with a value of -54 dB and maximum

coupling occurs at 2.42 GHz with the value of -48 dB.

The simulated beam patterns for the Phi = 0◦ and Phi = 90◦ planes are presented in

Figs. 3.29 and 3.30 for ports 1 and 2, respectively. As expected, the antenna is radiating

at broadside with cross-polarization values well below 30 dB from the main beam maxi-

mum. Maximum realized gain for both ports is 7.8 dBi with port 1 having slightly higher

values by about 0.2 dBi at 2.25 GHz (see Fig. 3.27).

Based on these findings, the proposed IBFD antenna with an integrated feeding sys-

tem was manufactured and measured. The strut-like connections; i.e. the vertical trans-
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Figure 3.26: Simulated phase and magnitude imbalance comparison: Wilkinson power
divider with delay line (as in [98]), conventional Rat-race hybrid coupler, and slot-line
divider (see inset). It can be seen that the slot-line divider offers a 0.5◦ phase imbalance
or less from 1.8 to 2.5 GHz and can approach 1.2◦ at 3 GHz (which is out of band of the
antenna). Also, maximum magnitude imbalances are around 0.1 dB or less.

mission lines were realized using [101] from Cinch Connectivity while the transitions to

microstrip were done using [102] from Amphenol. A photograph of the assembled unit

can be seen in Fig. 3.28. Nylon screws were used to enhance the stability of the struc-

ture, provide spacing between the elements, while also reducing any interference between

PCBs.

The S-parameter measurements were completed using Keysight PNAs N5225A and

5234A at the Heriot-Watt University Microwave Lab. From the measurements of the S-

parameters (see Fig. 3.27) it can be observed that the coupling, S21, between ports is

below -45 dB which is slightly higher than expected when compared to the simulations.

The antenna ports are also well matched from 2.25 to 2.49 GHz with values below -10

dB. The slight discrepancy in the isolation is most likely related to a small alignment of

the patches on top from the H-shaped structure. It can also be observed that the matching

for both ports is not exactly the same. This is related to a needed and minor asymmetry

in the feed system (see Fig. 3.23(d)) and the fact that vertical strut like connections were

employed. Also, due to the minor back radiation from the H-shaped slots, the feedline

PCB (see Fig. 3.22) is required to be positioned away from the H-shaped slot PCB
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Figure 3.27: Simulated (dash line) and measured (solid line) S-parameters of the pro-
posed integrated antenna design. The antenna is well matched from 2.25 to 2.48 GHz
(-10 dB BW) while the coupling values are below -50 dB over this BW. The simulated
(solid line) and measured (dots) realized gains of the antenna demonstrate a maximum of
7.8 dBi.

Figure 3.28: Manufactured and assembled antenna prototype. The antenna design
overview can be seen in Figs. 3.22 and 3.23 with full dimensions in the Table 3.8.

layer by the distance u (see Table 3.8). Many optimizations in CST were carried out,

however, because of the above noted design requirements, it was challenging to make the
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reflection coefficients for each port exactly the same as observed in the simulations and

measurements while also achieving high levels of isolation.

Figure 3.29: Simulated (dashed line) and measured (solid line) normalized beam patterns
for port 1 at the operating frequencies for the antenna. The cross-polarization levels are
below 25 dB at broadside.

The DAMS 7100 Diamond Engineering system was used for beam pattern measure-

ments. The reference horn antenna (Flann Horn Antenna Type 08240) was employed. In

Figs. 3.29 and 3.30 it can be observed that the simulated and measured beam patterns are

in agreement. However, the cross-polarization values are higher than expected by about

5 to 10 dB depending on the frequency. This is most likely related to some interactions
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Figure 3.30: Simulated (dashed line) and measured (solid line) normalized beam patterns
for port 2 at the operating frequencies for the antenna. The cross-polarization levels are
below 20 dB at broadside.

with the metallic and plastic parts of the antenna positioner.

To compare the developed IBFD single-element with existing antennas and feed sys-

tems found in the literature (see Table 3.6 and 3.7), it can be observed that the proposed is

the only planar antenna system that can offer an improved BW (10%), is fully integrated

with its feed system (and double-differential), while also, offering sustained isolation with

values reaching 60 dB. In addition, the structure does not require external hybrid couplers

or external cables to achieve such isolation levels as in [71, 72, 88]. These comparisons
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suggest that the proposed antenna is suitable for IBFD applications whilst providing a

simple design approach with integrated feeding. Moreover, this feeding system has been

realized with a reduced number of planar circuit elements as well as minimal magnitude

and phase imbalances, and, has been demonstrated over a wide impedance BW.

3.12 Conclusion and Achievements

A dual-linearly polarized antenna with an integrated feeding network, for FD systems

were reported. To summarize, the multilayer antenna consists of four H-shaped slots

connected to two slot-line power dividers and two patch antennas placed on top of the

slot arrangement. The antenna operates from about 2.2 GHz to 2.5 GHz with reflection

coefficients below -10 dB. The maximum realized gain for the transmit and receive ports

was 7.8 dBi, for the single-element, with isolation values approaching 60 dB.

As described, the newly reported designs are the only ones that realize double-differential

feeding, are fully integrated with the antenna systems, provide wideband operation, and

also, achieve the greatest levels of isolation as well as the minimal magnitude and phase

imbalances for the planar feeding system. Most importantly, the antenna system does not

require external hybrid couplers and the many supporting cable connections, etc. which

define the more conventional feeding approach [71,72,88] to achieve similar design goals.

3.13 Full-duplex Antenna Array System Integration

While the antennas were looked at from the point of a single element, beam-steering

FD antennas could be of further interest if tracking is required. This could be tracking

users to provide charging, radar tracking, or other beam-steering systems. Thus, the

proposed full-duplex antennas were configurated into arrays. Particular attention was

given to maintaining the isolation and investigating beam steering characteristics.

The external feeding 2×2 antenna array was considered and investigated with some

results presented in [103]. Based on that design, the antenna would consist of 16 antenna

ports (AP) in total. To further investigate the 2×2 array element coupling, the feed sys-

tem was simulated with a set of 8 hybrid couplers. The combined S-parameters showed

that the cross-coupling between the elements is highest for AP1+AP2 and AP9+AP10

(which relate to antenna elements #1 and #3 indicative of the same polarization) which

was at most -20 dB. However, for the orthogonal polarization, which is important when

95



Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

considering FD operation, coupling between AP1+AP2 and AP7+AP8 (which relate to

antenna elements #1 and #2) approaches -30 dB. Similar responses were observed for the

other antenna elements due to the symmetry of the array. These results suggest that the

antenna is capable of FD beam steering but that additional coupling reduction approaches

might be required depending on the isolation levels needed. The remaining S-parameter

results for all elements are presented in [103].

From these findings and the architecture of the array, it should be identified that such

a beam steering antenna system can be fed in two different ways: 1) as a two-port system

when only two couplers and a set of power dividers are employed, and, 2) as an 8-port

system using 8 couplers to feed each element. Other feeding systems are possible as well.

However, this design makes it not practical and too bulky. The attention was focused on

an easier integrated feeding approach with a simplified antenna array feeding design.

Thus, the focus shifted to a more feasible design with some integrated feeding systems.

Based on the earlier mentioned design considerations, a new integrated feeding IBFD

antenna was proposed in the 4×1 configuration (see Fig. 3.31). The distance between

the radiating elements (patches) is e1 = 84 mm (0.67 λ0 at 2.4 GHz) and the extended

ground plane has a total size of d1 (= 240 mm) by f 1 (= 452 mm). Similarly to the single

element, the antenna array employs 8 integrated differential power dividers realizing an

8-port feeding approach employed on one PCB, where ports 1,2,3,4 represents horizontal

and linearly polarized far-fields and 5,6,7,8 represents vertical and linearly polarized far-

fields, respectively.

The antenna was manufactured and constructed in-house. The antenna matching for

ports 1, 2, 3, 4 of the array can be seen in Fig. 3.32. The antenna is well matched

from 2.25 GHz to 2.45 GHz with the matching below -10 dB. Similar responses were

observed for ports 5, 6, 7, and 8. Similarly to the 2×2, when designing the FD array, it is

important to maintain high port-to-port isolation. From the S-parameter simulations and

measurements in Fig. 3.33 of the co-polar elements which generate the same polarization

(defining connections to ports 1, 2, 3, and 4), the maximum coupling is about -25 dB or

lower (see S12, S13, S14). For the cross-coupling elements (i.e S15, S16, S17, and S18)

the highest coupling is between port 1 to port 4 with a value of -42 dB at 2.25 GHz.

The normalized beam patterns for the array can be seen in Figs. 3.34. The cross-

polarization values are below 30 dB. Similarly to the single element, the antenna is ra-

diating at broadside for equal phase feeding. The side-lobe levels in the Phi = 90◦ plane
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Figure 3.31: Top and bottom view of the proposed 4×1 FD array. The system consists of
4 elements with 2 ports for each element for transmitting and receiving defining 8-ports
in total for the array. Here ports 1, 2, 3, and 4 are related to the horizontal and linearly
polarized far-fields, while ports 5, 6, 7, and 8 define the other polarization.

are 12 dB below the main beam maximum. However, due to the presence of the strut-like

connectors near the antenna elements of P2 and P8 (for example) and the aforementioned

asymmetry in the feeding system for each element as well as the back radiation of the

H-shaped slots, the matching is no longer consistent over frequency. Similarly, this can

also be observed in the simulations of the array when ideal couplers are considered (see

Fig. 3.38). It should also be mentioned that when the array was simulated without the

external feed system and the many strut-like connectors, the maximum realized gain was

about 13 dBi for both polarization states.

Using progressive phase shifts applied to the ports, the simulated antenna array beam

steering capabilities are summarized in Tables 3.10 and 3.11 with beam patterns in Figs.

3.36 (similar responses were observed for orthogonal polarization ports). It can be seen

that the antenna array is capable of beam steering to 32◦ for both ports with side-lobe lev-

els 7 dB below, or better, from the main beam maximum (which is related to the element

spacing of 0.67λ0 at 2.4 GHz). As described previously, ports 1,2,3,4 are for linearly

polarized radiation in the x-z plane, and ports 5,6,7,8 are for the orthogonal polarization.

Basically, for the array, ports 1, 2, 3, 4 (or 5, 6, 7, 8) can work together to excite the

elements and generate the far-field beam patterns which can be steered. When consider-

97



Chapter 3. H-shaped Slot Antennas for In-band Full-duplex Systems

Figure 3.32: Simulated and measured reflection coefficients for ports 1, 2, 3 and 4. The
antenna is well matched from 2.25 to 2.45 GHz. Similar responces were observed for
ports 5, 6, 7 and 8.

Figure 3.33: Simulated and measured coupling response for port 1. The higher coupling
values are related to the same polarization. Thus, the coupling between same polarizaion
ports 1 and 2 is around -25 dB.
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Figure 3.34: Simulated (dash line) and measured (solid lines) normalized beam patterns
for ports 1-4 and ports 5-8 at some frequencies.

ing array feeding with ideal power dividers for the system, the isolation is well above 45

dB which is similar to the single-element (see Fig. 3.38). With those considerations, the

isolation between the orthogonal polarizations is well above 45 dB.

The antenna beam steering characteristics were investigated with measurements for
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Figure 3.35: Simulated (dash line) and measured (solid lines) realized gain of ports 1-4
and ports 5-8.

Table 3.10: Full-duplex Antenna Array Characteristics Considering Different Steered
Beam Positions in the y-z Plane for Ports 1, 2, 3, 4

2.2 GHz 2.3 GHz 2.4 GHz
Applied Beam Max. Realized SLL Cross-pol. below Beam Max. Realized SLL Cross-pol. below Beam Max. Realized SLL Cross-pol. below
Phase Position Gain (dBi) (dB) Beam Max (dB) Position Gain (dBi) (dB) Beam Max (dB) Position Gain (dBi) (dB) Beam Max (dB)

0◦ 0◦ 11 -16.3 -38 0◦ 11.4 -14.7 -31.4 0◦ 11.2 -12.8 -34
30◦ 7◦ 11 -15.3 -30 7◦ 11.4 -14.7 -30 7◦ 11.2 -13.1 -30
60◦ 13◦ 10.5 -12.7 -28 13◦ 11.4 -12.1 -31 13◦ 11.1 -10.5 -27
90◦ 21◦ 10 -11.3 -27.9 21◦ 10.5 -10.7 -31.5 20◦ 10.7 -9.2 -25
120◦ 27◦ 9.4 -11 -29.4 27◦ 10.3 -12.2 -38 27◦ 10.7 -9.7 -20.4
135◦ 29◦ 8.5 -8.9 -25.8 29◦ 9.7 -10.4 -42 30◦ 10.4 -7.7 -24.4

Table 3.11: Full-duplex Antenna Array Characteristics Considering Different Steered
Beam Positions in the y-z Plane for Ports 5, 6, 7, 8

2.2 GHz 2.3 GHz 2.4 GHz
Applied Beam Max. Realized SLL Cross-pol. below Beam Max. Realized SLL Cross-pol. below Beam Max. Realized SLL Cross-pol. below
Phase Position Gain (dBi) (dB) Beam Max (dB) Position Gain (dBi) (dB) Beam Max (dB) Position Gain (dBi) (dB) Beam Max (dB)

0◦ 0◦ 12.3 -13.3 -45.6 0◦ 13.1 -13 -53 0◦ 13 -12.1 -51
30◦ 8◦ 12.3 -12.8 -42.3 8◦ 13.1 -10.9 -45 7◦ 13 -10.9 -50
60◦ 15◦ 12.2 -12.3 -36.2 15◦ 13.1 -10.4 -39 14◦ 12.9 -10.8 -39
90◦ 22◦ 11.8 -11.4 -34 21◦ 13.1 -10.6 -37 21◦ 12.8 -10.8 -36
120◦ 30◦ 10.9 -10 -36 28◦ 12.6 -9.4 -51 27◦ 12 -7.5 -35
135◦ 34◦ 10.45 -7.7 -35.2 32◦ 9.7 -10.4 -49 31◦ 12 -5 -37

ports 1-4 and 5-8. The consecutive phase shifts of 90◦ and 120◦ were chosen with delay

lines attached to the antenna. Measurements for ports 1-4 for frequencies 2.35 and 2.45

GHz are presented. Some higher size beamwidth responses for the 120◦ delay lines are

related to the slight shift by about 4◦ of the delay lines.
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Figure 3.36: Simulated beam steering capabilities at 2.4 GHz whilst driving ports 1, 2,
3, and 4 for the 4×1 array using the considered phase shift definitions as in Table 3.10.
Similar responces were obtained when steered driving ports 5, 6, 7, and 8.

Figure 3.37: Simulated (dash line) and measured (solid lines) beam steering for ports
1-4 of the frequencies of 2.35 GHz and 2.45 GHz using delays lines defined in the inset.
Simular responces were observed for ports 5-8.

3.14 Manufactured Results of the Integrated Feeding 4×1 Array

The proposed multi-layer antenna array structure was manufactured and measured.

The photo of the array in the exploded view can be seen in Fig. 3.31. The antenna was

configured for a dual-polarization setup, in particular, a two-port system measurement

using two 4×1 power dividers connected to every 4 ports on the antenna sides (P1-P4

and P5-P8). The response of the antenna in this configuration can be seen in Fig. 3.38.

The antenna is well matched from 2.2 to 2.45 GHz with reflection coefficients below -10
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dB. The isolation levels vary from 42 to 65 dB over the operational bandwidth. This

response is similar to a single element. The antenna gain beam patterns at frequencies

2.2, 2.3, and 2.4 GHz are close to what was simulated with side lobe levels below -9

dB (see Fig. 3.34). The measured and simulated realized gain can be seen in Fig. 3.37,

showing that P1-P4 gain is higher than P5-P8 by almost 2 dBi. This is related to the fact

that there is slight strut interference, the distance between the elements for polarization

ports P5-P8, and other manufacturing tolerances.

Figure 3.38: Simulated (dash line) and measured (solid lines) S-parameters of the array
configurated into the dual-polarized mode using a set of external 1×4 power dividers.

3.15 Chapter Summary

In this chapter, in-band Full-duplex antennas were proposed and investigated. Those

antennas can be well used in the WiFi S-band and deliver high port-to-port isolation. A

novel meandered slot-line coupler for phase and magnitude stability was also proposed.

The reported multilayer antenna, which was expanded to arrayed configurations for beam

steering, can be considered a good alternative to the other full-duplex single-element

and array systems previously reported in the literature. Good matching and wideband

response will help to relax the isolation layers for full-duplex systems. This foundation

will be helpful in new IBFD antennas and other RF circuitry designs. In the next thesis
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chapter, other antenna systems will be investigated which operate at millimeter-wave

frequencies. These designs are also applicable to 5G/6G systems and the related for FD

communications.
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Chapter 4

Full-duplex Antenna Systems which Operate at Millimeter-wave Fre-

quencies

4.1 Introduction

In this chapter, 5G dual-polarized slot antennas and arrays for Full-duplex systems

will be investigated. The first part will focus on 5G communication systems in this band

and its potential benefits related Internet of Things (IoT) technologies. Additionally, the-

oretical considerations for the proposed prototype such as substrate integrated waveguide

(SIW) and tapering techniques are investigated. Also, some recent works in the mm-wave

frequency range for FD will also be compared against the proposed.

The second part will present developments of a new single-layer dual-polarized slot

antenna with sum and difference beam patterns and high isolation at the ports. Antenna

reconfigurability will also be investigated showing isolation for common and differential

feeding configurations. The antenna was also compared with existing in the literature

review showing design simplicity and phase control via the external coupler. The third

part focuses on the redesign of the antenna and configuration into the 4×1 array for beam

steering scenarios. The array retains a similar sum and difference beam pattern response

and also provides reasonable isolation levels. An external Butler matrix beamformer was

also used to investigate beam-steering capabilities, and up to ±55◦ angles. This can be

used in retro-directive arrays, dual-polarized radar systems, or other user-tracking com-

munication interfaces. In the final part, the achievements of this work will be highlighted

and potential antenna improvements are proposed.

4.2 5G Communications and Full-duplex for Millimeter-wave Frequencies

The microwave and millimeter-wave frequency bands can offer high data capacity

throughputs and Gigabit transmission speeds for modern 5G communications, monopulse

radar tracking systems, and direction of arrival estimation [104–109]. Additionally, 5G

offers lower latencies and high data rates suitable for Internet of things (IoT) devices
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and automotive radar with communications, for example, where information can be an-

alyzed on flight [110, 111]. For these modern and complex scenarios, monopulse and

dual-polarization antennas as well as full-duplex (FD) setups can offer significant ad-

vancements when compared to more standard single-polarization, half-duplex, and sim-

plex versions. This has made polarization-diverse systems and in-band FD antennas a

topic of interest.

5G applications can be useful in many different fields [112] such as in the entertain-

ment sector to the high speed of data transfer. 5G networks are also applicable in cloud

gaming. Games are streamed from the cloud with such 5G connectivity. This can mean

that there is no significant input lag (delay in control) and this is critical for gaming. 5G

is also associated with the smart homes and (IoT) technologies. Today you can find many

devices that connect to the IoT: light bulbs, sockets, locks, speakers, and household ap-

pliances. For everything to work in a single technology ecosystem without delay, you

need a good connection with a high data transfer rate. In the medical sector with the help

of 5G, it is possible to conduct surveys with patients that may be of interest to people.

The doctor will receive all the important information before the tactile connection, as at

present. In transportation systems, 5G can help in the development of smart or unmanned

vehicles. It will be possible to interact with smart roads, traffic lights, parking lots, and

road signs. All data will be transferred and stored in the cloud [113].

However, while 5G is a well-established concept and currently under deployment in

some countries, full-duplex (FD) antennas can offer critical physical layer advancement

when compared to more standard half-duplex and simplex versions, making once again,

antenna design a topic of interest. FD is also a well established concept which can offer

simultaneous signal reception and transmission with applications to both communica-

tions and radar, however, some challenges still remain [104–106,114–117]. For example,

self-interference (SI) is a problem that must be overcome to support further 5G/6G de-

velopment and make FD systems practical. Mitigation techniques for SI by approaches

in the digital domain or by the appropriate signal processing [118], [119], are known, but

there are still outstanding technical challenges.

4.3 Design Considerations for Millimeter-Wave Technologies and Antennas

In the millimeter-wave frequencies (mm) the low-frequency techniques could be chal-

lenging to apply. Particularly, the high manufacturing tolerances, higher cost, and overall
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higher losses could be an issue when designing microwave components at mm-wave fre-

quencies. Such barriers are also seen in the construction of 5G networks. The cost of

equipment and electricity consumption of those devices are high which delays the expan-

sion of the network in the developed countries. Thus, new types of technologies need to

be used to reduce the overall cost and improve manufacturing. Particularly, in the antenna

field, the narrow-band patch antennas can not be well used at mm-wave frequencies. This

would require precise manufacturing as the narrow bandwidth might shift the frequency.

The feeding network such as probe feeding is also not easy to implement such as pockets

of air or small misalignments can be crucial in the antenna design, resulting in the beam

tilting or cross-polarization issues.

In the world of antennas, a new well established technique and technologies in the

mm-wave frequencies could be Substrate Integrated Waveguide (SIW) technology [120].

The SIW waveguides are relatively new microwave components that represent conven-

tional metallic waveguides, but use lower cost substrate materials with metalized via ele-

ments. Other options could be leaky-wave antennas which have wideband response over

frequency [121]. The first such antennas used metal structures [122]. Earlier in the 90s,

these types of antennas were not very popular. The material was very expensive and such

antennas were too complicated. To date, LWAs are experiencing a second birth, which to

a large extent is associated with the use of modern and inexpensive dielectric materials

and appearance of modern calculation capabilities. The modern development of low-cost

basic dielectric materials allows the development of new types of effective LWAs with

very high performance indicators [121]. Finally, the metasurface or metamaterial anten-

nas [123], where the unit-cell acts like artificial layer elements serving to compliment

radiation. Those antennas, similarly to LWAs can use surface waves for feeding and

radiation.

4.4 SIW Waveguide and Taper

A waveguide is an artificial or natural channel capable of supporting waves propagat-

ing along it, whose fields are concentrated inside the channel or in the area adjacent to

it [124], [125]. A post-wall waveguide (also known as an SIW, or a layered waveguide)

is a synthetic rectangular electromagnetic waveguide formed in a dielectric base, tightly

aligning metallized vias or through holes that connect the upper and lower metal base

plates. A waveguide can be easily manufactured with low-cost and mass production us-
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ing methods through a hole, where the postal walls consist of through fences. The SIW, as

is known, has a similar controlled wave and has features similar to a conventional rectan-

gular waveguide with an equivalent controlled wavelength. Also, SIW has low conductor

loss and high power capabilities but potential drawbacks include leakage and dielectric

losses when compared to bulky rectangular waveguides [125]. SIW structures also retain

their benefits as compared to classic waveguides; i.e. high transmit power, low loss, fully

shielded structure, high quality resonators [126]. SIW also acquires the features of planar

structures: small size and weight as well as low production costs [127].

The design of the SIW line is analogous to the rectangular waveguide for TE10 mode

propagation. The design approach consists of choosing dimensions for the pitch (distance

between vias) and diameter of the vias [120], [124]. The first step is to determine the

frequency at which the device will operate and this should be above the cutoff frequency

f c for the waveguide. With this, the major dimensions of the waveguide a and b can be

found. The next step is to calculate the guided wavelength based on the type of material

choice [124]:

λg =
2π√

εr(2π fc)2

c2 − (π

a )
2

(4.1)

where: λ g - guided wavelength, εr - relative permittivity of the material, c - speed of light

it the vacuum.

The design of the SIW line should also be verified by simulations in a commercial

full-wave solver such as CST. For example, these equations do not take into consideration

the possible leakage between the vias, and this can make the SIW lines not function as

expected. Also when manufacturing SIW devices, it is important to consider the possible

errors that can be associated. For example, among the main reasons the occurrence of

inaccuracies is related to the geometric dimensions. This can be related to the size of the

holes, errors in the thickness of the waveguide and the via location. Regardless of these

challenges, the design of SIW and FD antennas was reported in this chapter.

To connect the SIW line it is also important to design a mating to a 50-Ω microstrip

line. This can be made possible using a taper, and this allows connections to coaxial

probes for external measurements. Such a tapering can also connect the microstrip line

part to the SIW line [128], [129]. In practice, good design of the taper consists of a

quarter-wave line and width (for the connection side of the tapper) to be a 50-Ω line

with minimum losses. Typically, the impedance of the SIW line is around 320-Ω. Ta-
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pering also allows for a better impedance matching of the microstrip line to SIW. Also,

microstrip supports a quasi-TEM mode while the dominant mode for SIW is the TE10

mode.

4.5 Slotted Waveguide Antenna Arrays or Series-fed Slot Arrays

Series-fed slot arrays, also called slotted waveguide antenna arrays, are typically made

using some type of waveguide. They have been popular for communication systems or

radar applications due to their high-power capability [22]. These types of antenna arrays

offer some advantages such as high efficiency, low profile, and high gain. To maximize

these parameters it is important to optimize the slot positions and dimensions [130]. This

typically depends on what radiation angle or pattern needs to be achieved. One of the first

implementations was reported in [131]. That work considered every slot module and its

load impedance in the design. Furthermore, an equivalent circuit model was developed

with a focus to analyze the mutual coupling between slot elements. Also, classical array

theory was adopted and implemented based on the array factor for a network of dipole

antenna elements [22].

There are two conventional types of slot antenna arrays. The first being the standing-

wave type [22] which is usually terminated with the wall, while the second is the traveling-

wave type which is usually terminated with a load [132]. The traveling wave implemen-

tation can be used in leaky-wave antenna design and these apertures offer beam scanning

characteristics over frequency, while the standing wave type usually offers broadside ra-

diation.

For the full-duplex communication systems, it would be preferable to use broadside

radiation which makes the standing-wave design preferable (see Fig. 4.1 for a representa-

tion). The first step in the implementation of the array is to design a single slot of length

L which will dictate the operating frequency. The design process for the individual slot

antenna element was discussed earlier in the thesis. The second step is to introduce the

next slot and add offsets in the x- and y-directions to reduce coupling between slots. Typ-

ically, the distance between slots is around λ g/2. Finally, the distance between the wall

and the last slot is usually around λ g/4. The width W can control the leakage rate of the

antenna, while tapering techniques can improve performance such as reducing reflections

at the input port and minimizing side-lobe levels [133], [134]. With the increase in the

number of slots n, the antenna gain increases due to the increased aperture size, and band-
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width narrows [135], [136]. Thus a balance must be considered depending on the design

requirements between bandwidth, gain, array size.

Figure 4.1: Example of slots in a waveguide defining a series-fed slot antenna array: a)
standing-wave slot type due a shorting-wall termination, b) traveling-wave type which is
representative of leaky-wave antennas (no load termination shown in the diagram). Based
on [22] and [132].

4.6 Literature Review

Polarization diversity and FD systems are well established concepts which can sup-

port simultaneous signal reception and transmission by signal orthogonality, however,

some technical challenges still remain [104–106, 114–117]. As previously mentioned,

isolation and self-interference (SI) are problems that must be overcome and mitigation

techniques can include the appropriate signal processing [118], [119]. These are needed

to achieve efficient simultaneous transmission and reception (STAR). One such antenna

using a multi-layer configuration was proposed in [137]. The structure was matched from

27.6 to 29.5 GHz with isolation levels up to 60 dB. In [86] an ultra-wideband antenna with
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monocones and bent loops was proposed. Using an external coupler system, the reported

antenna matching bandwidth (BW) was 98% with isolation over 50 dB. Another Ka-band

design was reported in [138] where a dual-polarized antenna with a lens system was pro-

posed. The antenna consisted of a circulator-based feeding network, a dual-polarized

horn, and a spherical lens. Isolation values were 30 to 50 dB. In [139] a W-band reflec-

tarray was reported with isolation levels of almost 70 dB. Similar to [137], [139] also

employed a multi-layer pillbox transition system for feeding.

4.7 SIW Sub-arrays with Dual-polarized Monopulse Patterns for Full-duplex or Di-

versity Applications

Following these developments, and in this thesis part, a new high isolation slot array

antenna offering dual-polarization, equal and differential feeding, and high isolation for

5G in-band full-duplex (IBFD) applications is presented (see Fig. 4.2). The single-layer

structure consists of series-fed SIW slot arrays oriented in a cross-shaped setup. Also, the

proposed design exploits dual-differential feeding to achieve -10 dB matching from 23.2

GHz to 25.3 GHz and the isolation between activated and passive ports in differential

mode is around 70 dB. In the equal power split mode, it is above 34 dB. For differential

feeding, the maximum simulated realized gain is around 14 dBi while the simulated cross-

polarizations are well below 30 dB or lower from the main beam maximum. With an

equal power split the maximum realized gain is around 13 dBi with the cross-polarization

levels below -20 dB. To the best knowledge of the author, no similar antenna configuration

has been previously reported offering high isolation in the K-band, capable to produce

sum (equal power split) and difference (differential power split) beam patterns, and can

enable high-data-rate transfer for in-band full-duplex systems.

In an effort to provide a new antenna design suitable for 5G communications, FD sys-

tems, radar tracking systems, etc., which offers dual-linear polarization and high isolation

(reaching values of 95 dB), this chapter reports on an alternative and more advanced con-

figuration when compared to the classic monopulse antenna presented earlier in [140],

for example. That work employed a 1-D linear array of series-fed microstrip patches and

bi-directional feeding. The newly proposed dual-polarization 2-D antenna is outlined

in Figs. 4.2 and 4.3, and uses series-fed slot arrays in substrate integrated waveguide

(SIW) technology. Moreover, the SIW structure is realized by the appropriate placement

of four sub-arrays orientated in a cross-shaped network. With this configuration, and
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Figure 4.2: Proposed planar SIW-based antenna. The structure is defined by two pairs
of sub-arrays, one for each polarization. Also, the series-fed slots have tapering for im-
proved radiation. With dual-differential feeding and co-location of the sub-arrays, the
four-port SIW array can support FD operation.

Figure 4.3: Possible feeding configurations for AP1+AP2 and AP3+AP4 defining the
vertical (y-z) and horizontal (x-z) states of antenna operation, respectively. See also Table
4.2 which outlines the generated far-field patterns.

also by the appropriate dual-differential or dual-common feeding (see Table 4.2), sum or

difference FF beam patterns; i.e. Σ or ∆ (or both) are respectively made possible with

dual-polarization.

As outlined in Table 4.1, the newly reported design is compared to existing K-band

antenna systems as found in the literature. As it can be observed, the proposed SIW
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antenna offers the highest levels of isolation with the lowest cross-polarization levels (-

30 dB or more) for the monopulse sum and difference patterns, and, over the largest BW

(≈10%). To the best knowledge of the authors no similar antenna configuration, with

similar metrics and possible beam patterns with different polarization states, has been

reported previously.

4.7.1 Design Considerations and Simulations

The proposed planar antenna consists of a simple and compact arrangement of sub-

array SIW slots (series-fed), positioned in a cross-shape orientation as shown in Fig.

4.2. The SIW lines can be driven with an internal feeding circuit or connected to a

conventional 50-Ω microstrip transition for external feeding (see Figs. 4.2 and 4.3). In

addition, tapering is used when designing the slot widths for each sub-array to improve

matching and decrease the sidelobe-levels (SLLs). By this configuration, the horizontal

and vertical SIW branches offer controlled leakage, and isolation values are 50 dB (or

more) over the operating band of the antenna. The PCB material choice was Taconic TLY-

5 with a relative permittivity of 2.2 and a thickness of 0.51 mm. Should it be required,

antenna gain can also be improved by increasing the number of slots and this follows

conventional SIW series-fed slot array design. Also, the antenna structure was designed

and simulated in CST microwave studio and the results are in Figs. 4.4 to 4.6.

The antenna configurations for different polarization states can be seen in Fig. 4.3

with responses compiled in Table 4.2. When the antenna was excited considering dual-

common feeding as applied to antenna ports 1 (AP1) and 2 (AP2), or antenna ports 3

(AP3) and 4 (AP4), a difference-like FF beam pattern (∆) can be realized in both principal

planes. In addition, this setup defines a dual-linearly polarized antenna which can be

useful for monopulse. The F-parameters (or active S-parameters) can be observed in Fig.

4.4 where the antenna is well matched from 23.2 GHz to 25.3 GHz and the isolation

reaches 40 dB at 23.5 GHz. The antenna beam patterns are reported in Fig. 4.6 and the

cross-polarization levels are 30 dB below (or more). The realized gain of the antenna

reaches 13 dBi while the simulated total efficiency is more than 85% and 90% when

connectors were respectively included and excluded in CST.

When dual-differential feeding is applied, dual-linearly polarized radiation is made

possible with a FF sum pattern (Σ). The F-parameters can be observed in Fig. 4.4 with

-10 dB matching from 23.2 GHz to 25.3 GHz and with isolation levels of more than 85
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Chapter 4. Full-duplex Antenna Systems which Operate at Millimeter-wave Frequencies

Table 4.2: Possible Feeding Configurations and Generated Patterns
Circuit Phase Vertical y-z Plane Horizontal x-z Plane Far-field Patterns

Feeding (Polarization State #1) (Polarization State #2) in the y-z and x-z Planes

Dual-Common AP1+AP2 (0◦) AP3+AP4 (0◦) Difference
Dual-Differential AP1+AP2 (180◦) AP3+AP4 (180◦) Sum

Differential + Common AP1+AP2 (180◦) AP3+AP4 (0◦) Sum and Difference
Common + Differential AP1+AP2 (0◦) AP3+AP4 (180◦) Difference and Sum

dB. Also, the simulated electric field within the substrate is shown in Fig. 4.5a) and it can

be observed that minimal leakage occurs to the vertical SIW transmission line branch.

Like this dual-differential feeding case, leakage of the fields is also minimal (see Fig.

4.5b)) for dual-common feeding. Also, the sum patterns are reported in Fig. 4.6b).

To further discuss the design choices for the proposed structure, it should also be men-

tioned that additional studies were completed prior to fabrication. For example, when the

antenna was simulated with practical connectors (SuperSMA [141]), it was noticed that

minor ripples were observed in the beam pattern. Further simulations indicated that para-

sitic surface-wave fields were generated by the connector and transition (similar to [142]).

To minimize these effects, the majority of the ground planes were removed (whilst main-

taining the SIW transmission lines and the square PCB shape). This slightly reduced

antenna gain by about 0.4 dBi and increased the SLL by at most 1.2 dB. However, alter-

native design choices increased the SLL by more than 1.5 dB; i.e. SLLs increased to 7

dB which we deemed not acceptable. Regardless of these considerations, the main SLL

for the final design with connectors was 7 dB (see Fig. 4.6(b), at 24 GHz) in the worst

case and more than 12 dB at 25 GHz (at best).

It should also be noted that the center radiating slots elements for the vertical and hor-

izontal SIW branches were removed and isolation vias were added, mainly, to enable ar-

ray co-location whilst maintaining symmetry and defining the sub-arrays. Moreover, this

square via ring arrangement (see inset Fig. 4.2a)) supports isolation and dual-polarization

as in [143]. This an important design feature, which in our understanding has not been

employed previously for SIW slot arrays.

If a more conventional design and feeding approach was implemented for the series-

fed arrays, as in [140], all the SIW transmission line sections would need to maintain the

center radiating slots and no center square via ring would be included. Most importantly,

and without this simple isolation element (see Fig. 4.2a), the co-location of the vertical

and horizontal SIW branches would not be possible. It should also be mentioned that we

carried out studies without this square via wall, and results suggest that the isolation can

increase to more than 6 dB (results not reported for brevity). This significantly decreased
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Chapter 4. Full-duplex Antenna Systems which Operate at Millimeter-wave Frequencies

the performance of the antenna making it not suitable for polarization diversity and FD

applications.

Due to the noted missing elements at the center of the structure, a higher SLL is

observed in the FF, which is more problematic for the dual-differential feeding case. For

example, SLLs are about 7 dB (or lower) as shown in Fig. 4.6(b). While it is indeed

possible to design a dual-polarized slot [144], the required dual-layer configuration will

contribute to a higher cost, potential alignment errors, and other manufacturing tolerances

that could be problematic when operating at microwave and millimeter-wave frequencies.

In an effort to improve the SLLs, tapered radiation of the slots was introduced and

it was noticed that this helped to provide better matching than without. Also, additional

simulations were completed to investigate how the number of slots can help to minimize

the SLL. In our prototype, there are 10 elements in total for the vertical and horizontal

SIW branches (5 per each sub-array), and as mentioned, SLLs of about 7 dB (in the worst

case) were observed at 24 GHz. When considering 20 elements per branch, the SLL level

improved to 8.5 dB, and finally, when considering 32 slot elements the SLL level reached

10 dB (in the worst case) at this same frequency. However, the matching impedance BW

became narrower and since we are trying to make a competitive design when compared to

other dual-polarization antennas in the literature (see Table 4.1), we chose to manufacture

a prototype for proof-of-concept with 5 slots per sub-array (10 per branch, see Figs. 4.2

and 4.3). Basically, a compromise was chosen between SLL and the -10 dB impedance

matching BW.

Figure 4.4: Simulated active S-parameters (or F-parameters from CST) for the different
pattern types: sum pattern (dashed line) and difference pattern (solid line). This respec-
tively corresponds to 0◦+180◦ and 0◦+0◦ phase shifts applied to AP1 and AP2 (see Table
4.2). The peak realized gain is also shown (right axis). Analogous results are observed
when feeding AP3 and AP4.
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Figure 4.5: Simulated electric field at 24 GHz (inside substrate) a) 0◦ and 180◦ applied
to AP3 and AP4 (differential feeding), b) 0◦ and 180◦ phase shifts applied to AP3 and
AP4, 0◦ and 0◦ applied to ports AP1 and AP2 (common and differential feeding). Good
isolation can be observed for both cases.

4.7.2 Antenna Measurements and Discussions

The radiation performance of the antenna was measured using the NSI-2000 near-field

planar scanner and the diamond engineering DAMS-7000 FF positioner. The measure-

ments for common and differential feeding (as applied to AP1 and AP2) can be seen in

Fig. 4.7. Similar results were observed for AP3 and AP4 for the other polarization states.

The slighly higher cross-polarization levels (when compared to the simulations) are most

likely related to some minor phase imbalances of the coupler, cable bending connections,

and other practical tolerances. Regardless, the simulated and measured realized gain is in

good agreement as observed in Fig. 4.8 with values about 14 dBi and 12 dBi for the sum

pattern (differential feeding) and the difference patterns (common feeding).

The active S-parameters measurements were completed using a Keysight PNA (N5234A).

Measurement results are compared with simulations in Fig. 4.9. The passive reflection

coefficient was first measured for the antenna showing that the antenna is well-matched

with a -10 dB impedance BW from 23.2 GHz to 25.4 GHz. To measure the coupling coef-

ficients (or isolation) for the antenna system as outlined in Fig. 4.3, two external couplers

(Krytar 4060265 [145]) were used for the common and differential feeding arrangements.

It should also be mentioned that ideal couplers were defined in CST. Regardless, results

are in general agreement.

When both couplers are connected for a common power split (difference beam pat-

tern), the measured isolation is less than about 50 dB. When both couplers were config-

ured for the dual-differential feeding case (sum patterns), the simulated response showed
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Figure 4.6: Simulated far-field patterns (normalized) in the y-z plane, with the applied
phase shifts at AP1 and AP2: a) 0◦ and 0◦ (difference pattern), and b) 0◦ and 180◦ (sum
pattern). Analogous results were observed in the x-z plane for AP3 and AP4 with similar
feeding.

more than 80 dB of isolation, while the measurements only showed values of 60 dB (or

more approaching 90 dB near 24 GHz). Lastly, when the system was configured for com-

mon and differential feeding, the isolation was below 50 dB and reached about 65 dB at

the center frequency.

Those differences in simulations and measurements for the isolation responses are

most likely related to the following factors: (i) the cable bending near the coupler, and

(ii), non-ideal magnitude and phase imbalances from the coupler. For example, mea-

surements and further investigations (not reported for brevity) showed that the coupler
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Figure 4.7: Measured far-field patterns (normalized) in the y-z plane, with the applied
phase shifts at AP1 and AP2: a) 0◦ and 0◦ (difference pattern), and b) 0◦ and 180◦ (sum
pattern). Similar results in the x-z plane for like feeding.

imbalances can reach up to ± 10◦ for frequencies where the antenna operates. Regard-

less of these practical effects, the general trend for the isolation responses for the feeding

configurations are in agreement when comparing the simulations and measurements.

4.8 Summary and Discussions

A new and simple 4-port dual-polarized single-layer SIW slot antenna for IBFD ap-

plications is presented. The planar design uses a network of sub-arrays and external
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Figure 4.8: Maximum realized gain for the proposed antenna prototype for polarization
state 1 and 2. Simulations and measurements are in good agreement with about 13 dBi
(or more) for common or differential feeding.

Figure 4.9: Simulated and measured reflection and coupling for the antenna itself (Fig.
4.2) and system ports (Fig. 4.3). For the simulations, an ideal coupler was considered
while measurements employed a pair of 180◦ hybrid couplers.

couplers to provide dual-common and dual-differential feeding which generates sum

and difference beam patterns respectively in the FF. Also, the antenna is well matched

at millimeter-wave frequencies making it suitable for 5G communication applications,

radar, and monopulse. Measured peak isolation levels values are about 50 dB and 90 dB

for the dual-common and dual-differential feeding arrangements, respectively. The sim-

ple design approach makes it attractive for low-cost integration within FD systems and

diversity scenarios and where high isolation levels and broad BWs are required.

The attractive addition to the antenna system would be an implementation of the an-

119



Chapter 4. Full-duplex Antenna Systems which Operate at Millimeter-wave Frequencies

tenna array. This would allow a communication system with beam-steering capabilities.

In such a frequency range, this would provide higher resolution and good reconfigurabil-

ity for radar applications.

4.9 SIW Sub-arrays Antenna Array Dual-Polarized Sum and Difference Patterns

Antenna Array for Full-duplex Systems

In this work, a new high isolation slot array antenna array offering dual-polarization,

sum, and difference with high isolation for 5G in-band full-duplex (IBFD) applications

is presented. The 16-port 4×1 single-layer antenna consists of sub-array slots (which are

series-fed) with a cross-shaped orientation where 8 ports can produce linearly polarized

radiation and the opposite 8 ports can produce orthogonal linear polarization. The antenna

can be configured into the dual-differential (differential power split), dual-common (equal

power split), or common/differential (equal and differential power split) modes to produce

sum and difference beam patterns. Also, the matching is below -10 dB from 24 GHz to

25 GHz. The passive S-parameter coupling between the closest 4 ports is below -18 dB

while coupling to the opposite ports and opposite polarization is well below -48 dB. When

the antenna is configurated into the sum mode the coupling between non-active ports is

below -55 dB, in the differential mode the antenna coupling is below -60 dB and when the

antenna is in the common/differential mode the coupling is below -59 dB. The simulated

and measured maximum realized gain for both configurations is around 22.4 dBi. The

antenna beam-steering characteristics were measured with a Butler matrix showing the

possibility to steer the beam up to 55◦ Such antenna arrays with high isolation can be well

used in full-duplex communication systems with high data rates, dual-polarized radar

applications, or other tracking applications.

4.9.1 Array Considerations

In the past chapter it was shown that a single-element antenna can offer a dual-

polarized sum and difference beam patterns defining reconfigurability. When review-

ing the literature, they are very limited antennas capable of beam steer in the FD mode.

Therefore, the single-element was extended to the 4×1 antenna array to shift the beam in

the x-z or y-z planes depending on polarization. The final antenna design retains pattern

reconfigurability as a single element and provides good isolation levels, making it suit-
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able for user tracking, radar applications and other communication systems. The antenna

beam steering characteristics were measured using a Butler matrix beamformer capable

to provide a consecutive phase shift of ±45◦ to ±135◦ and a set of power dividers con-

nected to the antenna ports (AP).

The proposed planar antenna consists of an arrangement of four series-fed Sub-Arrays

(SAi) substrate integrated waveguide (SIW) slots with each SA having four antenna ports

(APi) positioned in the cross-shape-like orientation. The SIW lines are connected to the

50-Ω microstrip transitions. Tapering techniques were used for sub-arrays to improve

the matching and reduce side-lobe levels (SLLs). Similarly to the past work, the antenna

gain can be increased or reduced by changing the number of series-fed slots. The material

choice was Taconic TLY-5 with a relative permittivity of 2.2 and a thickness of 0.51 mm.

The manufactured antenna prototype can be seen in Fig. 4.10.

Figure 4.10: Top and bottom view of the manufactured 16 port Antenna array. The
antenna consists of four Series-fed Sub-arrays (SA) lines slots with four ports for each
SA.

The antenna was designed in the CST microwaves studio. The antenna configurations

for different polarization states can be seen in Fig. 2 with responses compiled in Table I.

The external couplers are connected to the 4×1 power dividers. When the antenna was

excited considering dual-common feeding as applied to Sub-Array 1 (SA1) and 2 (SA2),

or Sub-Array 3 (SA3) and 4 (SA4), a difference-like beam pattern can be realized in the

far-field. When the antenna system is excited in dual-differential mode, a sum-like beam

pattern will be produced in the farfield.
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Figure 4.11: Possible feeding configurations for SA1+SA2 and SA3+SA4 defining the
vertical (y-z) and horizontal (x-z) states of antenna operation, respectively. See also Table
4.3 which outlines the generated far-field patterns. The Krytat power dividers connected
to the in-house made 1×4 power dividers to achieve equal power and phase split. Note:
cables connections and lengths are just for illustrative purposes. In practice, common
lengths were used to ensure consistent phase at the relative ports.

Table 4.3: Possible Feeding Configurations and Generated Patterns
Circuit Phase Vertical y-z Plane Horizontal x-z Plane Far-field Patterns

Feeding (Polarization State #1) (Polarization State #2) in the y-z and x-z Planes

Dual-Common SA1+SA2 (0◦) SA3+SA4 (0◦) Difference
Dual-Differential SA1+SA2 (180◦) SA3+SA4 (180◦) Sum

Differential + Common SA1+SA2 (180◦) SA3+SA4 (0◦) Sum and Difference
Common + Differential SA1+SA2 (0◦) SA3+SA4 (180◦) Difference and Sum

4.9.2 Antenna Measurements and Discussions

To assess the antenna performance and investigate the coupling, the antenna was mea-

sured in the passive single port approach using a Keysight PNA (N5234A). The passive

reflection coefficients for AP1, AP2, AP3, and AP4 can be seen in Fig 4.12. Similar

responses were observed for SA2, SA3, and SA4. The APi values are well matched from

24 to 25 GHz with values below -10 dB with a slightly higher mismatch on AP4. This

is most likely related to manufacturing challenges or connector response. The passive
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responses for the coupling for all AP1 to other APis can be seen in Fig 4.13. The cou-

pling between AP1 to AP4 in the SA1 branch is well below -18 dB, while the isolation to

other APi from the opposite and orthogonal Sub-arrays is below -48 dB. This shows that

in general, the coupling coefficients have good isolation between the ports.

Figure 4.12: Simulated and measured the reflection coefficient of the ports AP1-AP4 of
Sub-array 1. Similar responses were observed for other APs of Sub-arrays.

Further, the antenna was configurated in the two-port mode as presented in Table 4.3.

The 2-ports of the analyzers (system ports 1 and 2) were connected to the power dividers

(Krytar 4060265) and to external in-house made 1×4 equal power dividers. Addition-

ally, the Miteq power divider (PD08-12002650) was also considered in the common and

common+differential setup to investigate how the magnitude and phase imbalances can

influence the isolation levels. Both couplers have similar responses in the Phase imbal-

ance ±11◦ the magnitude imbalances are slightly higher on the Miteq power divider. As

a result, the performance for the dual-common response can be observed in Fig. 4.14.

There is a significant difference in the isolation response from 6 to 10 dB over the sim-

ulated and measured responses. A similar response was observed for a single-element

when the antenna was connected for dual-common mode operation. As expected when

both ports were configurated with both Krytar power dividers the isolation was higher

than the Miteq power divider by about 3 to 10 dB. When the antenna was configurated in

common and differential mode, the isolation levels were close to what was simulated for

both couplers (see Fig. 4.15). In general, the isolation was below 58 dB. Finally, as only

Krytar power dividers can be used for dual-differential mode, the isolation levels match
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Figure 4.13: Simulated and measured passive coupling to all APi from the port AP1.
Maximum coupling can be observed at around 18 dB of the APs of the same Sub-array.
Other coupling coefficients of the opposite and cross-positioned APi are well below 50
dB.

the simulated with the coupling below -60 dB over operating bandwidth as in Fig. 4.16.

The antenna was measured in the NSI-2000 near-field planar system and DAMS-7000

far-field positioner. The antenna was configurated in the modes described in Table 4.3 to

produce the sum-like and difference-like beam patterns. Simulated a) and measured b)

beam-patterns for antenna array configurated in the common mode can be seen in Fig.

4.17. Good agreement between the simulations and measured can be observed. Cross-

polarization levels are below -25 dB. Afterward, the antenna was configurated in the

differential mode to produce sum-like beam patterns. Simulations a) and measurements

b) can be seen in Fig. 4.18. The beam pattern response is close to what was simulated.

Cross-polarization is well below -25 dB. Side-lobe levels are around -8 dB. Similar beam-

pattern responses were observed for the orthogonal y-z plane polarization state. Those

slightly higher cross-polarization levels are most likely related to measurement tolerances

and phase and magnitude imbalances. Finally, the realized gain measurements can be

seen in Fig. 4.19. Both common and differential modes with orthogonal polarization
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Figure 4.14: Simulated and measured coupling responses when the antenna was config-
urated in dual-common mode using two 1×8 Miteq power dividers or two 1×2 Krytar
power dividers with 1×4 in-house power dividers. Slightly better isolation is most likely
related to magnitude imbalances in the Krytar power divider. The isolation levels are
slightly better by about 10 dB.

Figure 4.15: Simulated and measured coupling responses when the antenna was configu-
rated in common and differential modes using a combination of Miteq power divider and
Krytar or both Krytar power dividers. The isolation levels are slightly closer to what is
measured with values below 58 dB.

have similar gain responses.

To investigate the beam steering response, a combination of the Butler matrix from

[146] and Krytar power dividers were connected to the antenna. The photo of the Butler

matrix can be seen in Fig. 4.20. The antenna system was configured to provide con-

sequential shifts: i.e. when System Port 1 is excited, the resulting output of the Butler
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Figure 4.16: Simulated and measured coupling responses when the antenna was con-
figurated in a dual-differential configuration with Krytar power dividers. Generally, the
simulations and measurements are in agreement with isolation below 60 dB.

Figure 4.17: Simulated a) and measured b) antenna array configurated in the common
mode to produce difference-like beam patterns. Slightly higher cross-polarization levels
are most likely related to the measurement tolerances and phase and magnitude imbal-
ances.

Matrix port 1 (BM P1) will be with the phase shift of 1×δ , BM P2 - 2×δ , BM P3 - 3×δ

and BM P4 - 4×δ , where δ is the designed delays as in compiled Table 4.4. The out-

puts of the Butler matrix ports are then connected to the Krytar power dividers to achieve

the required phase shifts for sum and difference beam pattern configurations. The circuit

system can be seen in Fig. 4.21. Some additional simulations were performed to observe

the response of the array for the different beam steering configurations.

The farfield with the enforced phase as in Table 4.4 was simulated and measured.

The beam patterns responce for difference and sum for frequencies a) 24 GHz b) 24.5

GHz and c) 25 GHz can be seen in Figs. 4.24 and 4.25. Simulated at 23.5 the 3-D
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Figure 4.18: Simulated a) and measured b) antenna array configurated in the differential
mode to produce sum-like beam patterns. Good agreements between measurements and
simulations.

Figure 4.19: Simulated and measured realized gain. Maximum realize gain was around
22.5 dBi. Both polarization states have similar gain responses.

Table 4.4: Butler Matrix response depending on the excited port
Excited Phase shift,

System Port δ

1 45
2 -135
3 +135
4 -45

Beam steering responses for sum and difference beam patterns using the Butler matrix

can be seen in Figs. 4.22 and 4.23. Similar responses were observed for the orthogonal

polarization in the x-z plane. In general, measurements and simulations are close to what

was expected.
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Figure 4.20: Photo of the Butler matrix from [146]. Depending on the excited system
port, the resulting consequential shift can be achieved. Possible phase shifts can be seen
in Table 4.4.

Figure 4.21: Assembled antenna system to investigate beam steering performance of the
proposed IBFD antenna array. Depending on the port excited of the Butler matrix, the
consecutive phase shift will be applied to the ports. Combining the differential power di-
vider response of the Krytar power divider, the required sum and difference beam pattern
shifts can be achieved. Note: cables connections and lengths are just for illustrative pur-
poses. In practice, common lengths were used to ensure consistent phase at the relative
ports.

128



Chapter 4. Full-duplex Antenna Systems which Operate at Millimeter-wave Frequencies

Figure 4.22: Simulated 3-D beam patterns at 23.5 GHz considering phase shifts 1) -45◦

2) -135◦ 3) 45◦ and 4) 145◦ to enable the beam steering in the y-z planes in the common
mode to produce difference-like beam patterns.

Figure 4.23: Simulated 3-D beam patterns at 23.5 GHz considering phase shifts 1) -45◦

2) -135◦ 3) 45◦ and 4) 145◦ to enable the beam steering in the y-z planes in the differential
mode to produce sum-like beam patterns.
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Figure 4.24: Simulated and measured antenna beam patterns considering excited ports of
the Butler matrix of frequencies a) 24 GHz b) 24.5 GHz and c) 25 GHz when antenna
configuration into the common mode to produce difference like beam patterns with steer-
ing in y-z plane.

Figure 4.25: Simulated and measured antenna beam patterns considering excited ports of
the Butler matrix of frequencies a) 24 GHz b) 24.5 GHz and c) 25 GHz when antenna
configurated into differential mode to produce sum-like beam patterns with steering in
y-z plane.

4.10 Chapter Summary

In this chapter, a new dual-polarized high isolation antenna and array for Full-duplex

communication systems with sum-like and difference-like beam patterns and beam-steering

was presented. The antenna is well matched from 24 to 25 GHz with isolation levels

above 48 dB for the dual-common mode, 60 dB for the dual-differential mode, and about

60 dB for the common-differential mode. The simulated and measured peak realized

gain was around 22.4 dBi. Cross-polarization levels are well below -20 dB. The antenna

is capable of beam steering showing angles up to 55◦ using the Butler matrix beam-

former. Such antenna array systems can be well used in the Retro Directive arrays, 5G

Full-duplex communication systems, or any other radar systems.

Based on this work, the antenna design system could be expanded further by provid-

ing more steering options for 5G systems. Further research could be done integrating

those antenna systems into real-life software-defined radios or RDA systems. Other im-

provements could be done by considering circular polarizations or increasing the band-

width by using different slot antenna elements as well as more integrated feeding systems.
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5.1 Conclusion

This thesis presented new polarization reconfigurable antennas and full-duplex (FD)

antenna and circuit systems. The phase control and feeding of the structures was the

main design aspect for the dielectric resonator antennas (DRAs). Using this experience,

high isolation antennas were further designed as required for FD antennas. Additionally,

the possibility of FD beam-steering was also reported for the first time. Those antenna

studies can be useful for S-band and mm-wave 5G systems where high isolation, multiple

polarizations, and antenna co-locations are required.

A new novel 8-port DRA antenna was introduced. The feeding system can provide

dual-circular polarization and two orthogonal linear polarizations depending on the phase

and amplitude excitation at the port. This approach offers polarization control for the

dielectric resonator. Such polarization control can be useful for radio frequency (RF)

challenged environments. However, such multi-port feeding makes it challenging for

system integration. As examined in the thesis, further work integrated the feed system

and used a higher dielectric resonator element. This made the system much more compact

while offering two circular polarizations. Those presented antenna and circuit systems

can be useful for GNSS and GPS helping to ensure accurate location and positioning.

Using the developed approaches for the DRAs, a new FD antenna systems for the

S-band were presented. Applications include advanced Wi-Fi systems. As outlined in

the chapter, in-band FD solutions are a popular research topic for these intended wireless

systems. The chapter reported on phase control and coupler-based antenna systems with

dual-polarization as well as dual-differential feeding systems. The developed H-shaped

slot antenna was also proposed with an external network, and this design also offered high

isolation levels. The antenna was extended by integrating the feeding circuit with a slot-

line coupler which offered simple two-port feeding whilst maintaining isolation levels.

The antenna array configurations were also examined for beam-steering FD systems.

A new FD antenna and beam-steering array for also proposed for 5G systems and

131



Chapter 5. Conclusion and Future Work

operation at mm-wave frequencies. The developed sub-array slot antenna offered re-

configuration of the beam patterns. The antenna was manufactured and measured, and

the isolation levels for all operating modes was recorded. Such an antenna can also be

used in continuous wave radars where the transmission leakage could be a challenge.

This research demonstrated that state-of-the-art designs can be achieved and that antenna

technology can be advanced. Application include polarization control and high-isolation

systems with dual-polarization functionality. These features suggest that the developed

FD antennas can be commercially employed for current and existing day-to-day systems,

mainly in an effort to offer communications with high speeds and no delays [147].

5.2 Future Work

There are a number of potential future studies that can be highlighted.

1. For the DRAs, it might be possible to explore these structures and new feed systems

to also offer dual-linear polarization with improved functionality. Currently, it is

required to have external phase shifters. A possible multi-layer approach can be

designed without additional circuitry. Another improvement could be designing

the array systems for further beam-steering and tracking.

2. The DRA systems could be integrated into the stations to test and analyze the per-

formance. Additionally, some algorithms for stable communications could be ex-

plored using those DRAs.

3. Other DRA improvements could be done by exploring other modes and control of

it. Particulate TE modes excitation on the dielectric element.

4. As FD antenna systems are a topic of interest, the main challenge can be integra-

tion into commercial FD systems. Also, due to the isolation levels changing in

the different environments, it is important to analyze this behaviour and take into

account the reduction of the isolation levels whenever possible. This is because

commercial simulators often provide higher isolation levels when in comparison to

real-life measurements.

5. It would also be of benefit to analyze the antenna performance with a fully assem-

bled system consisting of digital, analog, and antenna cancellations.
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6. Other possible approaches could be an in-band retro-directive array where the self-

tracking and beam-steering occurs at the same frequency. This would require fur-

ther isolation in the analog part to reduce the self-interference.

7. Possible modulation techniques for the developed IBFD antennas would be another

approach to investigate and integrate into a full system, while also exploring simul-

taneous radar and communications.

8. Other possible studies could be explored which investigate the integration of ana-

log cancellation systems (and its bandwidth performances) when working with the

developed broadband of this antennas.
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