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ABSTRACT

In this dissertation, the author’s work on a 28 GHz transmitarray capable of antenna
beamsteering for various wireless applications, is presented. Such device allows for
the adjustment of the radiation pattern of an antenna by changing its main lobe

direction, without the need of any mechanical means.

A unit-cell based on a square-slot Frequency Selective Surface (FSS) is designed,
simulated and optimised through several full-wave simulations, using an electromag-
netic solver (CST MWS). Subsequently, the unit-cell was extended to a 10x10 array
configuration in order to enable Two-dimensional (2D) beamsteering. This work
yielded the fabrication of a prototype composed of four passive transmitarray lens,
which were experimentally tested and characterised. Finally, a novel unit-cell based
on a double square-slot intended aiming at active beamsteering was also studied

and optimised in simulation environment.

From this work, it was demonstrated that transmitarray can be seen as feasible
alternative to many traditional beamsteering techniques, such as phased antenna
arrays, while reducing the RF burden of the overall system using only a single
radiation source. This fact, allied with it’s ease of integration, reduced cost and
low-profile characteristics make transmitarrays a desirable solution for 5G and

RADAR applications, among others.

Keywords: Transmitarray, Beamsteering, Frequency Selective Surfaces (FSS),
5G.
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INTRODUCTION

1.1 BACKGROUND STUDY AND MOTIVATION

Electronic beamsteering is a concept that has gained huge interest in last years since
it allows for the directing of the antenna beam towards a desired direction without the
need for mechanical equipment. The most common method to perform beamsteering
is by using phased antenna array [1-3]. An antenna array consist of a physical
distribution of several antenna radiation elements, in the same plane, forming
different patterns and configurations. By applying the correct phase difference
between adjacent cells, it is possible to control the direction of the outgoing wave
(or incoming wave when set for receiving mode), and thus perform beamsteering.
However, the need for a different phase shifter for each of the cells proved to be
costly and turned the system rather complex, which led to the search for new

alternatives.

One of the favoured solutions that started to appear as a possible alternative
to phased antenna arrays are transmitarrays. Transmitarrays are devices typically
placed over a directional antenna aperture with the aim of altering its radiation
properties, e.g. to perform focus, beamsteering or beamforming. Following the same
physical principal of the phased antenna array, transmitarrays are often comprised
of several similar unit-cells in which both frequency and phase response (phase-shift)
depends on the unit-cell physical dimensions, and/or by loading discrete components

such as capacitors, varactors or p-i-n diodes.

Depending on the the unit-cell design and on the discrete components employed
in its composition, transmitarray can be used as passive device, e.g. as fixed beam
lens aiming towards a specific direction, or as a reconfigurable (active) capable of
adjusting the direction of the beam electronically.

In fact, electronic beamsteering using transmitarrays is both timely and topical

5t generation of mobile network (5G) [4] and Radio Detection

in the context of the
And Ranging (RADAR) applications, particularly when these are applied to single
radiating directive sources, such as a horn antenna. In the last years, several
transmitarrays have been presented for 5G operating frequencies at sub-6 GHz band

and at 28 GHz



INTRODUCTION

1.2 OBJECTIVES

To this extent, this research work aims at the development of a Frequency Selective
Surfaces (FSS)-inspired transmitarray for antenna beamsteering, for 5G and RADAR
applications, at 28 GHz. This is sought to build upon the work carried out at 5 GHz
[5]. Beamsteering using transmitarrays aims to eliminate the need of phase shifters
by using artificial structured materials inspired on, for example, Metamaterials
(MM) [6,7] and F'SS [8-11]. These structures exhibit resonant characteristics based
on the appearance and geometries of the unit-cells. Furthermore, when using p-i-n
or varactor diodes, it is possible to to modify the the capacitance value of the LC
equivalent circuit of the unit-cell allowing for the control and tuning of the frequency

response.

In this way, transmitarrays with such characteristics allow for an electronic control
over beamsteering, overcoming the limitations imposed by the traditional array
systems regarding the burden of Radio Frequency (RF) circuitry. This feature, when
allied to the inexpensive Printed Circuit Board (PCB) manufacturing costs allow
to a reduction of overall weight, power consumption and dimensions of the system,
making these structures very attractive for inclusion in a large number of 5G and
RADAR applications.

The main key objectives of this work are as follows:

e Review of the transmitarrays with beamsteering and polarisation control

capabilities present in literature;

o Study of the theoretical models for One-Dimensional (1D) and Two-Dimensional

(2D) beamsteering using a transmitarray;

o Familiarization with a full wave Electromagnetic (EM) solver (Computer
Simulation Technology (CST) Microwave Studio (MWS));

e Dimensioning and characterisation of unit-cell based on FSS for passive

transmitarray, using discrete capacitors in simulation environment;

e Prototyping and implementation of a passive transmitarray using the previ-

ously characterised unit-cell experimental tests of the passive prototypes;

e Study of the influence of the parasitic elements of the varactor diodes on the

frequency response of the unit-cell and overall transmitarray capabilities;

¢ Dissemination of the work being performed in several conferences and journal

publications with relevant scientific reputation.



1.3 DISSERTATION LAYOUT

1.3 DISSERTATION LAYOUT

Having the objectives in consideration, this dissertation is structured as follows:

Chapter 2 presents an extensive literature review and critical analysis on the topic
of transmitarrays. Transmitarray based on different approaches and unit-cells (based
on microstrip patches, MM and FSS) and employing p-i-n or varactor diodes, Micro
Electromechanical Systems (MEMS) switches or even liquid crystals, are presented.
Transmitarrays are divided in three categories: polarisation control, beamsteering

and hybrids (transmitarrays that allow both polarisation control and beamsteering).

Chapter 3 presents the theoretical background for antenna beamsteering using
a transmitarray. Both 1D and 2D beamsteering model approaches are presented

herein.

Chapter 4 describes the methodology and characterisation of a passive transmi-
tarray with two-dimensional beamsteering capabilities at 28 GHz. Firstly, several
parametric studies in simulation environment are presented in order to ascertain
the best dimensions for the unit-cell that allow better beamsteering results. Finally,
a 5 X 5 array model composed of the designed unit-cells was characterised in terms

of beamsteering performance.

Chapter 5 provides details on the practical implementation of the previously
presented transmitarray, as well as additional simulations that were needed during
the prototyping phase. In this chapter, the measurement setups and result analysis

are presented.

Chapter 6 describes the simulation study carried on the unit-cell and, consequently,
on the transmitarray, when the discrete capacitors considered previously are replaced
by a more realistic model of the varactor diode. Two new unit-cells are then
presented in order to perform beamsteering even when considering the parasitics of

the varactor.

Chapter 7 is dedicated to the conclusions and final remarks of the work. Consider-
ation is given regarding the topics that require further investigation as an extension
of the work presented in this dissertation. Finally, the major contributions to the

scientific community and knowledge are reported.
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LITERATURE REVIEW

2.1 INTRODUCTION

Antenna beamsteering is a very useful and desirable technique in any wireless
communication system since it allow to dynamically adjust the antenna pattern
and consequently enhance Signal-to-Noise Ratio (SNR) [1]. Such feature is crucial
to some applications that require tracking of objects and adaptation to dynamic
scenarios with multipath and moving scatterers, e.g. base-station dynamic antenna
alignment, wireless back-haul links auto-alignment due to pole swaying and twisting
in the wind or mobile user tracking. Since such antenna systems is focusing their
energy toward the receiver, it is increasing the useful received signal level and, thus,
lowering the interference level. Hence, higher Signal-to-inference Ratio increases the

capacity of the system and improves range and the coverage area.

The most traditional manner of implementing beamsteering is by using arrays of
antenna [1-3]. However, the well known design limitations particularly regarding to
the feeding network implementation, led to the introduction of alternative techniques
to perform beamsteering. In 1986, McGrath firstly introduced in his paper [12] a
microwave lens with focusing and scanning capabilities, by simply connecting two
microstrip patch antennas using vias in both sides of a planar structure, forming a
spatial array of microstrip patches, i.e. a transmitarray. Since then, transmitarray
has been seen as a feasible alternative to phased antenna arrays and the focus of

novel and extensive research nowadays.

Transmitarray [13-15] is the conventional name given to structures that can
modify the original radiation pattern of a directional antenna source, e.g. horn
antenna, when placed at a distance sufficiently away from its aperture. To the set
composed by the structure and the radiating source, it is referred as transmitarray
antenna [13-15]. Due to their electromagnetic properties, such structures are capable
of modifying the characteristics of the incident EM wave emitted by the source, and
perform beamsteering, focusing or even polarisation control, by re-transmission of
the incident EM wave. Thus, one can imagine a transmitarray acting, in a sense,
like a lens, allowing to pass-through the incident wave with an alteration (or not)
of its direction of propagation, as depicted in Fig. 2.1a. The direction to which the

incident wave is being re-radiated depends on the design of the structure. These



LITERATURE REVIEW

structures are commonly composed by several resonant unitary elements (unit-cells)
with a spatial periodicity forming a planar array [13-15]. The unit-cells are typically
based on simple microstrip patches, or inspired by MM [6,7] and FSS [8-11]. From
a practical point of view, since transmitarray structures are mostly implemented
using PCB technology [13-15], by etching the unit-cell geometries on a copper
covered substrate, they benefit from being planar and thus easy to integrate with
other radio peripherals. Furthermore, they are compatible with Surface Mount
Technology (SMT) allowing to reduce the size of assemblies, and finally, since they
have the electromagnetic feeding source separated from the beamsteering network,
they offer higher degree of modularity to the system as opposed to traditional
antenna array. Thus due to their design simplicity and, more importantly, due to the
low manufacture costs, they have been extensively utilized for numerous antenna

applications.

In order to achieve reconfigurability and enable features, such as electronic
beamsteering, polarisation control or frequency tuning, transmitarray are typically
enhanced by using p-i-n diodes, varactor diodes, RF or MEMS switches or manufac-
tured using tunable substrates as liquid crystal or graphene. However, each of these
methods present advantages and disadvantages, e.g. p-i-n and varactor diodes are
widely utilized in transmitarray designs from low RF to around 30 GHz, mostly due
to their size, easy integration in PCB and low cost. However, they are limited when
operating at high frequencies (above 30 GHz), with insertion loss proportional to
the frequency of operation that arise from their intrinsic parasitic parameters (series
resistance, capacitance and inductance). RF and MEMS switches are typically more
expensive than p-i-n/ varactors and prone to failure over time, due to the wear and
tear of the mechanical parts. Alternatively, tunable dielectric materials, i.e. materi-
als that can have their electromagnetic properties (in particular €,) manipulated
by an external stimulus (bias or voltage), such as liquid crystal and graphene are
also employed for transmitarray implementations [16-22]. Furthermore, while liquid
crystal technology have been successfully employed in transmitarray designs [16],
it is more commonly used in reflectarray implementations [23-26] or as grounded
substrate for conventional microstrip antennas [27-29]. Graphene substrates, on the
other hand, are typically used at THz frequencies due to their unique electronic
properties as reported in [30], even though applications in antennas design at micro-

and millimeter-wave frequencies, have already been reported in [31].

The research on transmitarray has always been paired to the one on reflectarray
[32,33]. Reflectarray, which operating principle is depicted in Fig. 2.1b, makes use
of the reflection principle (based on Snell’s law [32,33]) to modify the properties
of the re-transmitted EM wave. In fact, the most significant difference between
a transmitarray and reflectarray is that, in the latter, all power is re-radiated

independent on the frequency or cell design. If the unit-cells are not matched to the
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frequency of operation, the elements will have small effect on the array response and
the reflecting ground plane will predominate. In the worst case scenario, the reflected
wave could have the same direction of the original one [32,33]. On the other hand,
for a transmitarray, if the structure is not well matched to the free-space or if the
unit-cells are not adapted to the frequency of operation, the incident EM wave will
be totally reflected back, resulting in no transmission through the structure [13, 14].
Therefore, a transmitarray is desirable to be the most "transparent" as possible,
introducing very low loss so the EM field of the propagating wave is not severely
attenuated, whereas the reflectarray is desirable to be a perfect reflecting surface so

the incident wave can be entirely reflected.

However, although reflectarray have been successfully implemented in [15,32-38],
the feed blockage remains a challenge in implementation of such type of devices
since the feeding source is on the same side of the radiated field. This may be a
challenging depending on the final application that can be overcome with the use of

a transmitarray.

2.2 TRANSMITARRAY FOR ANTENNA BEAMSTEERING

Several examples can be found in the literature for transmitarray aiming antenna
beamsteering. They comprise the use of different materials, unit-cells designs and
implementation approaches. However, there is one requirement that must be satisfied
to use such structures to steer the main beam of an antenna radiation pattern.
The unitary element that composes the transmitarray must have transmission
phase that can be varied (tunable) up to 360° (as will be explained in section 3.3),
while the transmission magnitude (desirably) remains constant over the bandwidth,.
Therefore, this section is focused on the review of transmitarray structures and unit-

cell elements, with reconfigurable capabilities that enable electronic beamsteering.
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2.2.1  Reconfigurable based on microstrip patches

Particularly in [39], a reconfigurable transmitarray for beamsteering is proposed.
The device is composed of a set of patch antennas placed on each side of the
array structure and connected by an electronically tunable phase-shifter, where the
innovation of the work relies on. The phase-shifter is developed in transmission
line technology and consists of a microstrip directional coupler terminated with
reflective LC circuits, whose capacitance (C) is controlled by a varactor diode.
Consequently, by tuning the value of C, it is possible to selected whether the
terminations of the coupler are open- or short- circuit and thus, control the phase-
shift between the input and the output of the transmitarray. Nevertheless, this
solution turned out to be limited in terms of phase range and since several couplers
are cascaded together to overcome this issue, the size and complexity of the phase-
shift network is consequently increased. This forced a large separation between the
radiating elements, that were arranged in groups of 4 elements and separated by
1.4 wavelengths, leading to the reduction in the scan capability and to the appearing
of grating lobes. Therefore, a maximum of 9° of angular shift is reported on the
azimuth plane. The proposed solution presents 700 MHz of bandwidth and 3 dB of
insertion losses but such values are advertised for the phase-shifter alone and not

for the complete transmitarray.

Remarkably in their work, Lau and Hum [13,40-43] have introduced several
models of active unit-cells and of electronically controlled transmitarray. Specifically
aiming antenna beamsteering, it is presented and characterized in [40] and further
improved in [41] a transmitarray element (Fig. 2.2a) that consists of two microstrip
patches on either side of a ground plane coupled to a small slot aperture. Each
patch is split in half with a small gap in between, and varactor diodes inserted to
connect the two halves, while another varactor diode is inserted at the center of
the slot, connecting the two sides of the slot. Together, all these parts act as three
coupled tunable resonators that provides a variable phase-shift over 360° with 3 dB
of insertion losses, as reported in [41]. However, the losses are slightly increased to
4.8 dB (over the same bandwidth), when the proposed element is composing a 6 x 6
array and the biasing network to control the varactors are included, as depicted in
Fig. 2.2b [41]. Nonetheless, the developed prototype achieved +25° of electronically
controlled beam scanning, in azimuth and elevation planes independently, with a

broadside directivity of 20.8 dBi.

As alternative, a different unitary element is proposed and characterized by the
same authors in [42]. The unit-cell for transmitarray applications explores the
properties of proximity-coupled feeding and aperture coupling [1]. In this solution,

the array element is implemented with microstrip patches in both sides of the
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Figure 2.2: (a) Reconfigurable element (exploded-view) and (b) respective transmitarray
prototype (images extracted from the work presented in [41]).

structure separated by a ground plane. Each patch fed a differential microstrip
transmission line by mutual coupling. In one of the sides, possess a differential
bridged-T phase-shifter composed by varactor diodes and Direct Current (DC)
blocking capacitors. Both sides of the structure are further interconnected also by
aperture coupling through two open slots etched in the ground plane. According
to experiments realized on a single unit-cell using the waveguide method, which
consists of a sample of the unit-cell enclosed between two waveguide flanges, it is
notably achieved a tunable phase range of around 425° and insertion loss in average
of 3.4 dB at 4.86 GHz. This model is however limited by the narrow bandwidth
of the radiating elements and such drawback is mitigated, on a final prototype by
employing a stack of microstrip patches. The final array element exhibits insertion
losses of around 3.6 dB with a phase range over 400°, but the bandwidth was
increased from 100 to 500 MHz at the same central frequency. Subsequently, a 6 x 6
reconfigurable transmitarray composed of active elements of [42] is finally presented
and evaluated in terms of beamsteering performance in [43]. The prototype of the
transmitarray provides a scanning range of +50° in both elevation and azimuth
planes, with 2.2 dB of insertion losses and 10% bandwidth (500 MHz) at 5 GHz.

Moreover, in [44], a novel unit-cell design is proposed and characterised for an
electronic control of the wave direction using a transmitarray. It is composed of a
passive microstrip patch antenna with U-shape slot etched on the reception plane,
and an active patch with an etched O-shape slot in the re-transmission plane, as
depicted in Fig. 2.3a. The active O-shape is loaded with two p-i-n diodes (and in an
alternative design with RF - MEMS) that allow to control the transmission phase
by alternatively activating diode states. A 15% of bandwidth and around 3 dB of
insertion losses at 10 GHz are reported experimentally on a single unit-cell, evaluated

using the waveguide method also employed in [42]. Later in [45], the same unit-cell
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Figure 2.3: (a) Unit-cell design and (b) transmitarray prototype for antenna beamsteering
(images extracted from the work presented in [44] and [46], respectively).

design using MEMS presents a bandwidth of 16% but 4 dB of insertions losses.
In [46] the authors presented a full characterization of a 20 x 20 transmitarray
comprising 800 p-i-n diodes and the respective feeding mesh. The prototype is
depicted in Fig. 2.3b. The authors state that the proposed transmitarray exhibits a
2D beamsteering capability with maximum ranges of +40° in elevation and +70°

in azimuth.

Another unit-cell for beamsteering transmitarray at Ka-band based on p-i-n
diodes is presented in [47]. The paper starts by characterising by simulations an
novel unit-cell design. In particular, this novel unit-cell design allows for a 2-bit
phase resolution and has an overall size of 5.1 X 5.1 X 1.3mm3 (A/2 x A/2 x \/8 at
29 GHz). The unit-cell is composed of six metal layers printed on three substrates
as shown in Fig. 2.4b, of which the ones at the edges are O-slot rectangular patch
antennas loaded with two p-i-n diodes for phase control. Similar to other cases
already presented [44,46], the p-i-n diodes in each of the antennas are biased
in opposite states (one p-i-n diode is ON while the other is OFF). By choosing
which diode is ON at a given time, a 180° phase-shift is achieved. Therefore, by
combining the different states of the receiving and transmitting layers, a total of
four phase.shifts can be achieved (0°, 9o°, 180° and 270°). The presented unit-cell
is used to implement a 14 X 14 element transmitarray in simulation environment

whose beamsteering range is reported up to —40°, as shown in Fig. 2.4b.

10
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Figure 2.4: (a) Schematic view of the 2-bit unit-cell and (b) simulated radiation pattern
for two angles (images extracted from the work presented in [47]).

More recently, in [48] a new unit-cell for a beamsteering transmitarray is presented.
Each cell is comprised of four stacked Rogers RO4350B double sided layer, as
depicted in Fig. 2.5a. Since one pair of layers (sub-element) can only achieve 180°,
this arrangement has to be replicated in order to achieve the desired 360° of phase
shift. Varactor diodes are used in every layer to control, electronically, the element
phase-shift. Although the paper reports a bandwidth of 1 GHz for the unit-cell
at 24.6 GHz, this value is defined by the frequency range in which the phase-shift
is above 360 degrees, and not from the S;,/S,, filtering response as normally
characterized in this type of work. This unit-cell, exhibits then a total insertion loss
of around -5 dB obtained in simulation and -12 dB obtained experimentally. Finally
in [48] a 6 x 6 transmitarray composed of the aforementioned unit-cell has been
built (Fig. 2.5b). This transmitarray is able to steer the main beam direction up
to £50° in both the azimuth and elevation planes, at 24.6 GHz, with a maximum

attenuation of 17 dB at the extremes of the steering interval.

2.2.2  Reconfigurable based on tunable metamaterials

Transmitarray composed of MM to perform antenna beamsteering are also reported
in the literature. Metamaterials are artificial man-made structured materials able
to produce electromagnetic properties (permittivity, permeability and refractive
index) which are unusual or non-existent in nature [6,7] and such properties can be

explored for transmitarray designs.
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Figure 2.5: (a) Unit-cell design and (b) top view of assembled 6x6 transmitarray prototype
(images extracted from the work presented in [48]).
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Figure 2.6: Prototype of a single opened fishnet unit-cell layer (images extracted from the
work presented in [16]).

It is the case of the work described in [16], [49] and [50], where 1D beamsteering,
i.e. main lobe limited to steering in a single plane, is demonstrated using such
type of materials. These works [16,49,50] suggest new steerable antennas by using
controllable MM (electronically reconfigurable) to form the transmitarray. Although
implemented with different resonant unit-cell designs, they all respect the same
physical principle: tunable refractive index structures are utilized to electronically
control the direction of the outcoming wave. The steering is achieved when the
refractive index of the MM structure is tuned, leading to a progressive phase

distribution along the structure, acting as a linear phased array.

For example, in [16] the authors have developed and characterized an artificial
gradient-index metamaterial by designing a fishnet structure on a liquid crystal sub-
strate. The transmitarray was practical validated against measurements conducted
at 27.5 GHz. A beamsteering angular range limited to £5° was achieved by varying,
in a gradient manner, the bias of each array column. According to the authors, the
yielded angular range can be enhanced by staking more layers of the one depicted
in Fig. 2.6.

In [49] and [50], the authors have followed an alternative approach to design
their transmitarray. Both presented structures are composed of staked layers of
periodically printed sub-wavelength metallic resonators with embedded microwave
varactors. By adjusting the varactor diode, the resonant characteristics of the
unit-cell is modified controlling, in fact, the associated phase-delay between the
first and the last layer of the transmitarray. Consequently, the associated effective
refractive index of a single transmitarray element is being adjusted. Accordingly, if
a progressive phase between adjacent elements is applied through the array in order
to perform beamsteering, the metamaterial exhibits a gradient index of refraction,

when seen as an whole.

Therefore in [49], 6 stacked layers of a double-layer I-shaped unit-cell (Fig. 2.7a)
are suggested as array element, exhibiting 360° of phase-shift at 1.6 GHz while the

13
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Figure 2.7: Metamaterial unit-cells for transmitarray antennas presented by (a) Yongzhi S.
et. al. and by (b) Jiang T. et. al. (images extracted from the work presented
in [49] and [50], respectively).
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Figure 2.8: (a) Prototype of the MM beamsteering antenna and (b) measured radiation
pattern for different steering angles (images extracted from the work presented
in [50]).

varactor is tuned from 0.1 pF to 1.9 pF, with insertion losses of 4 dB (averaged).
Bandwidth is not referred by the authors. A continuous scanning range of +£30° in
the azimuth plane is achieved using a full wave simulator. Although it is stated that
experimental results obtained on a prototype are consistent with simulation ones,

the paper lacks a more elaborated and physically grounded analysis of the results.

Notably in [50], a complete characterization of a metamaterial transmitarray
composed by the unit cell presented in Fig. 2.7b was performed. In addition to the
transmitarray, an array of microstrip patch antennas was also developed to serve as
feeding source. The prototype, implemented on a stacked layer structure (Fig. 2.8a),
presents an angular steering range of £30° in azimuth verified under experiments
at 4.7 GHz. Some samples of radiation pattern are demonstrated by the authors in

their paper and illustrated in Fig. 2.8b.
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Although introduced as MM by analyzing the refractive index of the array element,
it can be noticed that such structures are in fact F'SS. While the unit-cell presented
in [49] exhibits a low-pass filtering frequency response, the unit-cell of reference [50]
possesses a band-pass filtering type. Herein, is when the term metamaterials could

be misleading due to large ambiguity of the definition.

2.2.3  Reconfigurable based on FSS

Frequency selective surfaces [8—11] are, per se, a timely topic on the field of (antennas
and) propagation that have been studied for years. A FSS is a spacial filter that
exhibits distinct resonant filtering characteristics e.g.: band-pass, band-stop, high-
pass or low-pass, that depend on the format and on the dimensions of periodic
resonant geometries etched over a metallic coated substrate [8-11]. As a spacial
filter, these structures are able to allow or block the propagation of an incident EM

wave within a specific frequency band and even control its propagation phase.

Much of the work about F'SS relies on the study and development of novel
unit-cell designs for EM blockage (shielding) or radio coverage enhancement [8—11].
However, new applications have recently emerged by exploring the use FSS in

various transmitarray implementations [51-59] and in novel antenna designs [60-62].

For example in [51], a wide-band transmitarray is suggested by using a F'SS of
double square rings unit-cells. The authors have demonstrated that the phase-shift
introduced by the transmitarray can be varied by simply modifying the physical
size of the squares, and such can be further improved by stacking several layers
of F'SS on top of each others. In fact, the concept of stacked layers separated by
an air gap is widely used for transmitarray implemented with FSS since it allows
to increase both the bandwidth and the transmission phase of the structure, as
thoroughly reported in [13,51,54,57,58].

In particular, some examples can be found in [52-56] by presenting reconfigurable
transmitarray of FSS for antenna beamsteering. The majority of the work utilizes
varactor diodes to electronically control the capacitance of the equivalent LC
circuit that characterizes the resonant unit-cell design, as presented by Russo et.
al. in [52-54]. In their work, a tunable pass-band FSS suitable for beamsteering
operations is proposed. The suggested F'SS, depicted in Fig. 2.9a, is evaluated
by simulations in [52,53] and experimentally characterized in [54], also using the
waveguide method (Fig. 2.9b), previously described. The proposed structure is
capable of bandwidths ranging from 1% to 10% (with a few modifications in original
design) at 4 GHz, with a transmission amplitude that remains above 3 dB within the

varactor tuning range. Although the transmission phase obtained from experiments
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Figure 2.9: (a) FSS transmitarray model and (b) respective unit-cell prototype evaluated
using the waveguide method (images extracted from the work presented in [53]
and [54], respectively).

varies by approximately 360° over the whole bandwidth, making this design suitable
for beamsteering, the paper does not include the implementation of a complete

transmitarray and respective beamsteering characterization.

In [55], an active F'SS based on the traditional squared-slot design with band-pass
filtering characteristics is implemented for antenna beamsteering, as depicted in
Fig. 2.10. Varactor diodes are used to tune the F'SS and control the phase-shift,
with range up to 360°, of a structure composed of 5 stacked layers. In fact, the
authors have demonstrated on a physical prototype, illustrated in Fig. 2.10a, that
through different configurations of the bias voltages applied to the varactors, a
gradient phase distribution along the transmitarray can be utilized to steer the
radiation pattern of a horn antenna. This corroborates with the facts presented for
MM transmitarray introduced in last section. Although the work show its merits by
presenting a tunable steering range of +30° in both azimuth and elevation plans
at 5.3 GHz, as depicted in Fig. 2.10b and Fig. 2.10c respectively, it is a fact that
such scanning angle can only satisfy one steering direction at the time. Therefore,
two-dimensional beamsteering, 7.e. steer the main lobe to a direction with two

spatial components as presented in Section 3.3, is still unachievable with this device.

Alternatively in [56], a tunable FSS with beam steering capability is presented.
The FSS is used as a transmitarray with a bandpass characteristic centered at
12 GHz. The novelty of the work relies on the FSS design which is composed of
capacitive (parallel electrodes) and inductive (vertical wires) structures printed on a
Barium-strontium-titanate (BST) thick-film ceramic, as illustrated in Fig. 2.11. The
tunability is performed due to the properties of the BST substrate that can be tuned
by applying an external electrostatic field across the material, and not by using
discrete components such varactors or p-i-n diodes. By applying a DC field between

the electrodes of the capacitor, the effective permittivity is reduced resulting also
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Figure 2.10: (a) 6 x 6 transmitarray prototype, (b,c) measured radiation pattern in az-
imuth and elevation planes, respectively (images extracted from the work
presented in [55]).
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Figure 2.11: (a) FSS transmitarray model and (b) respective transmitarray prototype
(images extracted from the work presented in [56]).

in a capacitance reduction. Experiments realized on a 40 x 40 FSS transmitarray
(Fig. 2.11b), report a maximum phase difference of 121° at 12 GHz when the bias
voltage is ranging from 0 V (untuned state) and 120 V (maximum tuning state).
Within such voltage range, the main beam of a feeding horn antenna is steered up
to £10° in the azimuth plane, due to the low phase-shift (121°) produced by the
structure. Although showing its merits, the proposed solution is one of a type in
the literature, possible due to the impractical voltage values necessary to apply
for tuning the structure and perform 1D limited beamsteering, in comparison with

other state-of-the-art proposals.

To withdraw such limitation, a reconfigurable transmitarray model for 2D beam-
steering was presented in [57,58]. The transmitarray follows the phase distribution
proposed by the theoretical model presented in section 3.3 in order to enable antenna
beamsteering in two dimensional planes. With this mindset, it is presented in [57]
and further in [58] the characterization of a F'SS transmitarray with controlled beam-
steering output direction in the two main antenna planes (azimuth and elevation).
Firstly in [57], the theoretical model for 2D beamsteering has been applied on a
passive stacked-layer F'SS inspired transmitarray. Based on a square-slot pass-band
unit-cell layout (as in [55]), the 2D beamsteering model was tested for several
beamsteering angles on a 5 X 5 transmitarray with 5 stacked layers separated by
an air gap, at 5.35 GHz. The paper, which also includes a parametric study to
evaluate the ideal layer separation distance and the ideal number of layers necessary
to achieve a desired phase-shift, reports beamsteering angles up to +25° in both
elevation and azimuth planes with 3° of error between simulation and experimental
validating the theoretical 2D model. Although beamsteering is set by the value of
each of the 50 discrete SM'T capacitor loaded in each layer, the several output angles

were achieved by hand-soldering the capacitors for each angular configuration.
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Subsequently in [58], the latter model has been improved to enable electronically
reconfigurable beamsteering. In the addition to through-layer vias per unit-cell,
a sixth layer has been added to accommodate the feeding network, as depicted
in Fig. 2.12a. Varactor diodes replaced the discrete SM'T capacitors used in the
passive transmitarray of [57]. A beamsteering driver has been developed to control,
individually, the overall capacitance value of each of the 25 cells of the transmitarray.
As result, beamsteering angles up to £28° in azimuth and +26° in elevation have
been accomplished with the physical prototype of Fig. 2.12b. Two samples of
measured radiation pattern are depicted in Fig 2.12d and Fig. 2.12e, for (15°,15°)
and (25°,25°), respectively. The reconfigurable transmitarray exhibits insertion loss
of 1.6 dB and 4.3 dB in simulation and experiments, respectively. This compares with
the experimental results obtained in the passive model by presenting approximately
1.5dB of excess loss at 5.2 GHz, due to the intrinsic parasitic effect of the selected

varactor diodes.

The transmitarray presented in [58] was also studied as a redirecting metasurface
for outdoor-indoor radio coverage enhancement by the candidate in a moment
prior to the development of the work presented in this dissertation [63]. This was
done by inserting the transmitarray in a wall (hereafter denominated by smart
wall), as depicted in Fig.2.13a, instead of directly placing it in the vicinity of the
supporting antenna. Measurement results showing the effect of the smart wall when
compared to free space and a metallic plate are presented in Figs. 2.13b and 2.13c,
for frequency and azimuthal angle sweep, respectively. The band-pass filtering effect
of this transmitarray can be clearly seen in Fig.2.13b (filter centre frequency around
5.2 GHz). By controlling the smart wall with a computer, it is possible to redirect
the main beam of the incoming wave to any direction in both planes beyond the
wall. As shown in Fig. 2.13d, the main lobe of the incoming wave was successfully

shifted electronically from o° to 10°, 20° and 30° in the azimuthal plane.

Another design of FSS-based unit-cells for beamsteering transmitarray is presented
in [59]. The unit-cell is based on a C-patch and ring slot loaded with p-i-n diodes (Fig.
2.14) and is composed of two identical substrates with dimensions of 14 x 14 mm?.
The ring slot is loaded by a rectangular gap and is placed just beneath the gap
of the C-patch. In this particular unit-cell, the C-patches act as the receiver and
transmitter, while the ring slots act as a phase shifter. The phase shift between
the receiver and transmitter can be controlled by modifying the length of the ring
slot gaps. In order to change the associated electrical length, each gap is loaded
with p-i-n diodes that allow a 180° of phase shift at 11.5 GHz. However, since
both terminals of the p-i-n diodes are short-circuited, a second rectangular gap
was introduced in the cell presented in Fig. 2.14. This gap is 0.2 mm and is loaded
with three 100 pF capacitors in order to the current flow through the gap. The first

unit-cell was then simulated in a 12 X 12 transmitarray to verify its beamsteering
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Figure 2.12: (a) Unit-cell model, (b,c) 5 x 5 transmitarray prototype and (d,e) measured
radiation pattern for (15°,15°) and (25°,25°), respectively. (images extracted
from [58]).
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Figure 2.13: (a) Measured radiation power for each setup from 3 to 7 GHz, (b) measured

radiation pattern for each setup from —60° to 60° at 5.2 GHz and, (c)
measured radiation pattern for the smart wall tuned to 0°; 10°, 20° and 30°.
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Figure 2.14: Geometry of transmitarray unit-cell (image extracted from the work presented
in [59]).

capabilities. For each of the cells a single bias line is needed to control the ON/OFF
state of the p-i-n diodes. Simulation results show that, at 11.5 GHz, a +40° in both
azimuth and elevation planes is achieved. At the moment there are not experiments

on this structure.

2.3 TRANSMITARRAY FOR POLARISATION CONTROL

Several transmitarray have been presented in last section all aiming antenna beam-
steering. However, transmitarray have also been used to control the polarisation of

the re-radiated EM, as the ones described as follows.

First introduced in [64] and further in [65], the authors have presented a trans-
mitarray with the objective of controlling the polarisation of the wavefront. The
proposed structure is based on microstrip patch antennas, whose elements in the
outer side of the structure are physically rotated (¢ = 0°, 90°, 180°, and 270°)
relative to the patch feeding point), to tilt the polarisation of the re-transmitted
wave. The implemented unit-cells and the respective transmitarray are depicted
in Fig. 2.15 [65]. The polarisation of the re-radiated wave is forced by tilting
mechanically of each unit-cell enabling the developed transmitarray to produce
a circularly polarised wave. Since the polarisation control is performed through
sequential rotation and no other mechanism was implemented to automatically
modify the properties of the transmitarray, rather than mechanical movement, the

suggested model is considered a passive device.

Following the same approach, a novel passive transmitarray was latter introduced
in [66] by the same research group. This particular device exhibits an enhanced

unit-cell also based on microstrip patch with etched corners. A prototype of the
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Figure 2.15: (a) Patch unit-cell and (b) transmitarray model for polarisation control
(images extracted from the work presented in [65]).

device measured a broadside gain of 22.8 dBi at the simulated frequency with a
3 dB bandwidth of 20% in Right-hand Circular Polarization (RHCP) and 3 dB
axial ratio with bandwidth of 24.4%.

With a novel unit-cell design and following a slightly different methodology, a
novel transmitarray was introduced by Pfeiffer and Grbic in [67]. This design
was implemented by using cascading metallic surfaces to provide polarisation and
wavefront control. Two transmitarray were developed and tested experimentally
both based on a quarter-wave plate design that transforms a linearly polarised
incident wave into a circularly polarised transmitted wave, by exploring the phase
shift created between both faces of the structures. Since the phase difference between
two orthogonal E-field components is a quarter of the wavelength (9o°), when an
incident field is linearly polarised at (45°) relative to its axes, the quarter-wave

plate converts the transmitted field to circular polarisation.

In [68] another polarisation controlled transmitarray has been presented by
stacking together several layers of rectangle ring slot unit-cells, separated by an air
gap. Remarkably, the proposed device is capable of realizing Left-hand Circular
Polarization (LHCP) and RHCP, and linear polarisation, when excited by a linearly
polarised feeding source ( Vivaldi antenna). This is achieved due to the enhanced
phased control given by the stacked layers but also by varying the size of the unit-cell
throughout the array. By varying the X and Y dimensions of the rectangle ring
slot element, transmission magnitude and phase shift for both polarisations can be
achieved. Therefore, it is possible to perform a change in polarisation by adjusting
the rotation angles of the feeding antenna through the phase of the linearly polarised

incoming wave.
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The main difference in the underlying principle between both physical rotated
and phase delayed unit-cells is well detailed in [69]. The authors have presented
a detailed comparison between both types of unit-cells through simulations and
practical validation in two different transmitarray prototypes. Their study reveal
that the transmitarray based on physically-rotated unit-cells exhibits wideband cross-
polarisation filtering characteristics, whereas the one with phase-shifted cells can
offer polarisation diversity (linear- and cross- polarisation) with similar performance
to the former, but limited by 3 dB axial-ratio bandwidth and magnitude of the

feeding antenna [69].

After analysing the presented examples, both loss and bandwidth may be consid-
ered the two major challenges in the design of a transmitarray. Hence, consideration
to this aspect should be given at the time of selecting the design layout for a
transmitarray implementation, given the project specifications. For example, in
FSS-type transmitarray, bandwidth can be easily increased at the expense of using
several stacked layers, as already mentioned. However, the overall insertion loss will
always be proportional to the total number of layers (and on the properties of the
substrate) and, thus, difficult to compensate. On the other hand, transmitarray
with unit-cells composed of microstrip patches commonly exhibit limited bandwidth
typically associated to such structures [1], but the insertion loss can be reduced by
using amplifiers placed between the inner and the outer faces of the transmitarray.
In fact, this technique has already been reported in [70-77], but particularly in [75],
a total average gain of about 7.7 dB is reported for experiments on the unit-cell of
Fig. 2.16, overcoming the initial insertion loss of 2.6 dB experienced without any

signal amplification.
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Figure 2.16: (a) Transmitarray unit-cell architecture and (b) photography of the unit-cell
prototype (images extracted from the work presented in [75]).

2.4 HYBRID TRANSMITARRAY

Although the previous transmitarray designs [64—68] are not electronically reconfig-
urable (most are reconfigurable by mechanical rotation means), they yield to the
development of hybrid reconfigurable transmitarray with both beamsteering and

polarisation capabilities.

It is the case of the reconfigurable transmitarray presented in [78] by Huang,
C. et. al.. The authors have developed a transmitarray operating at 5.4 GHz with
the capability of controlling electronically the polarisation and direction of the
re-radiated wave. Each unit-cell of the transmitarray is composed of several PCB
layers separated by three different substrates, as depicted in Fig. 2.17. The face
in which the electromagnetic wave is incident (Rx cell), a two-layer stacked patch
is adopted. After being received by the Receiver (Rx) cell, the RF signal passes
by two cascaded reflection type phase shifters and is coupled to the Transmitter
cell (Transmitter (Tx) cell) through a metallized via hole. Each of the phase shifter
implemented integrate a four-port directional coupler and each port is loaded by a
varactor-based tunable circuit in order to achieve the 360° phase tuning range. The
Tx cell is made of a square patch with an O-slot structure loaded with two p-i-n

diodes inserted along the X and Y directions in order to control the polarisation of
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Figure 2.17: Transmitarray unit-cell architecture (image extracted from the work presented
in [78]).

the outgoing wave. According to simulations, the insertion loss of the unit-cell varies
between 1.5 and 5 dB at frequencies around 5.4 GHz, and a cross-polarisation ratio
higher than 25 dB is obtained. The 8 x 8 transmitarray prototype is illustrated in
Figs 2.17b and 2.17c. Experimental results demonstrate that this transmitarray is
capable of achieving +£60° in both azimuth and elevation planes, having a difference
of 3.8 dB between the gain of the broadside beam and at the scan angle of 60°.
Experimental results also show that this transmitarray is capable of producing an
outgoing wave with circular polarisation by controlling each of the p-i-n diodes

independently.

In [79] yet another transmitarray with polarisation control capabilities is presented
by the same authors of [78], based on the unit-cell of Fig. 2.18. The authors have
suggested two designs of unit-cells for 1-bit phase resolution transmitarray, to

operate around 10 GHz. The most complete design presented by the authors consists
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of two-layer metallic patterns connected by a metallized via-hole as depicted in
Fig. 2.18a. A U-slot rectangular patch is used in one side of the structure to receive
the incident wave. On the other side, a square ring patch with two triangular
corners and loaded with 2 p-i-n diodes is utilized to produce circular polarisation.
The p-i-n diodes were used to dynamically select between LHCP and RHCP.
The unit-cell operates under two cases: case 1 - p-i-n diode 1 is switched ON
while 2 is OFF; case 2 - p-i-n diode 1 is switched OFF while 2 is ON. Simulated
results (Fig. 2.18b, Fig. 2.18¢) on the unit-cell were further validated on a 8 x 8
transmitarray prototype against experimental results (Fig. 2.18d, Fig. 2.18¢). While
in case 1, the transmitarray converts a vertically polarised incident wave to RHCP,
in case 2 the transmission phase of the outgoing wave is also shifted by 180°. Based
on the previous unit-cell design [79], the same research group have introduced
and characterized in [80], a transmitarray with both reconfigurable polarisation
control and beamsteering capabilities. Besides of controlling the polarisation of the
re-transmitted EM wave, the proposed transmitarray also has the capability of
realising beamsteering in a range of £45° in both elevation an azimuth planes at
4.8 GHz, exhibiting however insertion losses of 5.6 dB over a small bandwidth of

100 MHz, obtained experimentally on a manufactured prototype.

Similarly in [81], it has been presented a 20 x 20 element fully reconfigurable
transmitarray based on a 1-bit linear polarisation unit-cell model operating in the Ka-
band (27-GHz). A snapshot of both unit-cells and the reconfigurable transmitarray
are depicted in Fig. 2.19. The unit-cell is formed in a multi-layer design with a
central ground plane (Fig. 2.19a) loaded with p-i-n diodes to obtain a wide-band
constant phase shift between the two phase states. Circular polarisation is achieved
by using the sequential rotation technique previously described, while p-i-n diodes
enable LHCP / RHCP polarisation switching. However, due to the control of the
phase shift by switching on and off the p-i-n diodes, the control of the direction
of the out-coming wave is also possible with reported steering ranges of £60° in

azimuth and elevation planes.

Finally, in [82] a 1-bit reconfigurable transmitarray that allows control of polarisa-
tion as well as antenna beamsteering is presented. The unit-cell of the transmitarray
is comprised of two H-shaped slots (Fig. 2.20a) that behave as receiving and trans-
mitting coupled microstrip patches. The fact that they are orthogonality disposed
relative to each other, it allows X to Y polarisation transformation (of the incident
EM wave). In between the transmitter and receiver slot patches, a feeding network
that includes 2 p-i-n diodes is responsible to control the phase difference of the
arrangement. When the p-i-n diode 1 is OFF and p-i-n diode 2 is ON (Fig. 2.20a), a
total phase shift of 180° is achieved against 0° phase shift for the opposite case. The
proposed unit-cell operates at a center frequency of 12.5 GHz and it has an overall

dimension of 8 x 8 mm? (\/3 x A/3). According to simulation on the unit-cell, the
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Figure 2.18: (a) Transmitarray unit-cell design loaded with p-i-n diodes; S,; amplitude and
phase response for: (b,c) simulated and (d,e) experimental results, respectively.
(images extracted from the work presented in [79]).
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Figure 2.19: Snapshot of (a) the active unit-cell and (b) transmitarray for beamsteering
and polarisation control (images extracted from the work presented in [81]).

-10 dB 5;; bandwidth is of 300 MHz for both working cases, with maximum of
0.86 dB of insertion losses (for the case where D1=OFF /D2=O0N). The isolation

between co- and cross-polarisations is 16.5 dB for the center frequency.

Subsequent to the unit-cell characterization, a 16 x 16 transmitarray prototype
has been fabricated and measured. It is composed of 256 individual cells leading to
a total of 512 p-i-n diodes to achieve both phase and angular reconfigurability. A
x-polarised horn feed is used to illuminate the transmitarray as shown in Fig. 2.20b.
With the presented setup, a total of £50° beamsteering is obtained for both elevation

and azimuth planes.

It should be noted that some authors consider that the transmitarray are placed
at a distance far away from the radiation source aperture (focal distance), whereas
others are considered at the vicinity of the antenna source aperture. The ones that
are placed at the right focal distance typically exhibit wide beamsteering ranges,
since the placement at the focal distance leads to better spillover and illumination

efficiencies.

In fact, this is well reported in [83] where the authors have developed a flat lens
exhibiting circular polarisation and wide beamsteering angular ranges (Fig. 2.21).
In particular, the focal seems to play distance play an important role in radiation
performance, since larger distances tend to reduce aberration and consequently
lower beam distortions and improve side-lobe levels. To this end, the authors in [83]
have proposed a new feeding technique by implementing a virtual focus using a
dual-lens configuration, in order to reduce the overall antenna height. Remarkably,
beamsteering angles up to +£50°, at Ka-band (30 GHz) with an antenna height

estimated to be reduced by 20%, due to the virtual focus, has been achieved. In
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Figure 2.20: (a) Geometry of the transmitarray element and (b) reconfigurable transmi-
tarray prototype with 16 X 16 elements (images extracted from the work

presented in [82]).
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Realized gain (dBi)

Figure 2.21: (a) Antenna prototype and (b) measured realized gain for several beamsteer-
ing angles between 0° and 50° (images extracted from the work presented
in [83]).

fact, this is different technique to those previously presented, in which a lens-like

phase pattern, by means of microstrip patches, is used for beamsteering.

The closer the feed, the higher the oblique incident angle, which in turn affects
negatively the illumination efficiency and thus overall steering ranges. However,
the transmitarray placed right next to antenna aperture also showed to processing

results with the advantage of reducing the overall size of the apparatus.

The references presented in this review of the literature are summarized in
Table 2.1, listed by their main feature (polarisation control and beamsteering),
mode of operation (P - passive, A - active), Unit-cell (UC) design format and size,
reconfigurability control mechanism, frequency of operation, bandwidth, insertion
losses and beamsteering angular ranges with respective steering planes, when

applicable.
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Table 2.1: Summary table of references for polarisation control (Pol.) and beamsteering (BS) transmitarrays

Ref. Feature Mode' UC type UC size Control mechanism Freq. band Bandwidth Loss BS Range
[39] A microstrip patch n/a varactor 12 GHz 700 MHz 3dB 9°Az only
[40,41] A microstrip patch 0.55\ X 0.55A varactor 5.7 GHz n/a 4.8dB +25°*Az or El
[42] A coupled feed patch 0.55\ X 0.55\F varactor 5 GHz* 500 MHz* 3.6 dB* n/a
[43] A coupled feed patch 0.55\ X 0.55A varactor 5 GHz 500 MHz 2.2 dB +50°*Az and El
[44—46] A microstrip patch 0.5\ X 0.5\ p-i-n (and MEMS) 10 GHz 1.5 GHz 3dB +70°Az and + 40°Fl
[47] A O-slot rectangular patch A2 x A2 p-i-n 29 GHz n/a n/a +40°* Az only
[48] A microstrip patch n/a varactor diodes 24.6 GHz 1 GHz 17 dB +50°Az and El
[16] BS A metamaterials n/a liquid crystal 27.5 GHz n/a 5dB +5°Az only
[49] A metamaterials 0.17A X 0.17A varactor 1.7 GHz n/a 4 dB +30°* Az only
[50] A metamaterials 0.61A x 0.61\ varactor 4.7 GHz 250 MHz n/a +30°* Az only
[52-54] A freq. selective surface 0.5\ X 0.5A* varactor 4 GHz* 400 MHz* 3 dB* n/a
[55] A freq. selective surface 0.58A X 0.58A varactor 5.3 GHz 180 MHz 6.5 dB +30°*Az or El
[56] A freq. selective surface A/25 X A/25  tunable ferroelectric film 12 GHz n/a 2.9 dB +10°Az only
[57] P freq. selective surface 0.17A X 0.17A discrete capacitors 5.35 GHz 110 MHz 2.8 dB +25°Az and El
[58] A freq. selective surface 0.17A X 0.17A varactor 5.2 GHz 70 MHz 43dB  +28°Az and +26°FEl
B A freq. selective surface  o.54Ax 0540 pin ] 115GHz _ n/a nfa_ +40°Az and Bl
[64,65] P microstrip patch 0.5\ X 0.5\* cell rotation 60 GHz* 5.6 GHz*  0.46 dB* n/a
[66] Pol P microstrip patch 0.5\ X 0.5\ cell rotation 30 GHz 6.5 GHz n/a n/a
[67] P multi-layer PCB 0.28) x 0.28)\ cascading surfaces 77 GHz 13 GHz n/a n/a
odes P cascaded rectangle ring slot _ 0.6A x0.6A _ feeding source rotation 6 GHz _ 18GHz  w/a nfa
[78] A square patch 0.482\ X 0.482) varactor (and p-i-n) 5.4 GHz 450 MHz 3.8 dB +60°Az and FEl
[79] A U-slot patch 0.47A X 0.47A p-i-n 10 GHz 320 MHz 1.4 dB n/a
[80] Hybrid A U-slot coupled feed patch  0.488)\ x 0.488\ p-i-n 4.8 GHz 100 MHz 5.6 dB +45°Az and El
[81] (BS & Pol) A rectangle ring slot 0.46A X 0.46 p-i-n 27 GHz 4.2 GHz 3 dB +60°Az and El
[82] A U-shaped microstrip line A/3 X A/3 p-i-n 12.5 GHz 300 MHz 5dB +50°Az and El
[83] P dual layer microstrip patch A3 x A3 n/a 30 GHz 2 GHz n/a +50°El

 modes for unit-cells: P - passive, A - active (reconfigurable);
* considering the best case of 2 proposed designs;

* steering range with SLL<12dB;

n/a - not available.
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2.5 INTERIM CONCLUSIONS

This chapter presents an extensive literature review addressing antenna beam-
steering by using transmitarray. The literature review is outlined starting with
transmitarray developed for antenna beamsteering, wavefront polarisation control,
and transmitarray that combine both features simultaneously. Particular emphasis
is given to active/reconfigurable transmitarray, i.e. devices with the capability
of having its characteristics electronically controlled, either by employing active
mechanisms as p-i-n diodes, varactor diodes or MEMS switches. Several examples
among the literature have been presented and compared, followed by a critical
review. Information about unit-cell main characteristics are disseminated including,
design layout, e.g. if based on F'SS, MM or microstrip patch antennas. Finally, all
this information is summarized in terms of useful technical data extracted from the
literature such as, frequency of operation, bandwidth, unit/cell dimensions, insertion
loss and maximum steering ranges. This review demonstrates that transmitarray
antennas can be seen as a feasible alternative to the most traditional techniques of
beamsteering, overcoming some of its limitations, e.g. it withdraws the requirements
of complex beamsteering networks of phased antenna arrays. Since transmitarray are
mostly employing using PCB techniques, they will significantly reduce weight, power
consumption and the dimensions of assemblies, making them very attractive for
inclusion in a large number of applications that goes beyond antenna beamsteering,
as the candidate has demonstrated in a work developed prior to this dissertation,
and published in [63].
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BEAMSTEERING WITH A TRANSMITARRAY

3.1 INTRODUCTION

This chapter introduces the theoretical background for antenna beamsteering using
a transmitarray. In particular, the mode of operation of a conventional 1D beam-
steering transmitarray is described and compared against a typical linear antenna
array. Additionally, a theoretical approach to perform 2D beamsteering using a

transmitarray is presented.

3.2 THEORETICAL MODEL FOR 1D-BEAMSTEERING

The principle of beamsteering using a traditional transmitarray can be compared
to the one using a linear antenna array. Figure 3.1 depicts both configurations for
comparison. In a linear antenna array, the phase shifting is applied to the signal
in each individual branch using a phase shifter [1-3], whilst in a transmitarray
the phase shifting is obtained by controlling the phase delay introduced by each

individual elements of the transmitarray, as reported in [13-15,39-50,52-59].

When an incident EM wave propagates through a transmitarray of length I,

composed by N elements of periodicity p (Fig. 3.1b), it experiences a different phase

angle

(051 [05) O3 Olyg O (0%

“p-> i »
U B B (BRI N I |

p Incident plane wave
() (b)

Figure 3.1: (a) Model of linear antenna array and (b) model of a transmitarray for 1D
beamsteering analysis.
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shifting ~,, expressed by (3.1), after penetrating each of the elements of the array in

the steering direction theta 6,

ryn:i—ﬂ,p,n,sin(@):ko.p.n.sin(@), (3.1)
o

where k,=3" is the wave number in free space.
(o)

Consequently, the transmission phase a;, in the n'? element, can be defined by
(3.2),

0= — Yn+0o+2mi, 1 0,1,2,... (3.2)
where «, is the phase of the incident EM wave at the input of the transmitarray.

Therefore, the re-transmitted wave direction 6 can be expressed as a function
of the phase difference ¥ between adjacent elements, i.e. progressive phase, using
(3.3),

=0p — Op—1= — YntVn—1=
(0 Ynty (3.3)
= — ko.p.n.sin(0)+ko.p.(n-1).sin(0)= — ko.p.sin(0).

Thus, by varying the phase «,, of each array element in a progressive way, the
incident wave can be steered to a desired direction 6 relative to the normal of the

structure, defined by (3.4),

= —ko.p.sin(0) < 0= — sin™* <w2;\p> (3.4)

However, since the phase distribution in the array is applied along a single
direction only, the model for a linear transmitarray limits its application to 1D
beamsteering. Therefore, the main lobe of the radiation pattern of the original
antenna in which the transmitarray is applied, only has the capability to be steered

towards the output angle with @ component, as reported in some of the references
included in the literature review [16,39-41,49, 50,55, 56].

3.3 THEORETICAL MODEL FOR 2D—-BEAMSTEERING

In order to extend the concept to 2D beamsteering using a transmitarray, it is
proposed herein to characterise the model by analogy with a planar antenna array.
This vision, proposed in the work of [5], enables the transmitarray to have the
control over the two angular components theta 6 and phi ¢ of the output angle
direction, simultaneously, raising the limitation of 1D beamsteering of the previous

model. The transmitarray model for 2D beamsteering is depicted in Fig. 3.2.
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Figure 3.2: Proposed model for a transmitarray with 2D beamsteering.

Built on the theory of planar antenna arrays, presented in [1] and [3], a progressive
phase shift between adjacent elements should occur along the X and Y directions
of the M x N array so 2D beamsteering could be enabled. Thus, by expanding
from (3.3), the relation between the two dimensional output directions (6,¢) and

the progressive phase delay, is given by (3.5),

Yp= — ko.p.sin(0).cos(p)

hy= — ko.p.sin(0).sin(¢)

where v, and v, are the progressive phase along X andY axis, respectively, and p

is the periodicity of the p x p array elements.

Therefore, a M x N transmitarray would exhibit a relative phase distribution

that can be represented by the matrix (3.6),

Yy

Qv oo oo o Qimp

where oy, p, is the phase delay introduced by each individual (m,n) element of the
transmitarray. This representation is proposed herein to facilitate the understanding
of the progressive phase along the transmitarray and will be further considered

hereafter.

From this analysis, it can be concluded that the output steering direction (6,¢)

depends on the transmission phase a,;, , of each element of the 2D transmitarray,

37



BEAMSTEERING WITH A TRANSMITARRAY

and similarly to (3.2) (linear case), the phase shifting in each individual element
can be described by (3.7),

Amn= — '7m,n+a0+27‘—ia 1=0,1,2,... (37)

where the phase shifting of each element «,, 5, is a periodic function, and oy, , C 0,27
such as in the 1D case. Thus, each element of the transmitarray must always be
capable to achieve at least 360° (27) of transmission phase shift, to ensure a complete

control of the output angle.

Notwithstanding, in order to directly match the output angle direction obtained
from the theory with the output angle direction given either by simulation and
experiments, it is proposed, by this work, to apply in the theoretical model a
coordinate system conversion from Spherical coordinates (represented by 6 and ¢
components) to Azimuth-over-Elevation (represented by the pair Az/El). Therefore,
the mathematical relation between spherical and Az/El coordinates well detailed

in [84], given by (3.8), has been applied here:

sin(0).cos(¢)=cos(El).sin(Az)

sin(0).sin(¢p)=sin(El)
The main differences between both coordinate systems rely on the origin of the
axis, as depicted in Fig. 3.3. From the mathematical workout resultant of replacing
(3.8) in (3.5), a generic formula to calculate the output angle direction with Az/El

components provided by a 2D transmitarray, is given by (3.9),

Wl =—kq.p.cos(El).sin(Az)

Y= — ko.p.sin(El)
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Phi

(a) (b)

Figure 3.3: Axial representation of the (a) spherical coordinate system (6/¢) and (b)
Azimuth-over-FElevation coordinate system Az FEl.

3.4 INTERIM CONCLUSIONS

This chapter introduces the theoretical background for antenna beamsteering using
a transmitarray. After presenting the theoretical model for 1D beamsteering using a
transmitarray, an approach for the analysis of a transmitarray with 2D beamsteering
has been introduced. With this, it was verified that to perform beamsteering with a
transmitarray, the phase in each transmitarray element must be varied, progressively

and equally, throughout the entire array much like a phased antenna array.
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DESIGN OF A PASSIVE TRANSMITARRAY

4.1 INTRODUCTION

In this chapter, a transmitarray with two-dimensional beamsteering capabilities
inspired on F'SS is presented, at frequencies of 28 GHz. Following the requirements
of the theoretical model introduced in the last chapter, a controlled phase shift
is applied to each transmitarray element in order to enable the steering of the
main lobe of an original antenna pattern, in both elevation and azimuth planes.
This is accomplished by introducing a stacked, square-slot, unit-cell structure with
band-pass filtering characteristics controlled via Surface Mount Devices (SMD)
capacitors loaded into the cell. This was finally verified in a 5x5 transmitarray

composed of such unit-cells.

A complete parametric study based on electromagnetic simulations using CST
MWS is presented to evaluate and characterize the unit-cell parameters. In particular,
the phase characterization in terms of its variation and response with layer stacking,
distance separation and substrate thickness is studied. Antenna beamsteering with
ranges of up to £28° in both azimuth and elevation are achieved by means of
EM simulations at 28 GHz, using the 5 x 5 array configuration. An output angle
compensation model is also presented to correct the steering angle and decrease the

steering error.

4.2 STACKED UNIT CELL

The unit-cell design proposed herein is depicted in Fig. 4.1a. It follows the square-
slot F'SS design presented in [58]. For the operation frequency of 28 GHz, the cell
dimensions are detailed in Table 4.1. Each unit cell is loaded with two discrete

capacitors in order to control the phase shift introduced in the incident wave.

The respective equivalent circuit is presented in Fig. 4.1b, where L represents the
inductance of the outer loop, C, the parasitic capacitance introduced by the gap of
the slot and C, the capacitance of the SMD capacitors. The first two parameters
are specified by the dimensions of the F'SS, the latter being the one that can be
controlled to achieve the desired output angle. A Nelco NX9250 substrate with a
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Figure 4.1: (a) Square slot F'SS unit cell and (b) unit cells equivalent circuit.

Table 4.1: Unit cell dimensions

Parameter Value (mm)

D 5.75
l 5.55
d 4.06
g 0.34
w 0.41

relative permittivity (e,) of 2.5 and a dissipation factor (tand) of 0.0017, has been

considered for the simulations.

This unit-cell acts as a bandpass filter, in which the pass band response is
controlled by the dimensions of the cell but also by the SMD capacitors value
according to (4.1).

1
T X 4/ L X (Cg—i-Cd)

As previously stated, when an incident wave propagates through the FSS, it

fe= (4.1)

undergoes a phase shift depending on the SMD capacitor introduced. However, in
order to achieve the total phase shift necessary to fully control the beamsteering,
one layer of F'SS is not sufficient due to the low phase shifting associated to a single

layer, as reported in [57] and, according to literature, at least 360° are needed.

To this end, a parametric study in CST MWS was performed to evaluate the
optimal number of layers, substrate thickness and distance between layers required
to achieve the necessary phase shift to enable beamsteering. The results of this
parametric study are presented in Tables 4.2, 4.3 and 4.4 for substrates of thickness
0.254, 0.635 and 0.762 mm, respectively. These dimensions were selected to match the
standard substrates thickness available in the market. In this parametric study, the
effect of varying the number of layers (between 1 and 7) and the distance between
them (between 0.5 and 2 mm) in the unit-cell were studied in terms of centre

frequency (f.), bandwidth, maximum phase shift (A«) and insertion losses (Ijoss)-

42



4.2 STACKED UNIT CELL

400 ‘ ‘ ‘ ‘ ‘ ‘ 0
—1 layer
&350 ——2 layers | 5]
§ 300 - ——3 layers| | 101
< ——4 layers )
5250 ——5 layers| | _ 157
B ——7 layers %
2200 = .20
N
g L » | —1layer ||
£150 -25 ——2 layers
.g 100 [ -30 ——3 layers| |
8 ——4 layers
€ 50° 351 ——5 layers |
——7 layers
0 I T - 0 I S I I I I I K 2 W
0.2 0.6 1 14 18 22 26 25 25.5 26 26.5 27 27.5 28 28.5 29 29.5 30
Capacitance [pF] Frequency[GHz]

() (b)

Figure 4.2: Dependency of (a) total phase shift and (b) Sa; with the variation of number
of layers for 1pF, considering Case 1.
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Figure 4.3: Dependency of (a) total phase shift and (b) Sa; with the variation of number
of layers for 1pF, considering Case 2.

The bandwidth of the unit-cell is defined by the frequency difference between the
higher -3 dB point of the maximum capacitance value (2.8 pF) and the lower -3 dB
point of the minimum capacitance value (0.3 pF). Furthermore, for all parametric
combinations, it is characterised Ij,¢s as the maximum value of insertion losses within
the pass band, which in some cases are higher than -3 dB due to the oscillation in
the pass band. All these values can be calculated through the So; parameter of the
unit-cell. The S-parameters describe the input-output relationships between ports
in an electrical system. For a device with two ports there are four S-parameters: Sq1
and Soo which are the direct and inverse voltage reflection coefficients, respectively
and So1 and Si2 which are the direct and inverse voltage transmission coefficients,

respectively [85].
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Table 4.2: Parametric study on number and distance between layers for a substrate with
thickness 0.254 mm.

Distance between Number fe BW (GHz) /

Aa(®) Iess (dB)
layers (mm) of layers (GHz) (% of f.)

1 28.1275 1.682 / 5.98 42 1.02
2 28.2305 1.51 / 5.35 68 0.6
3 28.3755 1.751 / 6.17 100 3.16
0.5 4 28.2385 1.361 / 4.82 122 1.67
5 28.3475 1.61 / 5.68 159 1.21
7 28.0945 1.179 / 4.2 210 1.7
2 28.3285 1.332 / 4.7 78 0.4
3 28.583 1.578 / 5.52 103 3
0.7 4 28.3705 1.087 / 3.83 140 1.39
5 28.5105 1.359 / 4.77 178 0.84
7 28.4495 1.272 / 4.47 252 3.6
2 28.2935 1.03 / 3.64 92 0.6
3 28.5525 1.271 / 4.45 113 2.35
1 4 28.3315 0.733 / 2.59 177 0.9
) 28.464 0.998 / 3.51 201 2.62
7 28.3925 0.913 / 3.22 293 2.94
2 28.1285 0.658 / 2.34 110 1.26
3 28.318 0.848 / 2.99 146 1.26
1.5 4 28.3995 0.997 / 3.51 192 3.31
5) 28.19 0.628 / 2.23 261 1.58
7 28.1275 0.562 / 2 382 3.14
2 27.9695 0.457 / 1.63 122 1.8
3 28.0645 0.561 / 2 181 0.84
2 4 28.112 0.736 / 2.62 224 2.1
5 28.1375 0.845 / 3 291 3.7
7 28.0905 0.533 /1.9 400 2.71
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Table 4.3: Parametric study on number and distance between layers for a substrate with
thickness 0.635 mm.

Distance between Number fe BW (GHz) /

Aa(®)  Tess (dB)
layers (mm) of layers (GHz) (% of f.)

1 28.1545 1.343 / 4.77 50 1.4
2 28.0875 0.575 / 2.05 120 1.61
3 28.2315 0.681 / 2.41 165 1.75
0.5 4 28.0795 0.388 / 1.38 238 1.86
5 28.1315 0.551 / 1.96 279 2.21
7 28.0655 0.504 / 1.8 397 3.34
2 28.1875 0.512 / 1.82 126 1.6
3 28.3835 0.663 / 2.34 173 1.81
0.7 4 28.199 0.3 /1.06 251 2.24
5 28.2835 0.474 / 1.68 293 2.26
7 28.2075 0.41 / 1.45 424 3.12
2 28.1645 0.382 / 1.36 132 1.94
3 28.343 0.568 / 2 184 1.44
1 4 28.4205 0.709 / 2.49 230 3.56
5 28.2245 0.358 / 1.27 325 1.76
7 28.173 0.29 / 1.03 467 3.66
2 28.023 0.222 / 0.79 143 2.53
3 28.1145 0.351 / 1.25 217 1.41
1.5 4 28.162 0.51 / 1.81 265 2.35
5) 28.1885 0.624 / 2.21 336 3.903
7 28.142 0.302 / 1.07 483 3.14
2 27.885 0.136 / 0.49 152 2.82
3 27.887 0.209 / 0.75 244 2.02
2 4 27.908 0.356 / 1.28 306 2
) 27.927 0.447 / 1.6 378 3.47
7 27.8925 0.159 / 0.57 556 2.87
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Table 4.4: Parametric study on number and distance between layers for a substrate with
thickness 0.762 mm.

Distance between Number fe BW (GHz) /

Aa(®) Iess (dB)
layers (mm) of layers (GHz) (% of f.)

1 27.923 1.3 / 4.66 53 1.61
2 27.8 0.364 / 1.31 133 2.44
3 27.917 0.418 / 1.50 199 1.56
0.5 4 27.957 0.541 / 1.94 253 3.9
) 27.807 0.337 / 1.21 333 1.93
7 27.8755  0.558 / 2.00 463 4.45
2 27.89 0.307 / 1.10 138 2.26
3 28.049 0.451 / 1.61 199 1.53
0.7 4 28.116 0.58 / 2.06 250 3.67
5) 27.956 0.313 / 1.12 338 1.86
7 27.885 0.216 / 0.78 480 3.59
2 27.868 0.231 / 0.83 143 2.5
3 28.013 0.38 / 1.36 211 1.37
1 4 28.074 0.533 / 1.90 257 3.19
) 27.894 0.223 / 0.80 355 2.25
7 28.041 0.381 / 1.36 510 4.03
2 27.729 0.116 / 0.42 155 2.93
3 27.789 0.222 / 0.80 240 1.95
1.5 4 27.824 0.39 / 1.40 294 2.08
5) 27.847 0.45 / 1.62 360 3.58
7 27.808 0.187 / 0.67 540 2.811
2 27.59 0.059 / 0.21 163 3.12
3 27.57 0.126 / 0.46 234 2.56
2 4 27.582 0.259 / 0.94 283 2.32
5) 27.603 0.346 / 1.25 390 3.9
7 n/a n/a n/a n/a
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Figure 4.4: Dependency of So; with value of capacitance for unit-stacked cell with 7 layers,
considering (a) Case 1 and (b) Case 2.

Even though it is possible to attain the necessary phase shift with a 0.254 mm
substrate, this results will not be considered for further analysis, since the substrate
is very thin. When looking at implementation phase, a thicker substrate will be
less prone to bending and other implementation problems, in which the ones with
0.635 and 0.762 mm should be considered for further simulations and transmitarray
implementation. These results are presented to demonstrate that it is possible to
obtain the same results for a variety of substrates using the correct parameters (in

this case number of layers and distance between them).

Through the detailed analysis of the tables, it is possible to conclude that, in
order to obtain the 360° of phase shift with 500 MHz of bandwidth, 7 layers with a
distance of 0.5 mm between them are thus necessary, when considering a substrate
with either 0.635 or 0.762 mm. This means that any of these substrates can be
used in the transmitarray. For the characterisation, two-case studies have been
considered: Case 1 - 0.635 mm; and Case 2 - 0.762 mm.

According to the results presented in Tables 4.2, 4.3 and 4.4, Fig. 4.2a depicts
the total transmission phase achieved for the different number of layers, for a range
of capacitance values between 0.3 and 2.8 pF, considering Case 1. Fig. 4.2b shows
how the number of layers influence the So; of the stacked unit-cell when considering
the same value of capacitance introduced in the gap (in this case 1 pF'). Similar

results for Case 2 are presented in Fig. 4.3.

Subsequently, the So; parameters for 7 layers depending on the capacitance values
are presented in Fig. 4.4 for both cases, where the considered operating bands are
shown. In these plots, it is possible to better understand how the bandwidth of each

unit-cell is calculated.
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Figure 4.5: 5x5x7 full transmitarray.

4.3 FULL STRUCTURE SIMULATION AND BEAMSTEERING EVALUATION

In order to comply with requirements for beamsteering with a transmitarray (360°
phase control), 7 layer stacked unit cells have been considered to compose a 5 X 5
transmitarray. For this particular analysis, only the configuration of transmitarray
defined by Case 1 will be considered for simulations, although the same study could
be carried for Case 2. The final model o the transmitarray implemented in CST
MWS is depicted in Fig. 4.5. The model was simulated using open boundaries and
excited by an incident plane wave normal to the structure. The overall dimensions of
the transmitarray are 28.75 x 28.75 x 7.87 mm?3 (2.6 x 2.6, x 0.72), at 28 GHz)

and lumped elements were used to simulate the discrete capacitors.

In order to obtain the capacitance values required to place in each unit-cell, for
a desired steering angle, a script was developed in Matlab environment. In a first
instance, the script uses the formulation of Section 3.3 to compute the phase pattern
to apply to the transmitarray for a specific angle. It receives as input the Azimuth
and Elevation angle directions (in degrees) and it outputs a phase matrix with the
dimensions of the array, as indicated in the matrix (3.6). Finally, the capacitance
values are obtained by interpolating (using linear interpolation) the phase matrix

with the theoretical phase curve for depicted in Fig. 4.2a, for 7 layers.

For demonstration, two different cases were considered: one for beamsteering in the
azimuthal plane (Case A), and the other with beamsteering in both the azimuthal
and elevation planes (Case B). In (4.2) and (4.3) the capacitance matrices obtained
for both cases previously defined, are presented. For Case A, it was considered an
azimuth of 16° and for Case B an azimuth and elevation of -18° and 13° were used,
respectively. Note that the top left corner of the matrix refers to the capacitance
value needed in the unit-cell of the top left corner when looking at the front of the

transmitarray.
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[0.48 0.58 0.76 1.24 2.80]
0.48 0.58 0.76 1.24 2.80
Cxy= [0.48 0.58 0.76 1.24 2.80|(pF) (4.2)
0.48 0.58 0.76 1.24 2.80
10.48 0.58 0.76 1.24 2.80]

[2.80 1.16 0.72 0.55 0.44]
1.39 0.78 0.58 0.47 0.38
Cx,y=|0.87 0.61 0.50 0.39 0.35]| (pF) (4.3)
0.67 0.52 0.42 0.36 0.32
[0-55 0.45 0.37 0.33 1.32]

By loading the values of capacitance obtained to the lumped elements in the CST
simulation environment, it can be observed that the transmitarray is capable of
steering the main antenna beam towards the intended directions. This can observed
by the Three-Dimensional (3D) radiation patterns of Fig. 4.6. In fact, a steering
towards (Az,El) = (16°,0°) and (-18°,13°) is achieved with the 5 x 5 transmitarray,
validating therefore the proposed beamsteering method.

Gain [dBi]

30
20 10
10

[}
-10 -10
20
-30 20

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
Azimuth [°]

()

Elevation [?]

Gain [dBIi]

30
20 10
10
0
-10 -10
-20
-20
-30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
Azimuth [°]

(b)

Figure 4.6: Simulated 3D radiation patterns considering (AzEl): (a) (16°,0°) and (b)
(-18°,13°).

Elevation [°]

However, after an extended set of simulations including various output angle
directions (Cases A to E), detailed in Table 4.5, a maximum angular deviation,
consistently below 6°, is noticed. This deviation arise the need of an angular

compensating model, being presented next section.
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Table 4.5: Simulated beamsteering output angles

Expected Simulated Error
Az (°) EL(°) | Az (°) EL(°) | Az (°) EL(°)
Case A 16 0 21 0 5 0
Case B -18 13 -24 16 6 3
Case C -20 20 -20 24 0 4
Case D 5 -8 7 -13 2 5
Case E -18 -14 -24 -18 6 4
Average - - - - 3.8 3.2

4.4 OUTPUT ANGLE COMPENSATION

In order to mitigate the angle deviation previously observed, i.e. to compensate

for the output steering angle deviation, a phase matching model has been studied.

To this extent, a parametric study was carried out in order to model the angle

deviation within the +28°, as depicted Fig. 4.7, for both main radiation planes

of the transmitarray, and summarized in Table 4.6. The phase matching model

was evaluated from linear regression using (4.4) and (4.5), for both azimuth and

elevation angles dependency, where Sa, and Sg; are the simulated output angles for

azimuth and elevation, respectively and Ea, and Eg) are the expected (theoretical)

output angles. Results presented in Fig. 4.7 show the relatively good agreement (fit)

between the simulation results and the proposed model.

Saz=1.4012 X Ep, —0.0179

SE1=1.3254 X Eg + 0.1305

(4.4)

(4.5)

In order to assess the phase matching model effectiveness, the simulations pre-

sented in Table 4.5 were repeated, this time taking into account the compensation
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Figure 4.7: Phase matching model best fit for both (a) azimuth and (b) elevation planes.
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Table 4.6: Expected vs simulated beamsteering angles.

Expected (°) Azimuth (°) Elevation (°)

-22 -31 -27
-20 -28 -26
-15 -20 -20
-10 -16 -15
-8 -13 -13
-6 -8 -9
-4 -5 -5
-2 -3 -2
0 0 0
2 3 2
4 ) )
5 7 7
6 8 9
8 13 13
10 16 15
12 18 17
15 20 20
18 24 25
20 28 26
22 31 27

algorithm. These are summarised in Table 4.7, and the steering cases A and B are
depicted in Fig. 4.8, for comparison, against the ones originally presented in Fig. 4.6.
The results clearly demonstrate that the proposed matching model is capable of
correcting the beamsteering angle deviation while maintaining the original antenna

radiation pattern integrity, with errors better than 1°.

The analysis present herein clearly proves the concept of antenna beamsteering

using transmitarray at 28 GHz.

Table 4.7: Beamsteering results for phase compensation.

Simulated
Expected

w/o compensation w/ compensation

Az (°) EL() | Az(°) EI() Az (%) EL(°)
Case A 16 0 21 0 17 0
Case B -18 13 -24 16 -18 13
Case C -20 20 -20 24 -19 -19
Case D 5 -8 7 -13 5 -8
Case E -18 -14 -24 -18 -18 -13
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Figure 4.8: Optimised simulated 3D radiation patterns considering (Az,El): (a) (16°,0°)
and (b) (-18°,13°).
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4.5 INTERIM CONCLUSIONS

In this chapter the initial results and effectiveness of a transmitarray model with
2D antenna beamsteering capabilities, designed to operate at 28 GHz are presented.
Simulation results indicate +28° of beamsteering angle control, using a 5x5x7 stacked
layer. The extension of the operating frequency to millimetre wave (mmWave)
frequencies represented a leap reduction of the overall transmitarray dimensions
by a factor of 6 and a fractional bandwidth of circa 2 %, yielding 500 MHz of
physical bandwidth that makes it a good candidate for 5G and RADAR of the
future applications. The idea of performing 2D beamsteering directly from standard

high gain antenna using a single RF front-end is breakthrough in smart antenna

design.
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7.1 INTRODUCTION

In this chapter, conclusions of the developed work are drawn. A summary of the
dissertation, as well as the main contributions to science resulting from this research
and proposals for further work are presented herein. This chapter is divided in three
more sections: a dissertation review by chapter; overview of the major contributions

and lastly proposals for future development of the work presented in this dissertation.

7.2 DISSERTATION REVIEW

The main scope of this dissertation aimed at the investigation and implementa-
tion of a transmitarray to work at 28 GHz for 5G and RADAR applications. To
achieve this main objective, a literature review on transmitarrays and antenna
beamsteering technique was carried. A transmitarray inspired on FSS unit-cells
have been designed, simulated, optimized and implemented. One prototype con-
sisting of four transmitarrays has been characterized experimentally as a proof of
concept to validate the usefulness of the methodology for antenna beamsteering at
28 GHz. Finally, the impact of the use of varactor diodes was studied in simulation
environment to ascertain the feasibility of an electronically controlled transmitarray
at such frequencies. A new cell design that takes these effects into account was also

presented and fully characterized.

In Chapter 1 the background study and motivation of the work presented in
this thesis were provided. This chapter then enumerated the main objectives and

document structure.

Chapter 2 provided an extensive literature review on the existing transmitarray
used both for beamsteering and polarisation control. Transmitarray unit-cells based
on microstrip patches, F'SS and MM and controlled by different means such as
varactor or p-i-n diodes, among others, were analysed. All the transmitarrays were
then summarised and their characteristics (such as size, frequency of operation,

bandwidth and beamsteering range) compared to each other.
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In Chapter 3 the mathematical concepts and formulas to perform beamsteering

using a transmitarray were introduced.

The contents of Chapter 4 are related to the designing/re-dimensioning and
optimisation of the F'SS-based unit-cell, as well as it’s capabilities when integrated
in a full transmitarray. This was achieved through a complete parametric study based
on EM simulations using CST MWS, which allowed to evaluate and characterise
the transmitarray performance against unit-cell design parameters. Following the
requirements of the theoretical model, a controlled phase shift is applied to each
transmitarray element to enable 2D beamsteering. A fit model was also presented

in order to correct the small errors in the beamsteering direction.

Chapter 5 presented the prototyping phase of four passive transmitarrays, as
well as the measurements setups, results and post-processing analysis. Further
simulations that were done during prototyping were still presented in this chapter
(such as the effect of the discrete capacitor values and their respective tolerances) to
ascertain how these factors impacted the overall performance of the structures. The
prototypes were then implemented and their beamsteering characteristics studied

in a controlled environment.

In Chapter 6 the first steps towards a 28 GHz electronically reconfigurable
transmitarray based on a square-slot F'SS were taken. In this chapter the effects of
using a varactor diode, namely the parasitic inductance and resistance, were studied
in simulation environment and compared to the ones considering a capacitor’s ideal
model. Having these results proven that the impact of the parasitics would make it
impossible to perform beamsteering with this unit-cell, a new one was presented.
The dual-polarisation characteristics of this new unit-cell were also studied in CST
MWS.

7.3 CONTRIBUTIONS TO THE KNOWLEDGE

The research work carried out in this dissertation has contributed to the knowledge
with relevant scientific publications in an international journal and several interna-
tional conferences, covering most of the work presented throughout the different

chapters of this dissertation.

At the time of submission of this document, the work being presented in this
dissertation contributed to the knowledge with one journal paper and six conference

papers (one of which has been accepted for presentation but not yet presented).
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7.4 FUTURE WORK

Papers in international journals

o J.R.Reis, M. Vala, R. F. S. Caldeirinha, "Review paper on Transmitarray

Antennas", IEEE Access, Vol. 7, No. 1, pp. 94171 - 94188, December, 2019.

Papers in conferences

7.4

M. Vala, J. R. Reis, R. F. S. Caldeirinha, "A Novel Dual-Polarised Trans-
mitarray for Beamsteering at 28 GHz", Antennas and Propagation Con-
ference - APC, Birmingham, United Kingdom, November, 2019 (accepted

for oral presentation);

M. Vala, J. R. Reis, R. F. S. Caldeirinha, "On the Practical Limitations
of Electronic Beamsteering using Metamaterials at 28 GHz", I[EFE
IEEE-APS Topical Conference on Antennas and Propagation in Wireless
Communications APW(C2019, Granada, Spain, September, 2019;

J. R. Reis, M. Vala, R. F. S. Caldeirinha, "Novel Electronically Recon-
figurable Transmitarray for 2D Beamsteering: Emerging Applica-
tions", Conf. on Telecommunications - ConfTele, Lisbon, Portugal, June,

2019;

M. Vala, J. R. Reis, R. F. S. Caldeirinha, "A 28 GHz Fully 2D Electronic
Beamsteering Transmitarray for 5G and future RADAR applica-
tions", Loughborough Antennas and Propagation Conf. — LAPC, Loughbor-
ough, United Kingdom, November, 2018;

M. Vala, A. Sardo, J. R. Reis, R. F. S. Caldeirinha, "Electronic Recon-
figurable Beam-redirecting Metasurfaces for Outdoor-indoor Radio
Coverage Enhancement at 5.2 GHz", [EEE International Symp. on Per-
sonal, Indoor and Mobile Radio Commun - PIMRC, Bologne, Italy, September,
2018;

R. F. S. Caldeirinha, J. R. Reis, M. Vala, A. Sardo, A. Hammoudeh, Nigel
Copner, "Electronically Reconfigurable Active Metamaterials for 2D

Beamsteering", Encuentro Ibérico de Electromagnetismo Computacional -

EIEC, Coimbra, Portugal, May, 2018.

FUTURE WORK

With the results obtained and presented in this dissertation, possible extension for

further development may be suggested.
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Future work will address further measurements and result verification on the
implemented prototypes. Also, the fabrication of new prototypes without solder
mask can be useful to understand how this parameter can influence the overall
performance of the transmitarrays, when comparing to the prototypes already
developed. This is sought to be a factor that will lead to better prototypes working
in the intended frequency of operation. Besides, with new prototypes, it will also be
possible to have more data on the influence of capacitor’s tolerance by comparing

prototypes steering the beam towards the same direction.

Furthermore, study on the new unit-cell intended be used on a fully electronically
reconfigurable transmitarray using varactor diodes presented in Chapter 6 is also
needed, namely in terms of the feeding network of the varactors. Besides, even
though a study of the varactor diodes present in the market was carried, the
advancement of technology may allow for new varactor diodes that could lead to

better results in this new unit-cell.

Consideration should be given to conformal solutions that would allow complete
360° field of view, in which several transmitarrays may be used in a sectoral

configuration.
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