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Abstract

Printed reflectarrays are low-cost, low-profile high gain antennas demonstrating distinctive
advantages over conventional parabolic reflectors and phased-arrays. The flat, low weight
reflecting surface of a reflectarray makes it an attractive alternative with respect to bulky
parabolic reflectors especially for space and satellite systems. As compared to high-cost
phased-array antennas, with incorporation of solid state devices, reflectarrays are able to
demonstrate electronic beam scanning in a very low-cost way.

A distinctive advantage of a reflectarray antenna lies in its potential to be readily designed as a
multi-band antenna which demonstrates independent performance at several frequencies. A
characteristic that is difficult to achieve using conventional parabolic reflectors.

The aim of this thesis is to present low-cost, simple, multi-band printed reflectarray antennas
in Ku and THz frequency bands. In Ku band we present a dual-band reflectarray performing
at 12 and 14 GHz and a quad-band reflectarray antenna performing at 12, 13, 14 and 15.5
GHz. The presented prototypes benefit from the advantage of having a single-layer structure
which reduces the design complexity as well as the fabrication cost. In addition, multi-band
reflectarrays are able to perform at any polarization due to the dual-linear polarized design of
their unit-cells. Furthermore, the design of the unit-cell is such that, at each frequency, the
phase response depends on only one parameter of the cell. This advantage eliminates the need
for time consuming optimizations. Based on proposed unit-cells dual-band and quad-band
reflectarrays with arbitrary beam direction versus frequency have been simulated, fabricated
and measured. Simulation and measurement results as well demonstrate the satisfactory
independent performance of the prototypes at each intended frequency.

In THz region, for the first time we present a tri-band unit-cell based on which reflectarray pro-
totypes performing at the three frequencies 0.7, 1.0 and 1.5 THz, are designed. The presented
reflectarrays possess all the advantages of those designed for Ku band with the additional ad-
vantage of having high resistivity silicon as the substrate thanks to a sophisticated fabrication
process. The use of silicon as substrate is a big advantage since it facilitates the integration of
solid state devices for reconfigurability. Based on the proposed unit-cell reflectarray samples
with arbitrary independent performance at each frequency are designed, simulated, fabricated
and measured. Measurement results obtained using a THz-TDS (Terahertz Time-Domain
Spectroscopy) measurement system, demonstrate the satisfactory independent performance
of the reflectarray samples at each frequency.

This thesis also presents a dual-band, dual-polarized reconfigurable unit-cell for beam-scanning
reflectarray operating at 12 and 14 GHz. The cell however suffers from high-cross-polarization
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level. A chessboard cell arrangement is proposed to mitigate the high cross-polarization level
at the reflectarray far-field region. Simulation results show the effectiveness of the chess-
board arrangement in eliminating the cross-polarization allowing the design of a low-cross
polarization reconfigurable reflectarray antenna out of a unit-cell with high cross-polarization
level.

Finally, the thesis presents the concept of a versatile flat prism which is a reflectarray with
a pre-designed frequency-scanning behaviour. The limitations and challenges as well as
solutions for implementation of such a device are presented and discussed.

Keywords: Ku band, THz, Dual polarization, Reflectarray, Periodic structures, Metasurfaces,
Mutli-band, High gain antennas, Satellite communications, Reconfigurable antennas.
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Résumé

Les réseaux réfléchissants imprimés, communément appelés reflectarrays, sont des antennes
a faible cott, de profil réduit et de gain élevé qui possédent des avantages distincts par
rapport aux réflecteurs paraboliques classiques ou aux antennes réseau. La surface plane et la
légereté d'un reflectarray en font une alternative intéressante aux réflecteurs paraboliques
encombrants, particulierement dans le cas de systemes spatiaux ou de satellites. Comparé aux
réseaux phasés, un reflectarray est capable de fournir un balayage électronique du faisceau a
un bien moindre coft.

Les reflectarrays ont 'avantage de pouvoir facilement étre concus pour fonctionner dans de
multiples bandes de fréquences indépendantes entre elles. Cette caractéristique est difficile a
réaliser avec des réflecteurs paraboliques classiques.

Lobjectif de cette these est de présenter des reflectarrays imprimés simples et multi-bandes
en bande Ku ainsi que dans la bande des THz. En bande Ku, nous présentons un reflectarray
double-bande fonctionnant a 12 et 14 GHz et un reflectarray quadri-bande fonctionnant a 12,
13, 14 et 15.5 GHz. Les prototypes présentés sont tous monocouche, ce qui réduit la complexité
de la conception ainsi que le cott de fabrication. En outre, les reflectarrays multi-bandes sont
capables de fonctionner suivant toutes les directions de polarisation, grace a une conception
en polarisation linéaire double de leurs cellules. De plus, la cellule est congue de manieére
a ce que les réponses en phase de leur coefficient ne dépendent que d'un seul parametre,
différent dans chaque bande de fréquence, ce qui présente I'avantage considérable de rendre
les optimisations inutiles. Fondés sur les cellules proposées, des reflectarrays double-bande et
quadri-bande sont proposés, réalisés et caractérisés. Ils présentent une direction de réflexion
du faisceau prédéfinie de maniére arbitraire. Les diagrammes de rayonnement simulés et
mesurés démontrent le fonctionnement satisfaisant de prototypes réalisés.

Une cellule tri-bande est présentée pour la premiere fois dans la bande de THz. Fondés
sur cette derniere, deux reflectarrays fonctionnants a 0.7, 1.0, et 1.5 THz sont congus. Ces
réseaux ont les mémes avantages que ceux proposés en bande Ku. De plus, I'utilisation d'un
substrat en Silicium a haute résistivité a été rendue possible par un processus de fabrication
sophistiqué, permettant ainsi la réduction des pertes. Lutilisation de silicium comme substrat
présente I'avantage de faciliter I'intégration des éléments semi-conducteurs utilisés pour une
éventuelle reconfigurabilité du réseau.

Des reflectarrays avec des performances indépendantes a chaque fréquence et choisies de
maniere arbitraire ont été concus, simulés, fabriqués et mesurés. Les résultats de mesure
obtenus en utilisant un systeme de mesure de THz-TDS (Terahertz Time-Domain Spec-
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Résumé

troscopy), démontrent la performance satisfaisante des reflectarrays a chaque fréquence.
Cette these présente de plus une cellule double-bande, double-polarisation reconfigurable
pour un balayage de faisceau électronique fonctionnant a 12 et 14 GHz. La cellule souffre
cependant d'un niveau de polarisation croisée élevé. Pour atténuer cet inconvénient et
abaisser la polarisation croisée en champ lointain, un arrangement des éléments nommé en
damier (chessboard) est proposé. Les résultats de simulation montrent I'efficacité de cette
méthode.

Ala fin de la thése, on présente le concept de prisme planaire versatile (flat versatile prism)
qui est en fait un reflectarray présentant une variation fréquence-balayage préconcgue. Les
limites et les défis ainsi que des solutions pour la réalisation d'un tel dispositif sont présentés
et discutés.

Mots clefs: Bande Ku, THz, double polarisation, reflectarray, structures périodiques, metasur-
faces, Mutli-bande, antennes a gain élevé, communications par satellite, antennes reconfig-
urables



Resumo

Os agregados de antenas reflectoras impressos, amplamente conhecidos pelo correspondente
termo inglés, printed reflectarrays, sdo antenas de baixo custo, de baixo perfil e de ganho
elevado e que aprensentam ainda varias vantagens quando comparadas com as antenas
reflectoras parabdlicas e os agregados de fase. A superficie plana e leve de um reflectarray é
uma alternativa bastante atractiva quando comparada com as volumosas antenas parabélicas,
especialmente para aplicacdes no espaco ou para satélites. Por outro lado, quando compara-
dos com os agregados de fase, os reflectarrays tem a vantagem de alcanc¢ar um varrimento
electrénico do feixe com um custo mais baixo. Mas a principal vantagem de um reflectarray
reside no seu potencial de ser facilmente concebido como uma antena multi-banda demon-
strando desempenhos independentes em diversas frequéncias. Esta € uma das caracteristicas
mais dificeis de alcancar quando se utiliza as antenas parabdlicas convencionais.

O objectivo desta dissertacdo é desenvolver reflectarrays impressos simples, de baixo custo e
multi-banda para as bandas de frequéncia Ku e THz. Na banda Ku sao propostas duas antenas,
um reflectarray de banda dupla que opera a 12 e a 14 GHz e um outro reflectarray de banda
qudadrupla que opera a 12, 13, 14 e 15.5 GHz. Estas antenas tém a vantagem de terem apenas
uma camada o que reduz a complexidade na fase de concepcao e também de fabrico. Além
disso, os reflectarrays multi-banda tém a capacidade de operar com qualquer polarizagdo
devido as suas células apresentarem dupla polarizacio linear. E ainda importante referir que a
célula foi desenhada para que, a cada frequéncia, a fase dependesse apenas de um parametro.
Esta vantagem suprime a necessidade de demoradas optimiza¢cdes. Com base na célula
individual proposta, os reflectarrays de banda dupla e de banda quadrupla com direc¢do
arbitréria do feixe versus frequéncia foram simulados, fabricados e medidos. Os resultados das
simulacdes e das medidas demonstram que as antenas tém um comportamento satisfatério
para cada uma das frequéncias pretendidas.

Na banda dos THz, é proposta pela primeira vez uma célula de banda tripla na qual se baseiam
os reflectarrays que operam a 0.7, 1.0 e 1.5 GHz. Estes reflectarrays ndo s6 possuem todas
as vantagens das antenas na banda Ku acima referidas, como também apresentam uma
vantagem adicional, a de terem silicone altamente resistivo como substrato gracas a um
sofisticado método de fabrico. O uso de silicone como substrato é uma grande vantagem uma
vez que facilita a integracdo de semi-condutores para reconfiguracdo. Reflectarrays baseados
na referida célula e com desempenhos independentes a cada frequéncia foram concebidos,
simulados, fabricados e medidos. Os resultados das medidas obtidos usando um equipamento
de medida em THz (em inglés, Terahertz Time-Domain Spectroscopy [THz-TDS]) comprovam
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que a antena tem um desempenho satisfatério e de acordo com o esperado.

Esta dissertacdo também propde uma célula reconfiguravel de banda dupla e com dupla
polarizagdo para um reflectarray cujo objectivo é fazer um varrimento do feixe a 12 e 14 GHz.
No entanto, esta célula apresenta niveis altos de polarizacao cruzada. Uma combinacao de
células que se assemelha a um tabuleiro de xadrez foi adoptada (e denominada chessboard
cell arrangement) a fim de combater este mesmo problema na regido de campo distante. Os
resultados das simulacdes mostram que a referida combinacgao de células é eficaz na resolucao
do problema a que se propos.

Por fim, esta dissertacao apresenta o conceito de um prisma plano versatil que no fundo é
um reflectarray com um comportamento pré-concebido de varrimento em frequéncia. As
limitacoes e os desafios desta estrutura bem como varias solugdes para a sua implementacao
sdo abordadas e discutidas.

Palavras-chave: banda Ku, THz, dupla polarizagao, agregado de antenas reflectoras (reflectar-

ray), estruturas periodicas, metasurfaces, banda multipla, antenas de ganho elevado, comuni-
cacoes por satélite, antenas reconfigurdveis.
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|§ Introduction

1.1 Motivation and context of the work

High-gain antennas [3] are an indispensable component of any long-distance wireless system
such as satellite communications [4, 5] or Radar [6]. The traditional antenna candidates
for such applications have been parabolic reflectors [7] and arrays [8]. A parabolic antenna
(or a dish) is a reflective metallic surface that converges an incoming plane wave toward its
focus. Conversely, the spherical out-going wave of a point source, placed at the focal point, is
transformed into a plane wave, propagating as a collimated beam. Parabolic reflectors provide
a relatively low-cost and straightforward way to achieve high gain. An antenna array, on the
other hand, consists of a set of individual antennas (or elements) each excited with a specific
amplitude and phase. This enables the array to perform as a single antenna with improved
directional properties and thus higher gain. In case of a steerable array, where the phase
and amplitude of each individual radiating element is electronically controlled, the array
directional features can be electronically manipulated without requiring physical motion of
the whole antenna. Combined with microstrip technology at high frequency bands (C, X, Ku,
Ka) allocated for satellite systems, steerable array antennas (or phased-array antennas) are
frequently used as high gain antennas due to their compact size.

The deployment of parabolic and phased-array antennas is, however, subject to several chal-
lenges. Due to its specific curvature, a parabolic reflector grows into a bulky structure, difficult
to manufacture and handle, specially for space satellite communication systems. In addition,
the beam steering with a parabolic reflector is only possible through the use of mechani-
cal scanning. On the other hand, microstrip phased-array antennas which are capable of
electronic beam steering suffer from very high implementation cost since each element of
the array must be connected to a sophisticated module containing a phase-shifter and an
amplifier. In addition, the efficiency of a phased-array degrades at higher frequencies due to
the use of transmission lines. Methods have been introduced in order to reduce the number
of radiating elements and hence the modules in phased-array antennas. The resultant arrays
are commonly known as sparse or thinned arrays [9, 10]. The implementation of these arrays
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Figure 1.1: The advantage of a high-functional reflectarray antenna. A reflectarry antenna can
replace two separate parabolic reflectors, each with a specific beam direction at two specific
frequencies of f; and f>.

however is less straightforward since their design relies on an extensive optimization process
which needs to be repeated for different design requirements (working frequency, side-lobe
level, gain, etc).

As a compromise between a parabolic reflector and an antenna array, a third high-gain antenna
type known as Printed Reflectarray Antenna has emerged [1]. It is composed of a reflecting flat
plate illuminated by a feed. On the plate there is an array of passive printed elements each
with its own specific size and shape in order to compensated the phase difference caused
by the feed to element path and thus producing a co-phased plane and hence, a directive
pattern in the antenna far-field region. Printed reflectarray antennas have been proposed as an
alternative to the conventional parabolic reflector antennas by demonstrating distinguished
advantages over the former such as light weight, low manufacturing cost, low profile, good
efficiency and simplicity of design making it an attractive antenna in wireless communication
domains especially in satellite communication systems. In addition, by electronically tuning
the radiating elements using varactor diodes, PIN diode switches, ferro-electric devices, and
MEMS switches, a printed reflectarray antenna is capable of electronic beam scanning in
a very simple low-cost way as compared to the high-cost phased-array antennas [11-18].

The extensive research on reflectarray antennas has revealed their potential functionality in
frequency and polarization. As an example, figure 1.1 demonstrates how the high functionality
of a reflectarray antenna leads to a notable cost reduction. As shown, thanks to its multi-
frequency performance, a reflectarry antenna can replace two separate parabolic reflectors,
each with a specific beam direction at a specific frequency. Furthermore, figure 1.2 shows
the distinct advantage of a printed reflectarray over a parabolic reflector for a ground station
transceiver. As shown, a parabolic reflector beam direction always remains the same at the
uplink and downlink frequencies whereas a reflectarray antenna can be easily designed to have
arbitrary and independent beam direction at each frequency. As a results, with a multi-band
reflectarray antenna the ground terminal can maintain its connection with two (or several)
differently positioned geostationary (GEO) satellites. Combined with tunable elements, the
multi-frequency capability can turn into reconfigurable, multi-frequency performance and
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Parabolic reflector Reflectarray
W4 "/
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Figure 1.2: The advantage of a high-functional reflectarray antenna in a satellite communica-
tions’ ground station. While the beam direction at different frequencies remains unchanged
in a parabolic reflector, the multi-band performance of a reflectarray antenna allows wireless
connection with several (here two) geostationary satellites in different positions at different
frequencies (here fi and f5).

Terahertz Waves
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Figure 1.3: The Terahetz radiation. The frequency scale is in Hertz [37].

hence a highly functional yet low-cost high-gain antenna can be developed.

The reflectrarray antenna concept is not limited only to microwave frequencies. In recent
years, many developments of reflectarray antennas in Terahertz (THz), infra-red and visible
frequencies have also been reported [2, 19-36]. The resulting devices are also presented
as a family of meta-surfaces capable of deflecting an incident plane wave into an arbitrary
direction.

In physics, Terahertz (THz) radiation consists of electromagnetic waves with frequencies
varying from 0.3 to 3 THz corresponding to wavelengths of 1 mm to 0.1 mm (see figure 1.3).

The Terahertz radiation covers a frequency range between microwaves and infrared which is
also known as Terahertz gap whereon intensive research is carried out. THz radiation thus
shares some properties of both infrared and microwave radiation. It is a non-ionizing radiation
travelling in a line of sight and is able to penetrate a variety of non-conducting objects such as
clothing, paper, wood, plastic and etc. However Terahertz radiation is subject to considerable
losses when passing through fog and clouds (i.e the absorption of water vapour) and it cannot
penetrate liquid water or metal. Due to the presence of water vapour in the air, the usage of
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Terahertz radiation is limited within a range of maximum 10 meters.

In particular, THz frequencies have numerous applications in stand-off security scanning,
biology and medical sciences and broadband short-range wireless communication systems
[38] and one of the prominent topics in this field has been to manipulate the THz incoming
wave using meta-surfaces that are designed based on reflectarry antenna concept. Multi-band
reflectarray performance in this region will also have its benefits and advantages that were
discussed previously.

1.2 The main challenges and objectives

The goal of this thesis, is to develop printed reflectarray antennas with a very high function-
ality/cost ratio, by proposing multi-band structures that are capable of performing at any
polarization i.e. dual-linearly polarized at Ku band (12 - 18 GHz) as well as in THz region(0.3 -
3 THz). More specifically, the thesis concentrates on multi-band reflectarray antennas with
closely separated frequency bands since, it can also serve as a solution to the major drawback
of reflectarray antennas: narrow bandwidth performance. As such, the multi-band reflectar-
rays can be considered as the combination of several separate reflectarray antennas sharing
one single aperture. So far in the literature various multi-band reflectarrays with linear and/or
circular polarization have been reported. However most of the proposed antennas have a
multi-layer structure and/or lack dual linear polarization performance.

The main challenge in designing multi-band reflectarray antennas, is then to meet all of the
following conditions:

1- The antennas should be constructed on a single-layer in order to minimize complexity and
therefore costs.

2- They should be dual-linearly polarized, in order for them to perform at any polarization
and thus increase their functionality.

3- They should perform at several closely separated frequencies.

4- In case of THz frequencies, in addition to the above conditions, the reflectarray surface
must use high-resistivity silicon as substrate, in order to enable the integration of solid-state
devices to achieve reconfiguration.

1.3 Outline and original contributions
Chapter 2: Reflectarray Antennas and their Multi-Band Performance

description: The development history of reflectarray antennas, their limitations and draw-
backs are elaborated. This chapter serves as a review on the technologies and advances on
reflectarray antennas from microwave to THz, infra-red and optical region.

original contribution: The concepts and results discussed in this chapter are not new.
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Chapter 3: Theory and Design of Printed Reflectarray Antennas

description: The theory and design of a typical reflectarray antenna is discussed in this chapter,
providing an insight to its limits as well. In addition, the behaviour of an ideal unit-cell for a
reflectarray antenna demonstrating an infinite bandwidth (i.e. that of a parabolic reflector)
and the existing unit-cells that mimic that behaviour are presented and discussed.

original contribution: This chapter presents the idea of a versatile prism which is a reflectarray
surface with a pre-designed frequency-scanning behaviour. An infinite bandwidth reflectarray
antenna would therefore be a special case of a versatile prism. In addition, two unit-cell
structures are proposed for the implementation of a versatile prism.

Chapter 4: Multiband Reflectarray Antennas in Ku-Band

description: Single-layer, dual-linearly polarized unit-cells are proposed for dual-band and
quad-band reflectarray antennas for four closely separated frequencies of 12, 13, 14 and
15.5 GHz. Simulation and measurement results of the prototypes, showing their satisfactory
performance, are presented in this chapter.

original contribution: For the first time, a quad-band, dual-polarized and single layer reflectar-
ray antenna is designed and fabricated with a very good functionality/cost ratio. The resulting
reflectarray antenna thus satisfies the criteria presented in the previous section.

Chapter 5: Dual-Band, Dual-Polarized Reconfigurable Reflectarray Antenna

description: Single-layer, dual-linearly polarized reconfigurable unit-cells are proposed for
dual-band reconfigurable reflectarray antennas with closely separated frequency of 12 and 14
GHz. The resultant reflectarray achieves independent beam-scanning at each frequency.

original contribution: For the first time, a reconfigurable dual-band, dual-polarized, single
layer unit-cell has been designed and simulated with satisfactory results. In addition, this
chapter presents the chessboard arrangement for reflectarray antennas that use a high cross-
polar unit-cells. The theory and limitations of such an arrangement is discussed in this
chapter.

Chapter 6: Tri-Band Reflectarray Surface in THz Frequency Band

description: Single-layer, dual-linearly polarized unit-cells are proposed for single-band, dual-
band and tri-band reflectarray surfaces with closely separated frequency of 0.7, 1 and 1.5 THz,
having with silicon as the substrate. The prototypes have been simulated, fabricated and
measured using Terahertz time-domain spectroscopy (THz TDS) and results are discussed.

original contribution: For the first time, a tri-band, dual-polarized, single-layer reflectarray
has been designed in THz region. In addition, contrary to prototypes fabricated and reported
so far in the literature, high-resistivity silicon has been used as substrate which integration of
solid-state devices to achieve reconfiguration.
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¥4 Reflectarray Antennas and their Multi-
band Performance

The concept of reflectarray antenna was first introduced by Berry, Malech, and Kennedy [39]
in 1963. In the prototype, an array of short-ended waveguides, shown in figure 2.1 were
illuminated by a feed horn antenna. The length of each of the waveguides were adjusted so
that, once coupled to the waveguide, the incident wave of the feed horn, was reflected by
the short-end and re-radiated from the waveguides open-end with phase values depending
on the waveguides lengths. By adjusting the length of each waveguide, a desired phase
distribution can be made on the array surface and hence, a directed beam can be made in
the far-field. However, due to the use of wave-guide plus the feed horn, the whole structure
became very bulky and heavy and the concept was not popularized until ten years later with
the introduction of microstrip technology.

2.1 Microstrip reflectarray antennas

A microstrip reflectarray antenna was first introduced by Malagisi in 1978 [40] and in the same
year, its analysis using infinite array approach was proposed by Montgomery [41]. A decade
later, In the late 1980s and early 1990s, various printed elements were proposed in order to
achieve a low-profile, low-cost directive antenna. Figure 2.2 shows a typical printed reflectarray
configuration along with the various printed element types. The first reported reflectarrays
used simple printed patches with different sizes [42] as shown in figure 2.2.c, printed cross-
dipoles and rings with different lengths and radius [43, 44] as shown in figure 2.2.b, same
size patches with attached stubs having different lengths [45] shown in figure 2.2.a and other
elements. In addition to these designs that were targeted for linear polarization performance,
microstrip reflectarrays were also developed for circular-polarization applications by using
identical circularly polarized elements with different rotation angles [46, 47] as shown for
instance in figure 2.2.d. In this reflectarray type, with a circularly polarized incident field and
circularly polarized elements, physical rotation of each element creates a phase-shift which is
proportional to twice the angle of rotation [46].
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(a) 3D schematic view [1]

(b) Implemented prototype [39]

Figure 2.1: The first reflectarray antenna using short-ended waveguides as elements [1,39].

—r

[ ] @ P 1|7|| Feed horn

Printed elements

(c)

Figure 2.2: Typical geometry of a printed reflectarray antenna and various printed element
types, (a) identical patches with variable length phase delay lines, (b) variable size dipoles or
loops, (c) variable size patches,(d) variable angular rotations [1].



2.2. Multi-band reflectarrays

The main disadvantage of a reflectarray antenna is its narrow bandwidth performance which
typically does not go beyond ten percent. It is only in this sense that a parabolic reflector
with its inherent theoretical infinite bandwidth has superiority over a reflectarray antenna.
Reflectarray bandwidth depends on element design, plate size, focal length and so on. As a
result, extensive research on reflectarrays focuses on presenting elements that can overcome
this deficiency [48-57].

2.2 Multi-band reflectarrays

In spite of demonstrating a narrow bandwidth performance, a reflectarray antennas with a
distinctive potential of being designed for multi-band performance was first reported in [58].
This is of special interest in the case where the communication system requires the coverage
of several narrow frequency bands. In addition, a multi-band reflectarray is completely
independent at each frequency band, a characteristic that is very difficult to achieve using
parabolic reflectors. It should be noted that for the unit-cell of a multi-band reflectarray we
would need geometrical parameters inside the cell equal to the number of frequencies so that
at each frequency the cell can provide the required reflection phase.

Multi-band reflectarrays can be divided into two major groups: those with largely separated
frequency bands and those with closely separated frequencies. A discussion on multi-band
reflectarrays structures and the geometry of their unit-cells is provided in chapter 6 of [1].
However we mention next some of their important characteristics and provide some examples
reported in the literature.

2.2.1 Reflectarrays with largely separated frequencies

Reflectarrays with largely separated frequencies cover frequencies each belonging to a certain
known frequency band e.g C, X, Ku, K, Ka and so on. An example is a reflectarray antenna cov-
ering widely separated frequency bands in X (8-12 GHz) and Ka (26-40 GHz) region presented
in [59]. The reflectarray consists of two layers each for one of the intended frequency bands.
Due to the large separation between the frequencies, each layer performs as a reflectarray
at one frequency and becomes almost transparent at the other one (see figure 2.3). This
characteristic makes the design procedure straightforward, meaning that since the two layers
do not disturb each other’s phase profiles, there will be no need for time consuming tuning
and/or optimization.

Dual-band reflectarrays can also be designed as single-layer structures. Figure 2.4 shows
two single-layer dual-band structures for largely separated frequencies 8 and 16 GHz where
small and large cross-dipoles and/or patches are responsible for phase-shift at the higher
and lower frequency band, respectively [1]. In these structures, due to the large separation
between operating frequencies, size variation of a structure assigned to one frequency, does
not affect the phase response of the other frequency. In other words inside the unit-cell, at
each frequency the phase-shift depends on only one parameter of the cell. This characteristic
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Figure 2.3: Two-layer, X/Ka dual-band reflectarray antenna with the fabricated layers for each
band [59].

leads the reflectarray to have completely independent beam shapes at each frequency. It
should be noted that these structures benefit also from dual-linearity which allows them to
operate at any polarization. As another example, in [60] the single-layer reflectarray antenna
covers three separated frequency bands of 7.1 GHz (C-band), 8.4 GHz (X-band) and 32 GHz
(Ka-band) for circular polarization performance. The reported reflectarray antenna with its
unit-cell as shown in figure 2.5 where every structure assigned to a certain frequency, has a
different color.

Finally, figure 2.6 shows another good example of multi-band cells for reflectarray antennas.
The double layer geometry includes many possible configurations for multi-band operation.
The cell operates at six frequency bands of 6.6, 18.7, 57.7, 52.5, 166 and 183 GHz [61].

As shown in the prototypes presented in the literature, the important concern in designing
multi-band reflectarrays is how to implement inside a unit-cell structures for different fre-
quencies with their own varying parameters without severe mutual coupling and physical
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Figure 2.4: Single-layer, simple dual-band structures at 8 and 16 GHz using a) cross-dipoles b)
cross-dipoles and patches. The small and large sized elements are responsible for phase-shift
at higher and lower frequencies, respectively [1].
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Figure 2.5: C/X/Ka single layer tri-band reflectarray unit-cell [60].

overlapping. We should of course take into account the unit-cell size since large values results
in unwanted grating lobes. And as mentioned before, the large separation between operating
frequencies is to our benefit for both issues.

Similar multi-band reflectarrays with multi-layer or single layer structures can be found
in [62-64].
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Figure 2.6: A six-band, two-layers cell configuration [61].

2.2.2 Reflectarrays with closely separated frequencies

In some applications the communication system requires the coverage of two closely separated
frequency bands. This feature is of interest specially at Ku band (12-18 GHz) where the
two frequency bands of 12 and 14 GHz are used for up-link and down-link DBS satellite
communications. In these cases the design of a dual-band reflectarray antenna is of notable
advantage as suggested by figures 1.1 and 1.2.

Design of reflectarrays for closely separated frequency bands however are more subtle than
those for large separation bands. Inside the cell we need structures with a varying parameter
to control the phase-shift at a certain frequency. However due to the close proximity of the
frequencies, structures for each frequency inside the cell have close sizes. This characteristic
makes it difficult to integrate the structures inside the cell without physical overlapping (due
to their size variation) or severe mutual coupling, specially for a single-layer geometry. The
design becomes even more challenging if dual-polarized structures are required since they
have to be vertically and horizontally symmetric.

In the literature various unit-cells are presented for closely separated frequencies. In [65] a two-
layer cell geometry with two stacked split rings were proposed for dual-frequency operation in
the two closely separated frequencies 7.4 and 8.9 GHz. In the proposed cell shown in figure 2.7,
the split rings in each layer are placed orthogonal to each other in order to decouple their
phase response at their own operational frequency. In other words the phase responses of the
split rings became independent. With this decoupling technique however, the reflectarray
becomes single-polarized at each frequency.

Figure 2.8 shows the unit-cell configuration for a dual-band operation at Ku band where two

12
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Figure 2.7: Two-layer unit-cell of reflectarray element for dual-band operation at 7.4 and 8.9
GHz. The variable for phase-shift regulation are d; and d» while other parameters are fixed to
a=10mm,e, =3.54,t =1.524mm, g = 0.2mm. The cell is single-polarized at each frequency
band. [65].

separate structures of split cross-loops and split rings are used for transmission centred around
14 GHz and reception centred around 12 GHz, respectively. The cell benefits from a simple
single layer geometry and here also the splits are made in both structures and they are rotated
90° with respect to each other in order to minimize their mutual effect. As a result, similar to
the example shown in figure 2.7, the reflectarray is single polarized at each frequency. Another
example of a reflectarray operating at the close frequencies (12 and 14 GHz) is presented
in [67] for DBS (Direct Broadcast Satellite) applications. The unit-cell, as shown in figure 2.9.a,
consists of three stacked patches each with a different size. The unit-cell geometry provides
the advantage of dual-polarized operation at both frequency bands due to both vertical and
horizontal symmetry of the cell. However, in this case the patches have strong mutual coupling
between them and therefore in the design procedure the patch sizes are optimized so as to
fulfil the phase requirement at each frequency band. The fabricated reflectarray is shown in
figure 2.9.b. In general, the structures proposed for closely separated frequencies are either
multi-layer or lack dual-polarization performance in all the intended frequency bands. On
one hand dual-polarization performance is essential for DBS satellites and on the other hand a
multi-layer structure needs to undergo a time consuming optimization procedure. In addition,
in a multi-layer structure the mechanical aspects of the reflectarray become more crucial
which requires the usage of sophisticated substrates as in [67]. As a result, for DBS satellite
systems a dual-polarized single layer structure would be of great benefit in terms of cost and
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Figure 2.8: a)Single layer unit-cell for dual-band operation at 12 and 14 GHz b)The fabricated
reflectarray [66].

mechanical stability.

2.3 Reflectarrays in THz, infrared and visible spectrum

In recent years, together with the increasing sophistication of designs enabled by the progress
in the nanofabrication technology, the concept of reflectarray antenna has led to the design
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Figure 2.9: a)reflectarray element based on three-staked varying-sized patches for coverage at
12 and 14 GHz b)The fabricated reflectarray [67].

and fabrication of reflectarrays that are capable of deflecting an impinging plane wave to an
arbitrary angle in Terahetz (0.3-3 THz), near infra-red (214-400 THz) and visible spectrum
(430-790 THz).

Examples on the design, simulation and fabrication of reflectarrays at infrared can be found
in [19-25] . The major issue in designing reflectarrays at these frequencies is the material
losses which has been the focus of reported papers in the literature treated in more detail
in [24]. Figure 2.10 shows a segment of the fabricated reflectarry reported in [20] which is
composed of metallic patches performing at the wavelength 10.6 um.

In the visible spectrum, the concept of reflectarrays have also been applied and their design
and experimental results have been reported in the literature [26-28]. Figure 2.11 shows the
schematic view and the fabricated sample of such a reflectarray antenna using cylindrical
dielectric resonators with variable height as unit-cells [28]. The realized reflectarray creates
beam deflection at the specular direction at the wavelength 633 nm corresponding to red light.
As mentioned earlier, the DRA (Dielectric Resonator Antenna) cells are used due to their low
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Figure 2.10: Fabricated reflectarray at infrared [20].

loss and hight efficiency at these frequencies as compared to the rapid efficiency degradation
of metallic antennas at high frequencies. As such, for the cylindrical DRA the material T10- is
chosen with relative permittivity of 8.29 along the planar axes and 6.71 along the cylindrical
axis and an estimated loss tangent lower than 0.01.

It should be noted that many reflectarrays in the optical region have been developed as a
family of meta-surfaces which are planar arrays with sub-wavelength periodicity that enforce
abrupt change in both the amplitude and the phase of an impinging plane wave. In [29] the
wave deflection in reflection and transmission has been demonstrated under the name of
anomalous reflection and refraction. The reflectarray/transmitarray uses V-shaped dipoles as
unit-cell as shown in figure 2.12. The resulting device manipulates the polarization and the
direction of the out-going wave both in reflection and transmission. Based on the same idea,
out-of-plane reflection and refraction by meta-surfaces has been reported in [30-33].

Figure 2.11: Fabricated reflectarray at visible frequencies (at wavelength 633 nm) [28].

Reflectarrays at THz

Terahertz (THz) technology has rapidly become the focus of recent research in electromag-
netism, due to its numerous applications in stand-off security scanning, biology and medical
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Figure 2.12: Fabricated meta-surface using V-shaped dipoles [29].

sciences and broadband short-range wireless communication systems [38]. One of the promi-
nent topics in this field has been to manipulate the THz incoming wave using reflectarray
surfaces. In the THz region, the performance of reflectarray antennas has experimentally
been demonstrated in [2, 34, 35] using a planar array of golden patches and dipoles on a
polydimethylsiloxane (PDMS) substrate with platinum as the ground plane.

The devices are capable of deflecting the incoming wave to a pre-designed direction and/or to
decompose the incoming wave into its orthogonal TE and TM polarizations and deflect each
of them to an arbitrary direction (see figures 2.14 and 2.13).

Recently, in [36] it has been shown that, with the proper choice of the cell parameters, one can
control the deflection angle versus frequency (see figure 2.15). The unit-cell is composed of a
thin aluminium film, a BCB (Benzocyclobutene) dielectric layer with thickness 120 um and
an aluminium pattern on top. As shown in the figure 2.15.a, the unit-cell is composed of two
rectangular rings and a thick dipole at the center. By properly choosing the cells parameters,
at 250 GHz a linearly phase response can be obtained. With the optimized cell parameters, the
device radiation pattern will have the frequency dependent behaviour shown in figure 2.15.b.
However, the resultant device has limitations in terms of angle-vs-frequency relation due to
the high inter-element coupling inside the cell. In other words, the device cannot achieve a
completely independent deflection angle at each frequency.

2.4 Conclusion

In this chapter we reviewed some of the important reported multi-band reflectarrays in the
literature. It was shown that reflectarrrays can provide a low-cost solution by performing
independently at different frequencies, a characteristic that is very difficult to achieve with
conventional parabolic reflectors. In particular, multi-band reflectarays with closely separated
operational frequency bands are of interest in satellite communication systems, specially at
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(b)

Figure 2.13: Fabricated reflectarray at 1 THz. a) The reflectarray deflects a plane wave with
incidence angle of 30° to broadside direction for both TE and TM polarized waves. b) The
fabricated prototype [34].

Ku band where we have DBS geostationary satellites. A multi-band, dual-polarized reflectarray
antenna at Ku band would be able to establish simultaneous wireless connections with several
satellites at different positions operating at different frequencies.

Finally, this chapter presented existing reflectarrays (or meta-surfaces) performing at THz,
infrared and visible light. It was shown that, reflectarrays at these frequencies are in fact the
down scaled version of those at microwave frequencies except that, we have a plane wave as
a source instead of a feed-horn. In addition, the material losses are the major concern for
reflectarrays performing at higher frequencies.
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lllz
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Figure 2.14: Polarizing beam splitter reflectarray at 1 THz a)When the incident wave is imping-
ing normally to the surface of the reflectarray, the TE and TM polarized wave are deflected
into two different directions with the angles of -30° and +30°. b) Fabricated reflectarray. [2].
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Figure 2.15: THz reflectarray with frequency dependent beam deflection. a) The unit-cell is
composed of two rectangular rings and a thick dipole in the center. By proper selection of the
cell parameters, a linear phase response is obtained based on the varying parameter of the
cell L at 250 GHz b) With the above phase response, the reflectarray antenna demonstrates a
frequency dependent deflection versus frequency [36].
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8] Theory and Design of a Printed
Reflectarray Antenna

This chapter deals with the general procedure towards designing a printed reflectarray antenna,
either with a feed horn or an impinging plane wave as the source. The main disadvantage
of a reflectarray antenna is its narrow bandwidth performance. This issue is discussed in
section 3.3 where the behaviour of an ideal cell for theoretical infinite bandwidth (i.e that
of a parabolic reflector) is described. As state-of-the-art, subsections 3.4.1 and 3.4.2 present
unit-cells that approximately mimic the behaviour of an ideal cell and those that can solve the
narrow bandwidth issue with multi-band performance. Furthermore, application, advantages
and disadvantages of each type of unit-cell will be explained. In addition, this chapter presents
the versatile prism, which is basically a frequency-scanning reflectarray antenna whose out-
going beam direction has a pre-designed relationship with frequency. It is evident that, a
broadband reflectarray would be a special case of a versatile prism. Challenges and suitable
unit-cells will be discussed for the realization of such devices.

3.1 Performance principle of a printed reflectarray

As schematically shown in figure 3.1, a printed reflectarray antenna is an array of elements
(also known as cells) on a grounded substrate and illuminated by a radiating point source
(usually a horn antenna). A particular parameter of each cell is chosen in order to manipulate
the phase of the reflected wave. This parameter can be the length of a printed dipole, size of a
patch, the permittivity of the grounded substrate, the length of a slot, the element’s rotation
angle (in case of circular polarization), etc. As a special case, if simple printed patches are
used, by the proper selection of the size of each patch, an arbitrary phase distribution is
created on the array surface and hence, a desired beam shape can be obtained at the antenna
far-field. Later we will explain how to obtain the phase-shift versus element size relationship.
In most cases we want to direct the antenna beam to a specific direction. According to the
phased-array antenna theory [8], in order to have the outgoing beam directed to (05y:, $our)
at the antenna far-field, the array must have the following reflection phase distribution on its
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surface:

Pr(xi, ¥i) = —koSinOoyurcospoyrXi — koSinBoyrSindoy:yi 3.1

Where ky is the propagation constant in vacuum, and (x;, y;) are the coordinates of the i*"
element. Additionally, if we have a point source as the feed, we know that the reflection phase
off an element equals the summation of the phase change due to the propagation from feed to
each element and the reflection phase of the element itself:

Or(xi,yi) = —kod; + Pg(x;, yi) (3.2)

Where d; is the distance between the feed and the i element , and ¢g(xi,yi), is element’s
reflection phase which depends on its structure parameters (ex: length of dipole in case of
using printed dipoles). From 3.1 and 3.2 the required element phase reflection denoted by
¢g(x;,y;) can be obtained:

¢p(x;, yi) = kod; — kOSingoutCOS(,boutxi - kOSineoutSin(/)outJ/i (3.3)

From ¢g(x;,y;) the corresponding parameter of the i’ element can be specified. As an
example, figure 3.2 shows a typical element phase reflection for a reflectarray consisting
of 30 x 30 elements arranged in a rectangular grid in order to point the beam to broadside
direction at the far-field. The surface is illuminated by a point source placed 290 mm above
and perpendicular to the array center (i.e. a center-fed reflectarray) and the grid spacing is 1/2
at 12 GHz. In case we limit the phase-shift to 0° < ¢pp < 360°, the required phase-shift becomes
as shown in figure 3.2.b.

On the other hand, if we have a plane wave with an incident angle of (6;,, ¢;,) as the illumi-
nating source, and we desire to deflect the outgoing beam to (64, Pou:), the reflection phase,
¢r(x;,yi), will then be the summation of the phase due to the incident plane wave and the
element’s reflection phase. In this case, the required element reflection phase will become:

GE(xi, yi) = —koxi(sinb;,cos}pin+5sinboy;cosPour) —koyi(sinbinsing;,+sinboySingour)

(3.4)

Figure 3.3 shows a 2D schematic view of a reflectarray having the illuminating source as
an incident wave from (6;,,¢;, = 180°) and with designed deflected (or outgoing) beam to
Bout,Pour = 0°). Since in this case ¢g(x;, y;) and hence the size of the elements, does not
depend on y;, the array is shown in the xz plane. Through out the thesis, reflectarray surfaces
with an incident wave as illuminating source, are treated and designed based on this view.
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Figure 3.1: Schematic view of a reflectarray antenna. The size of each element is specified in
away so as to compensate the element-to-feed phase-shift and produce the required phase
distribution on the array.

3.2 Elements reflection phase: unit-cell design

As mentioned in the previous section, once the required ¢g(x;, y;) is obtained, we only need
to place at (x;,y;) an element which has such a reflection phase. In order to obtain the
relationship between an element’s size and its reflection phase, i.e. element phase response,
we can impinge a plane wave upon the element with a certain size and numerically (or if
possible analytically) calculate the phase of the reflected wave with respect to the phase of
the impinging wave. However, since the element is going to be placed in an array, one must
consider the effect of the surrounding elements as well. To this aim, we assume that each
element on the array is surrounded by an infinite array of elements with the exact size of its
own which gives rise to an infinite periodic structure. The analysis of a periodic structure
in electromagnetism is carried out using Floquet’s Theory [68] in particular for structures
known as Frequency Selective Surfaces (FSS) first introduced in [69] and on which a through
discussion is provided in [70]. Therefore, in order to obtain the elements reflection phase, we
deal with an FSS implemented out of the same element. As an example, consider figure 3.4
where a periodic array (FSS) of arbitrary shaped elements in a rectangular grid are illuminated
by an impinging plane wave with wave number denoted by k,ie. :

Ei,= Eoeﬂ”, k=ko(sinB;n,cosp;néx+sinbipsing;,é,+ cosb;,é;) (3.5)
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Figure 3.2: Typical required phase-shift for the elements of a reflectarray antenna. a) un-
wrapped phase b) phase limited to 0° to 360°.

wherein (0;,,¢®;i,) are the angle of incidence. In this case, since the structure is assumed to be
infinite, the fields are periodic along the x and y axis with phase shift of A¢, = dysin6;,cosp;n
and A¢y = dysinb;,sing;y, respectively. The reflection characteristic of such an array can
therefore be analysed by putting a single element inside a waveguide with Periodic Boundary
Condition (PBC) as shown in Figure 3.5 representing the unit-cell. The PBC will force the fields
on each of the two lateral walls of the waveguide facing each other along the x and y directions
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Figure 3.3: 2D schematic view of a reflectarray surface. The principle of the deflection is the
same as that of a reflectarray antenna except that here we have a plane wave as the illuminating
source.

to be equal except for the above mentioned phase-shifts. In other words for the lateral walls
along y axis we have:

E(x,0) = E(x,dy)e!*?», Ay =dysindi,singin (3.6)
and for the lateral walls along x axis we have:

E(0,y) = E(dx, y)e/2¥+, Ay = dysinbicospin 3.7)

The analysis of such a waveguide is beyond the scope of this thesis and interested reader is
referred to [70] where more elaboration is performed. However we simply consider important
out-comes of the PBC waveguide for reflectarray antenna design. The unit-cell of figure 3.5
supports the propagation of evanescent and non- evanescent T Ep, and T M4 Floquet modes,
where p and g denote the mode number. For the reflectarray design purposes we are only
interested in non-evanescent T Eyy and T My, modes which are in fact simple plane waves
with orthogonal polarizations with respect to each other. Furthermore, according to periodic
structures theory, the cut-off frequency for the onset of the second pair of (TE/T M) non-
evanescent modes, are in fact the cut-off frequency for the onset of unwanted grating lobes for
areflectarray antenna. In other words, propagation of higher order non-evanescent modes in
a unit-cell must be avoided, since it will result in appearance of grating lobes in the reflectarray
far-field region. As a result, in the design process of reflectarray antennas, we should follow
the conventional condition established for phased-array antennas in order to rule out the
unwanted grating lobes:

A

< —F 3.8
1+sin90m (3-8
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where we assume d, = d, = d, and 0,,; is the angle of the outgoing beam.

Figure 3.4: Schematic view of an FSS with arbitrary shaped elements illuminated by a plane
wave.
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Figure 3.5: Schematic view of an FSS with arbitrary shaped elements represented by its
equivalent unit-cell.

Unit-cell simulation

In order to analyse the unit-cell, we will employ a Finite Element Method (FEM) [71] embedded
in CST Microwave studio [72]. Figure 3.6.a shows an example for simulation of a unit-cell in
order to obtain its reflection phase versus the element size, denoted here by L, at 12 GHz. A
periodic boundary condition is assigned to the lateral walls. The element is a simple cross-
dipole printed on a grounded substrate with 0.787 mm of thickness and a relative permittivity
of 2.33. The unit-cell can be excited by different Floquet modes with different incident angles.
However, since we are always following the condition of the equation 3.8, the unit-cell is
always excited with the TEyy and T My orthogonal Floquet modes, each of which in fact
corresponds to a simple plane wave. The reflection coefficient of such a cell is shown in
Figure 3.6.b in which, the green curve, combined with equation 3.3, is used to determine the
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size of each element on the reflectarray surface. The blue curve stands for the losses of the cell
which ideally is 0 dB. However due to the losses in the substrate and the metallic losses of the
element(s), it is always less that 0 dB. A through discussion about the cell losses and how to
reduce them can be found in [73].
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Figure 3.6: Unit-cell simulation setup along with its phase and amplitude response. The blue
curve is interpreted as the unit cell’s losses which is due to the substrate losses.
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3.3 Ideal unit-cell for broadband operation

As mentioned in the previous chapter, the main concern in reflectarray antennas, has been to
enhance their operational bandwidth. By broadband performance, we mean that, the out-
going beam’s direction would not change with the frequency, and as a result reflectarray would
demonstrate the performance of a parabolic reflector with its inherent theoretical infinite
bandwidth. In reflectarry antennas the bandwidth is determined by the gain-vs-frequency
curve of the antenna in the designed direction. A 3 dB bandwidth would be the frequency
span between the minimum and maximum frequency where 3 dB gain drop occurs with
respect to the antenna gain at the designed frequency. In order to investigate more closely
this issue, we consider a simple 2D reflectarray surface with an incident plane wave as the
illuminating source as shown in figure 3.3. (Note that the following arguments applies as
well to a reflectarray antenna illuminated by a feed-horn and it is out of shear clarification
that a 2D reflectarray surface is chosen). If we choose the parameters as (8, ¢;, = 180°) and
(Bour, in =0°), we obtain the required reflection phase of each cell:

¢’ ;= —kox;(sinOoy; —sinb;y,) +¢° (3.9)

cell

Wherein, (p(c)el ; is the phase of the 0" element (reference element) placed at xo = 0. This
term has been added since the required phase of each element is obtained with respect to
a reference element on the array surface. The above equation shows that, if we desire to
keep the direction of the out-going beam invariant with respect to the frequency (an infinite
bandwidth), the reflection phase of the cell must vary linearly with frequency. Suppose that
we have such a cell with the following phase response in terms of frequency f:

$Pcet1 =Af+B (3.10)

where A and B depend on the cell’s structure. If the design of the reflectarray is based on this
ideal cell, then we only have to find A and B for the i th cell (denoted by A; and B;):

¢l = Aifo+ Bi (3.11)

if we designate the reference cell with (P(C)e ;; on the reflectarray surface then by equating 3.11
and 3.9 we get:

A; f + B; = —kox;(sinfyy; —sinf;,,) + ° @’ =Aof +Bo (3.12)

cell’ cel

Knowing that ky = @, we can obtain the values of A; and B; for the i cell placed at x; on
the surface:

A= Ao—Zx;i(sinboy; —sinb;y) (3.13)
B; = By (3.14)
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where c is the speed of light. This kind of cell, is also called a true-time delay cell in analogy to
phased-array antennas in which true-time delay phase-shifter are used to avoid beam squint
with frequency.

3.4 State of the art

3.4.1 True-time delay cells

True-time delay cells are used in reflectarray antennas for broadband operation in [48], [89]
and [49]. In the cell introduced in [49], the phase regulation is accomplished by varying the
length of the delay line (i.e. the transmission line). The cell with its phase response is shown
in figure 3.7. It was shown that, in a certain frequency band, the phase response of the cell has
the following linear relationship with frequency:

27T€eff
c

Geell = _ZﬁL+¢0r Geerr = (-2 L)fO + o (3.15)

where L and €, ¢ are the length and effective permittivity of the transmission line, respectively.
In this case since the value of ¢, is the same for all the delay line lengths, for equation 3.3, we
have:

A= (22 (3.16)
B= ¢ (3.17)

Therefore, for each cell, the corresponding length can be obtained. It should be noted that,
this linearity holds for a certain bandwidth, since the coupling of the incident wave through
the slot into the transmission (delay) line, is only feasible in a certain frequency band. Based
on the above elaboration, in general cells with a rather smooth phase response i.e. loosely
linear, will exhibit a broadband performance.

3.4.2 Resonant cells

Resonant cells are the most commonly used cells in the design of reflectarray antennas. They
are usually single-layer (or multi-layer) structures consisting of elements (dipole, cross-dipole,
ring, patch, etc) printed on a grounded substrate. A simple single-layer cell using patch
elements was first introduced in [42]. However, the cell demonstrates a non-linear S-shaped
phase response (figure 3.6) with respect to its varying parameter which limits the operational
bandwidth to 4-5%. In order to increase the bandwidth for resonant cells, one could increase
the substrate thickness which results in smoother phase response at the expense of reduced
phase range. Now in order to increase the phase range, one can increase the number of
layers as proposed in [50] and [51]. One example [50] is shown in figure 3.8 where a two layer
structure is used resulting in a linear phase response and thus a broadband performance.
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Figure 3.7: True-time delay, aperture-coupled cell with linear phase response for broadband
reflectarray antennas [49].

Here the varying cell parameter for phase regulation is a,(= 1.42a,) so that, when the size
of the lower patch i.e. a, is growing, its resonance at the frequency f will immediately be
followed by the resonance of the upper smaller patch with the size a;, which in the end results
in the rather linear phase response shown in figure 3.8.b. Another method, which avoids a
multi-layer structure, would be to employ several resonant elements on a thick substrate in the
cell as proposed in [55], [52], [53] and [54]. In practice, these are cells containing elements that
have very close resonance frequencies. This fact, combined with a thick substrate generates a
rather linear phase response with adequate phase range as shown, for example, in figure3.9.
In this work [55], the regulating parameter is designated as [y based on which, other dipoles
lengths are chosen as Iy = 2I, = 1.531;. The resultant reflectarray exhibits 1 dB gain bandwidth
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of 35.41% which for a reflectarray antenna, is very satisfying. It should be mentioned that,
the fact that the out-going beam is in the broadside direction and the design is center-fed,
positively contributes to the bandwidth improvement according to [74].
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Figure 3.8: Two-layer stacked patch cell with linear phase response for broadband reflectarray
antennas. a) the structure with parameters (a; = by, a; = bz, Px = Py = 14dmm, ) = 1 =
3mm, a; = 0.7a,) b) Resulting phase response [50].

3.5 The versatile flat prism

A versatile prism is in fact a reflectarray surface for which, the out-going beam direction
has a pre-designed relationship with frequency. In this section we intend to introduce a cell
that can be used for such a device. However before going onto the details of the challenges
and requirements of such a device, the mechanisms that demonstrate the frequency agility
behaviour are presented. However none of them can be designed in such a way to demonstrate
a completely arbitrary frequency-vs-angle profile. This has been the main motivation to use
the reflectarray antenna concept to extract any arbitrary frequency-vs-angle profile from the
resultant flat device specially at microwave frequencies. In other words, the current devices
will become each an special case of a versatile flat prism.

3.5.1 State of the art

The most typical device with frequency-agile behaviour is a prism. In optics a prism (fig-
ure 3.10) is a transparent optical element with flat polished surfaces that refracts light. It
is typically made from any material that is transparent to the wavelengths for which it is
designed. Typical materials include glass, plastic and fluorite. Due to the dispersive nature of
its materials, a prism can be used to decompose a white light into its constituent wave lengths
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(i.e. colors). Depending on the shape of a typical prism, and the relationship of the refractive
index of its material (12(A)), the angle of refraction-vs-frequency,(angle-vs-color) can easily be
obtained by tracing a sample ray through the dispersive prism and using Snell’s law at each
interface. As an example, consider figure 3.11 where a dispersive prism with refraction index
n(A) is surrounded by air. In this case, if we have an impinging wave with incidence angle
0;5, the out-going beam direction 8,,,; versus frequency, for this particular prism geometry, is

obtained as follows:

Oout(A) = arcsin(n(/l) sin [a - arcsin(L sinHin) ) -« (3.18)

n(A)

Although with different prism structures and geometry, many different frequency-vs-angle
profiles can be achieved, but not any relationship. In addition a prism becomes very bulky
and difficult to handle in microwave frequencies.
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Interested reader is referred to [75] for more detailed discussion on the principles of a disper-
sive prism as well as gratings that demonstrate similar behaviour.

Figure 3.10: A typical dispersive prism.

out

n(A)

Figure 3.11: Schematic view of a typical dispersive prism in the air.

dI_I main beam
A m=

diffracted beam
m#0

Figure 3.12: Schematic view of a simple grating.
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Figure 3.13: Comparison of the spectra obtained from a diffraction grating (1) and a prism (2).

Figure 3.14: The grooves of a compact disc act as a diffraction grating.

A similar device to a prism that demonstrates frequency agile behaviour is a diffraction grating.
A diffraction grating in optics, is a periodic structure which, by proper choice of its periodicity
d, can split the impinging light and break it into its colors, diffracted to different directions. A
schematic view of a simple grating is shown in figure 3.12 where the elements are separated by
the periodic distance d. In this case for the out-going diffracted beam we have:

mA
Oout(A) = arcsin(7 - sinH,-n) (3.19)
Where m is an integer number that can take up any integer number as long as the absolute
value of the argument of arcsin(*) is smaller than or equal to unity. As shown in figure 3.12,
in addition to the main beam containing all the frequencies (when m =0 in 3.19), there is a
diffraction where each frequency has a different direction (correspondin to m # 0). Figure 3.13
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compares a conventional prism and a diffraction grating when illuminated by white light with
anormal incidence (8;,, = 0). As shown, contrary to a dispersive prism, here lower frequencies
(e.g red light) are more refracted than higher frequencies (e.g violet) with respect to the broad-
side. We should note that, the diffracted colors in case of a grating are equivalent to the grating
lobes of array antennas that have a frequency dependent angle and where the out-going white
light in the broadside direction corresponds to the main beam of an array antenna. Figure 3.14
shows an ordinary compact disk which is an every-day example of diffraction grating due to
the fact that, the grooves of a compact disk act as a grating. The effect can easily be verified by
reflection of sunlight from a compact disk onto a white wall.

In the literature, there has been many attempts to achieve non-conventional diffraction/re-
fraction using various methods and technologies. In [76], the photonic crystals fabricated on
Silicon (shown schematically in figure 3.15), demonstrate an extremely wavelength dependent
beam steering such that, with only a 1% shift of incident wavelength at around 1um, the
scanning span reaches 50°. The resulting angular dispersion is two orders of magnitude larger
than that achieved with conventional prisms or gratings.

photonic crystal conventional crystal

0.99 ,um‘1 pum 0.99 um‘1 um

Figure 3.15: Photonic crystal fabricated on Silicon with extreme wavelength dependent steer-
ing behaviour. Two incident waves of wavelengths 0.99um and 1um are refracted with angular
difference 50° [76].

In [77], a metamaterial lens is introduced with a reverse chromatic aberration, i.e. a lens with
a focal length increasing with frequency in the 83-130 GHz range. As shown in figure 3.16, the
lens is a flat multi-layer structure with capacitive and inductive printed elements similar to
a transmit-array. In the design process, each printed element size is optimised in order to
achieve a desired transmission phase response in terms of frequency. With this procedure, the
proper transmittal phase distribution at each frequency can be obtained on the lens surface
and hence a desired frequency-vs-focal length profile can be achieved.

Another interesting example of frequency agile devices is presented in [78] where based on
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Figure 3.16: Meta-material lens with an frequency dependent focal length. a) simulation
results show the increase of focal length with frequency b) Multilayer structure along with its
capacitive and inductive printed elements [77].

metamaterial microstructures, a prism is designed with reverse behaviour, that is, contrary

to the conventional prism, higher frequencies are less refracted than lower frequencies (see

figure 3.17). The device is designed based on meta-material micro-structures.

v

..lli.""“ :
y’ !

Figure 3.17: A non-conventional prism with reversed refraction-vs-frequency profile. a)
conventional prism. b) Meta-material prism with reversed refraction-vs-frequency [78].
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3.5.2 Design challenges of a versatile prism

In the previous section, example of devices were presented that possessed a frequency de-
pendent performance in terms of diffraction, refraction, focusing, etc. However no device
has been presented so far that can be designed in such way that it demonstrates a completely
arbitrary performance in terms of frequency. In this subsection, we introduce a versatile prism
based on the reflectarray antenna concept, that is to demonstrate a pre-designed arbitrary
frequency-vs-deflection profile. The challenges and limitations as well as potential solutions
are also presented in this subsection.

Let’s consider the simple case of the 2D reflectarray surface of figure 3.3 with a normal incident
wave i.e. 8;, = 0. It is desired to direct the beam to 6,,;(f), f being the frequency. In this case
the required phase of the i’ cell writes:

BLott(F) = —Koxi(sinBoue () + bro(), b0 =01, (3.20)

It is observed that, a broadband reflectarray is a special case of a versatile prism in which
0ou:(f) is a constant. Equation 3.20 implies that in fact in order to realize a versatile prism,
ideally we should find a cell that could demonstrate an arbitrary phase-shift in terms of
frequency since —90° < 8,,:(f) < 90° is an arbitrary function. Here we present an example
that provides insight concerning the versatile prism. Let’s consider an array of 20 cells, at the
design frequency of fy =15 GHz, with spacing d = %, performing at the frequency span of
9-15 GHz. Let’s choose the angle-vs-frequency profile as follows:

Oou:(f) =0max3in( (f_fmm)) (3.21)

b2
f max — f min
with this particular profile, the beam direction has a sinusoidal behaviour in terms of frequency.
As shown in figure 3.18, at f;,;, =9 GHz the out-going beam is pointed to broadside direction.
As the frequency increases, the beam will point towards 8,4, = 30° at around 12 GHz, and
then the beam moves backwards and points again to broadside direction at f;;;,x =15 GHz.

This particular beam direction has been chosen since it best shows the general issues of the
flat versatile prism. With this behaviour, figure 3.19.a shows the phase response of each of
the cells in terms of frequency. By assuming a constant phase response of ¢ 5o = 0° for the
reference cell, as shown in figure 3.19.a, we encounter phase responses that increase with
frequency, that is, they have a positive slope with respect to frequency. This is a characteristic
that is indeed unachievable in physics without significant reflectivity degradation. However,
the positive slope can be avoided by choosing a negative-slope linear phase response for the
reference cell as shown in figure 3.19b where it is observed that the issue of the positive slope
phase response is solved at the expense of large phase delays (around 5000° ). Therefore, the
main issue in the implementation of a flat versatile prism is the enormous phase range.

The two types of cells that can give us rather smooth phase response with a large phase-shift
are stacked patches and single-layer multi-resonance cells with a thick substrate. Given the
phase range, it will be required to have many layers in case of multi-layer structures and
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Figure 3.18: Sinusoidal beam direction with frequency.

enormous amount of resonators in case of single-layer cells with a thick substrate.

3.5.3 Circuit model solution

The unit-cell phase response issue for a versatile prism can be solved by reducing it from
an electromagnetic model to a circuit model. Consider the cell shown in Figure 3.20 where
we have a loaded dipole. Our goal is to find the value of the load in order to achieve a given
phase response. As shown in the figure, in fact by extracting the S-parameter matrix of the
structure, knowing the reflection coefficient of port No.1 (the single mode Floquet port),
and hence its input impedance, we can simply obtain the values of the load impedance for
different frequencies. Figure 3.20b shows the simplified circuit model of the unit-cell. Using
this model, once we know the value of Z;;, (extracted from the required phase response) and
the impedance matrix of the structure [ Z] (extracted by simulation), the value of Z; can simply
be obtained as follows:

Zr = -~ Zo9 (3.22)

As an example, we consider that the dipole has a length of 6 mm and width of 0.25 mm printed
on a grounded substrate of thickness 0.7874 mm and permittivity of 2.33. If we know already
the phase of the reflection coefficient of the port no.1 (i.e. cell’s phase response), we can
obtain the input impedance value seen from port no. 1 for each cell and hence the impedance
values to be loaded at port no. 2. Figure 3.21 shows the obtained values of the components of
the impedance matrix using HFSS. All of the values are purely imaginary. Now we desire to
obtain three different reflection coefficients for three different cells having the phases shown
in figure 3.22a and absolute value of unity assuming that the unit-cell is lossless. Figure 3.22b
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Figure 3.19: Phase response of each cell for a particular case of a versatile prism. The out-going
beam is deflected according to 3.21 a) Phase responses by assuming constant zero phase for
the reference element b) Phase responses all with negative slope using a negative slope phase
response for the reference cell.

shows the value of the load impedances required for each cell. As mentioned before, in this
stage the problem is now merely a circuit synthesis with combination of inductors, capacitors
and/or transmission lines with open/short termination so as to obtain a desired behaviour in
terms of frequency.
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Figure 3.20: a) Unit-cell with a loaded printed dipole b) the equivalent circuit of the unit-cell
in which the [Z] is the impedance matrix between port no.1 and port no.2. With a known Z;,
we can obtain the desired load impedance

3.5.4 Other solutions

We should mention that, it is possible to design a versatile prism using cells with limited
phase range. However in that case, the prism will become in fact a multi-band reflectarray
antenna. In other words, the reflectarray antenna will follow the relation of 8,,,(f) only
at certain discreet frequencies. As mentioned before, one possible solution would be to
place as many parallel dipoles as possible inside the unit-cell i.e. as much as the cell size
allows us. The lengths of dipoles can then be optimized such that at each frequency we
get the desired reflection phase. Another solution would be to employ a Genetic Algorithm
optimization method [79] starting with a simple patch inside the cell, which results in the
so-called fragmented patch element. Figure 3.23 shows a typical patch with the method
employed on. The pattern can be modified until the desired phase response is obtained. The
disadvantages are the high level of cross-polarization due to the element’s non-symmetrical
shape and enormous optimization time since the procedure should be repeated for all the
cells of the reflectarray. Since the design details of such a cell is beyond the scope of this thesis,
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Figure 3.21: Components of the impedance matrix according to the structure of the figure 3.20
with cell size 9 mm, dipole length and width 6 mm and 0.25 mm respectively, printed on a
grounded substrate of thickness 0.7874 mm and permittivity of 2.33. All of the components
are purely imaginary.

the interested reader is referred to [79-81] for more details.
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Figure 3.23: Fragmented patch synthesis showing the starting patch element and the synthe-
sized fragmented element. The iteration will be continued until the element demonstrates the
desired phase response [79].
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Multi-Band Reflectarray Antennas in
Ku-Band

4.1 Introduction

In this chapter we describe a dual-band and a quad-band reflectarray antenna with closely
separated frequency bands in the range 12-15.5 GHz. The multi-band unit-cells are designed
as single-layer structures composed of printed elements etched on a thin dielectric substrate
with thickness 0.7874 mm and permittivity 2.2 and 2.33 for dual-band and quad-band design,
respectively. In addition, the unit-cells are dual linearly polarized which makes the antennas
capable of performing in circular polarization as well. The proposed unit-cells have as many
regulating parameters as the number of bands and they have the important feature of inde-
pendent phase-shifts for each frequency. In other words, the phase-shift at each frequency
depends on only one regulating parameter of the unit-cell. Thus, the resultant multi-band
reflectarray antennas can be considered as the superposition of several reflectarray antennas
with their specific pattern shape, sharing one aperture. Here lies the main contribution to the
reduction of the cost/functionality ratio. Note that the aim of the chapter is only to prove the
concept and that is why small dimensions are chosen for the reflectarray surfaces since the
efficiency is not a concern. It is clear that, with a proper choice of the feed horn and antenna
dimension, satisfactory performance in terms of gain can easily be achieved. In this chapter,
for each multi-band antenna we start with the description of the corresponding unit-cell
and its phase response at each frequency, continue with the full array simulation and finally
present the measurement results.

The design methodology and results presented in this chapter have been published in [82, 83].
There is thus a certain overlapping between the materials of this chapter and [82, 83].

4.2 Dual-band reflectarray antenna

4.2.1 The unit-cell

As shown in figure 4.1, the unit-cell consists of a cross dipole (for the lower band) and a rectan-
gular split ring (for the upper band) printed on a substrate with permittivity 2.2 and thickness
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Figure 4.1: The dual-band unit-cell [83].
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Figure 4.2: Dual-band unit-cell phase response. At each frequency the phase response depends
on only one parameter. [83].

0.787 mm. The idea behind the splits in the rectangular ring is to avoid physical contact
with the cross-dipole element. With this configuration the phase controlling parameters of
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4.2. Dual-band reflectarray antenna

Table 4.1: Dual-band unit-cell parameters (unit: mm).

D W2 W1 G

115 05 0.7 15

both upper and lower band, that is L; and L, can have any value inside the unit-cell. The
unit-cell fixed parameters are listed in Table 4.1. The phase response of the cell was obtained
by impinging a normal plane wave on a finite 5x5 periodic array of the unit-cell since in
FEKO [84] environment this configuration is much less time consuming and as accurate as
if we used periodic boundary conditions. The reason is that, FEKO allows the utilization of
embedded Green’s function of an infinite grounded substrate which in it’s turn circumvents
the meshing of the substrate and hence results in a fast numeric computation.

As illustrated in figure 4.2, the simulated unit-cell phase responses in the two frequencies [83]
are almost completely independent from one another owing to the negligible coupling be-
tween the two elements in the unit-cell. As a result, the reflection phase at 12 GHz is controlled
only by variations in L; which is between 7.75 - 11 mm and at 14 GHz it is controlled only by
variations of L, between 8.3 - 10.6 mm. This feature makes it possible to obtain independent
functionalities in each frequency band.

4.2.2 Reflectarray antenna simulation scenario

Feed horn

beam

290 mm

Antenna Plate

A
Y

192 mm (9A at 14 GHz)

Figure 4.3: General configuration of the dual-band reflectarray antenna.

The dual-band simulation of the reflectarray is carried out in FEKO, a MoM-based full-wave
commercial software [84]. The main challenge in the full-wave simulation of a reflectarray
antenna is always the large electrical size of the antenna plate. This problem becomes more
severe if we consider that, as in the present case, a fine meshing is required owing to the
high Q-factor nature of the elements and the strong mutual coupling between neighbour
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cells. This section provides a detailed scenario for a fast and accurate simulation of the
proposed reflectarray antenna which indeed can be applied to the majority of reflectarray
antennas. For the present case, shown schematically in figure 4.3, the elements are printed on
an available standard 20x20 cm? substrate plate which, considering the unit-cell spacing of
11.5 mm, incorporates 17x17 cells. Owing to the symmetry of the reflectarray plate, there is
the possibility of applying a magnetic symmetry plane. However, in the simulation process,
it appeared that even with the incorporation of a magnetic symmetry plane, the simulation
requirements remained huge, leading to unacceptable simulation time and memory. As a
result we used another technique to simulate the structure. The idea is that, in addition to
the symmetry plane, to further facilitate the simulation and reduce the simulation time, the
following assumptions can be made:

A) The antenna plate is at the far-field of the feed horn

The outcome of this assumption is that, the feed antenna can be replaced by its far-field
radiation pattern arising from a point source situated at the antenna focal point, optimally
obtained at Zp = 290 mm for a given feed horn pattern and feed horn position in y axis (Yp =
-96 mm) which, corresponds to the antenna plate edge (see figure 4.3). In order to obtain the
optimum performance in terms of radiation pattern [74], the reflectarray antenna is designed
to point the beam to 19° off broadside at both frequencies:

6 =tan! (—”) =19° 4.1)
Zp

The feed horn used is a standard gain horn with nominal gain of 15 dBi and a beamwidth of
about 37° in both E and H planes. It is obvious that, the horn blockage effects will be ignored
as a consequence of this simplification. However, the feed horn blockage has also a minor
effect on the radiation pattern owing to the off-set configuration.

B) The grounded substrate is extended to infinity

This assumption provides the main contribution to the numerical model simplification by
significantly reducing the simulation time. By applying this assumption, it is possible to use
predefined multilayer Green’s Functions, available in many integral equation based com-
mercial softwares and avoid meshing the whole substrate, as required by finite-difference
or finite-element algorithms. This assumption has proven to be accurate in predicting the
antenna performance in terms of directivity and beamwidth as will be shown later in the
measurement results. A potential drawback of this assumption is that the spurious reflection
from the infinite grounded substrate could influence the far-field radiation pattern. However,
since the majority of the incident power from the feed horn is concentrated on the antenna
plate, the contribution of the waves reflected from the virtual portions of the infinite substrate
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(a) 12GHz. (b) 14GHz.
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(c) Simulated antenna structure in FEKO [83]

Figure 4.4: Simulated antenna structure in FEKO and 3D radiation patterns at 12 and 14 GHz.

extending to infinity is minor. Another possible drawback of the infinite grounded substrate
hypothesis is that it prevents a correct description of the back radiation of the reflectarray
antenna. A well tested way out exploits the fact that the main contribution to the antenna
back radiation comes from the diffraction from the edges of the antenna plate. Back radiation
can then be easily estimated by replacing the reflectarray antenna plate by a PEC plate with
the same size and position with respect to the feed horn.

4.2.3 Simulation and measurement results

The normalised 3D patterns at 12 and 14 GHz along with the structure itself are shown in
figure 4.4. However, in order to obtain the antenna gain, the structure is simulated separately
in two frequency bands i.e. from 11 to 13 GHz and from 13 to 15 GHz and thus it is fine meshed
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with a 1/16 mesh size in which A corresponds to the higher frequency in each simulation (13
and 15 GHz). Copper with 35 um of thickness is considered as the printed elements material.
The antenna prototype shown in figure 4.5 has been measured in an anechoic chamber of
8x4x4m3. Simulated and measured far-field radiation patterns at both central frequencies
of 12 and 14 GHz, are compared in figure 4.6. It can be seen that the antenna is showing
satisfactory behaviour in terms of both beamwidth and sidelobe levels. Beamwidths of 8 and
6 degrees and sidelobe levels of -13 and -15 dB are measured at 12 and 14 GHz, respectively.
While the figures demonstrate an overall agreement between measured and simulated ra-
diation patterns, especially in terms of beamwidth, some differences are noticeable in the
sidelobe levels. It is believed that this discrepancy between measured and simulated values
is simply due to the tolerances in the measurement setup, especially the horn deviation and
its distance from the plate. The effect of these tolerances is more apparent in figure 4.6.a, in
which the measured radiation pattern has its maximum at 17° while it should be 19° according
to simulations. In addition to the tolerances, the absence of the antenna plate surroundings
(holders, cables, etc) in the simulation might be another cause of the differences between
measured and simulation results. As for backside radiation, limitations in the measurement
setup at angles close to +180° (see figure 4.5) prevented accurate gain measurements at those
angles. For both frequencies, the cross-polarization level in E-plane remained below -30 dB
for all the angles. Simulated and measured reflectarray antenna gain versus frequency are
compared in figure 4.7. In good agreement with simulations, the antenna is showing two
overall gain peaks at 12 and 14 GHz in spite of a narrow bandwidth performance caused by the
thin substrate used. As shown in figure 4.7, the -3 dB bandwidths are estimated to be 5% and
4% for the lower and the upper band respectively. This bandwidth performance can be easily
improved if needed by increasing the substrate thickness. The theoretical aperture efficiency
of the antenna is estimated to be around 23% for the lower band and 30% for upper band.
Efficiency has been calculated as the ratio of the antenna measured gain over the maximum
broadside gain that can theoretically be obtained for a uniformly illuminated aperture area of
20%20 cm?:

n= G »yUmax = 12 .

Wherein G,, is the antenna measured gain and A (equal to 20x20 cm?) is the antenna plate
area. The small size of the antenna plate, elements metallic losses and substrate losses are
the main causes for efficiency reduction. We should mention that, in addition to the off-set
fed reflectarray, a center-fed design was also fabricated and measured. However, because
of the feed blockage effect, the antenna demonstrated poor efficiency and therefore was
discarded. Figure 4.8 shows the gain of the center-fed reflectarray compared to the simulation
results. Note that in the simulations the feed blockage effect is ignored since the feed pattern
is imported.
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Figure 4.5: Dual-band antenna prototype with measurement setup [83].

4.3 Quad-band reflectarray antenna

This section is considered as a continuation to the dual-band reflectarray antenna. As will be
later described in detail, with careful engineering of the unit-cell, it is possible to obtain phase
regulation at the four frequencies 12, 13, 14 and 15.5 GHz while maintaining the advantages
of the dual-band design (dual-polarization performance and single-layer structure) without
any additional cost. In the following, we will describe the geometry of the quad-band cell,
present the simulation results of the full array and finally, the full array performance will be
demonstrated by presenting the measurement results.

4.3.1 The unit-cell

Figure 4.9 shows the general configuration of the quad-band cell. However, before presenting
the details of the unit-cell geometry, we explain the idea that led to such a geometry. The
first step can be seen in figure 4.10.a, showing a simple dual-band unit-cell with interlaced
crossed dipoles [85] along with a portion of its corresponding 3 x 3 array sample (only for
demonstrative purposes). In this dual-band structure the regulating parameters for the phase
response are the lengths of the cross-dipoles shown in light blue and red designated to perform
at 12 and 13 GHz, respectively. In the second step shown in figure 4.10.b, we have designed a
tri-band unit-cell by introducing four equal-length tilted dipoles (in light green) in order to
obtain the phase-shift at 14 GHz.

It should be noted that at each step we verify that the phase responses are independent from
one another and are thus function of only one parameter of the unit-cell. In order to add
the fourth parameter for the phase regulation at 15.5 GHz, we introduce a second structure
similar to the second stage (in violet) and arrive to the third stage shown in figure 4.10.c.
However, at this stage the strong mutual coupling between the parallel dipoles prevents us
from obtaining independent phase responses at 14 and 15.5 GHz meaning that at each of
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Figure 4.6: Dual-band reflectarray simulated and measured far-field radiation pattern at a) 12
GHzb) 14 GHz. The simulated pattern in the range of -180< 8 <-90 and 90< 8 <180 is obtained
by putting a PEC plate size of the reflectarray in front of the feed horn [83].
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Figure 4.7: Offset dual-band reflectarray simulated and measured gain versus frequency at 19°
off broadside. The two peaks in antenna gain occurs at 12 and 14 GHz as intended [83].
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Figure 4.8: Center-fed dual-band reflectarray simulated and measured gain versus frequency
at broadside direction. Note the feed blockage’s negative effect on the measured gain with
respect to the simulated one where this effect has been ignored.
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Figure 4.9: The final quad-band unit-cell performing at 12, 13, 14 and 15.5 GHz [82].

these frequencies the phase response will be dependent on the lengths of both parallel tilted
dipoles. Moreover, avoiding physical interference with the cross-dipoles will make the design
complicated. One possible solution is to curve the tilted dipoles and arrive to the final stage
shown in figure 4.10.d. With this solution, as will be shown later, phase-shifts at 14 GHz and
15.5 GHz will become independent with an acceptable tolerance and physical interference
will also be avoided.

The constructing structures of the final unit-cell are shown separately in figure 4.11 with
geometrical details along with their phase response at each frequency assuming an incident
angle of 20°. This value is the incident angle of feed to the central cell due to the off-set
design of the reflectarray as shown in figure 4.3. Note that the structure for the phase-shift
at 13 GHz are the same as that of 12 GHz, i.e. cross-dipole of width 0.25 mm. Table 4.2
summarises the corresponding parameters and their variation limit for each frequency. As for
the substrate, the structures are printed on a grounded substrate with 0.787 mm of thickness
and a relative permittivity 2.33. It should be noted that the phase-shifts are obtained with the

Table 4.2: Quad-band unit-cell parameters [82].

Parameter name Frequency (GHz) Variation range

L, 12 GHz 8.5-9mm
L, 13 GHz 7.8-8.3 mm
0, 14 GHz 80° - 88°
0, 15.5 GHz 70° -77°

presence of all other unit-cell structures. However for the sake of clarity, at each frequency
only the corresponding structure is shown. Simulations are carried out in CST Microwave
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4.3. Quad-band reflectarray antenna

Studio environment. The phase responses at each frequency are obtained by varying the
corresponding parameter with three different values (first, middle and last) of the other three
parameters resulting in 3 x 3 x 3 = 27 curves. The solid black curve is the phase response, for
the case where the other three parameters are kept at their resonant size.
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(@) Initial dual-band unit-cell (b) Tri-band unit-cell

(c) Quad-band unit-cell (d) Modified quad-band unit-cell

Figure 4.10: Quad-band unit-cell evolutionary stages and the resultant FSS. At each stage. a) simple dual-band structure with interlaced
cross-dipoles for 12 GHz (in light blue) and 13 GHz (in red) b) a tri-band unit-cell with the help of four tilted dipoles (in light green) for 14 GHz
¢) a quad-band unit-cell with added tilted dipoles (in violet) for 15.5 GHz. Mutual coupling and physical interference between structures is an
issue d) final quad-band structures with curved tilted dipoles [82].
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4.3. Quad-band reflectarray antenna

As mentioned earlier, the important characteristic of the unit-cell is that, at each frequency
the phase-shift depends only on one parameter. This implies that the phase-shift at each
frequency remains almost unchanged when the other three parameters vary within their limits.
This advantage will simplify the reflectarray design since it eliminates the need for building
a huge database by sweeping all the parameters at all the frequencies for a multi-frequency
phase-matching method. Simulation results show that, of all the phase-shifts, at 14 GHz we
have the highest (yet slight) sensitivity with respect to 8, only, as shown in figure 4.12. As
shown, the phase response is only a function of 6, except for the two final values of 8, where
slight distortion occurs and where we have a 100° phase difference. By selecting an average
of these curves as the final phase-shift at 14 GHz (the black solid curve shown in figure 4.11),
we can neglect this tolerance since the error on the reflectarray surface occurs only for a few
combinations of 8; and 6. As will be verified later by full wave simulation and measurement
results, it has a minor effect on the overall reflectarray performance.

4.3.2 Quad-band reflectarray simulation and measurement results

As a proof-of-concept, we have designed two reflectarray prototypes with 17x17 cells on a
20x20 cm? plate. Each antenna has different and arbitrary beam directions for each frequency.
It should be noted that the size of the unit-cell (= 12 mm) is larger than 1/2 at 15.5, 14 and
13 GHz. Therefore, in order to avoid the apparition of grating lobes, the maximum beam
deviation at 15.5, 14 and 13 GHz should not exceed 40°, 50° and 68° respectively. At 12 GHz
there is no limitation in the beam direction since the unit-cell electrical size is smaller than A1/2.
The beam direction at each frequency and its exact values for the first and second prototypes
are shown in figure 4.13. For the first prototype the beams at all the frequencies are pointing
to an elevation angle of 8 = 10° off broadside and azimuth angles of ¢=45°, 135°, 225° and
315° at 12, 13, 14 and 15.5 GHz respectively. The second prototype is similar to the first except
that there are only two beam directions. At 12 and 14 GHz the beam is pointed to (6=10°,
¢=45°) and at 13 and 15.5 GHz the beam is pointed to (6=10°, ¢=135°). The values of the beam
directions are chosen in an arbitrary manner merely to show the antennas performances. The
antenna plate is illuminated by a standard feed horn antenna placed at zp = 290 mm and
yp = -96 mm according to the coordinate system shown in figure 4.13. The feed horn has an
aperture size of 31x41.5 mm? and its gain vs frequency is shown in figure 4.14. One of the
characteristics of the proposed unit-cell is that it can also be viewed as the superposition of
two dual-band structures each composed of a cross-dipole and four symmetric arcs. This
concept is better shown in figure 4.15 where we have shown a segment of the infinite periodic
array represented by the proposed unit-cell. In figure 4.15 the blue elements construct a
reflectarray antenna performing at 13 and 15.5 GHz, and the red elements at 12 and 14 GHz.
In the middle of the figure one can recognize the proposed unit-cell having the boundaries
shown in green coloured solid lines. It is based on this arrangement that the two reflectarray
prototypes are designed.
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Figure 4.11: Structures of the final unit-cell with their geometrical details. The important
feature is that, at each frequency, the phase response is only a function of one unit-cell
parameter meaning that, it is independent of the variation of the other three parameters. The
final unit-cell is the superposition of all these structures [82].
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Figure 4.12: Simulated sensitivity of the phase-shift at 14 GHz on different values of 8,. This
slight dependency is negligible for the reflectarray design. An average of these curves has been
taken for the final phase response at 14 GHz.
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(a) first prototype. (b) second prototype.

Figure 4.13: Schematic of beam direction for the first and second quad-band reflectarray
antenna prototypes. The choice of the beam direction versus frequency is only to show
quad-band performance with arbitrary beam-shape at each frequency [82].
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Figure 4.14: Measured feed horn gain versus frequency [82].
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Figure 4.15: Quad-band reflectarray viewed as two dual-band reflectarray antenna at 12 and
14 GHz (in red) and at 13 and 15.5 GHz (in blue). The unit-cell can be distinguished in the
middle [82].
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(c) fabricated prototype.

(a) fabricated prototype.
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(d) measurement setup.

Figure 4.16: fabricated prototype and measurement setup [82].
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Figure 4.17: Schematic view of the measurement setup to obtain specular radiation pattern at

yz plane [82].
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Full-array simulation results

In order to estimate the performance of the whole reflectarray antenna, we have simulated
the first quad-band antenna in the previous section however with 13 x 13 cells in order to
reduce the simulation time as well as achieving precise results. The full-array simulations
are carried out in HFSS environment (see figure 4.18.a), having the feed (always placed at
zp = 290 mm and yp = -96 mm) as an imported radiation pattern. The simulations are only
carried out in order to verify the proposed idea and are considered as the final step towards
the fabrication of larger prototypes. The simulated patterns (see figure 4.18.b) also reveal
that, there is noticeable radiation in specular direction (yz plane) and this is the motivation
for measuring the radiation pattern in this plane for side lobe level estimation. The highest
specular radiation with level -10 dB with respect to the maximum gain, occurs at 14 GHz.
However, as will be verified in the measurement results, for larger prototypes containing
17 x 17 cells on the plate, at 14 GHz, the specular radiation will be reduced.

Full-array measurement results

The two reflectarray prototypes have been fabricated and measured in an anechoic chamber.
Figure 4.16 shows the final fabricated prototype with its printed elements on the plate along
with the measurement setup. The elements are printed on a Rogers Duroid RT5870 substrate
with 0.787 mm thickness and a relative permittivity of 2.33. Antenna radiation patterns have
been measured at ¢p =constant planes namely at ¢=45°, 135°, 225° and 315°, where the beams
are to be found. The radiation pattern has also been measured in the yz plane which is prone
to specular radiation [86] due to the existence of the feed on this plane, shown schematically
in figure 4.17. According to the configuration, it is clear that the specular radiation will have its
highest values around 0° < 8 < 20° as it will be seen later in the measured specular radiation
patterns. The performance of the prototypes are discussed separately as follows:

A) First prototype

The radiation pattern for each frequency is measured at its corresponding ¢ =constant planes
and at the specular plane, shown in figure 4.19, where it can be seen that all the beams are
directed to 6=10° with a tolerance of +0.7°. The radiation patterns at each frequency are
all normalised to the maximum directivity of the antenna at that frequency. The antenna
demonstrates a satisfactory performance in terms of side-lobe level except at 13 GHz where
rather high side lobe level and high radiation level in the specular direction are observed. This
issue is due to the frequency shift that occurs particularly at 13 GHz which is more obvious
in the antenna measured gain curves (figure 4.20). In order to measure the antenna gain, a
frequency sweep has been carried out at each of the four specified directions and, as shown
in figure 4.20, the gain reaches its maximum at the intended frequency. As mentioned, we
have a frequency shift at 8 = 10°,¢p = 135° where the maximum gain occurs at 13.14 GHz
instead of 13 GHz. It is believed that this frequency shift is principally due to printed elements
under-etching causing the elements to be slightly shorter than what they should be. A slight
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(a) Simulated structure in HFSS environment.
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(b) Simulated radiation pattern.
14 and 15.5 GHz, respectively. The cross-polarization level is below

-30 dB in all the cases. The antenna has the maximum gain at the intended direction for each

13,

)

Figure 4.18: a) Simulated quad-band reflectarray in HFSS environment. The feed horn has
first quad-band reflectarray antenna with 13x13 cells. The antenna has a gain of 21.8, 23.1,

been considered as an imported radiation pattern. b) 3D simulated far-field pattern of the

22.1 and 24.6 dB at 12

frequency [82].
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upward frequency shift in the other directions supports this argument. Lack of homogeneity
in the permittivity of the substrate could also be one of the frequency shift causes. Tabel 4.3,
summarises the first quad-band reflectarray performance.

Table 4.3: First quad-band reflectarray performance [82].

Frequency (GHz) Beam width Side-lobelevel (dB) X-pollevel (dB) Bandwidth Gain (dB)

12 6.6° 18 <-30 2.5% 22.63
13 6.4° 10 <-30 2.5% 20.29
14 6.2° 16 <-30 3.45% 23.45
15.5 5.7° 16 <-30 4.16% 24.61

B) Second prototype

Similarly, for the second prototype, the radiation pattern at each frequency has been measured
on the corresponding ¢-constant plane and normalised to the maximum directivity at that
frequency (figure 4.21.a). It can be seen that all the beams are directed to 8=10° as designed.
In addition, measured specular radiation at each frequency, normalised to the maximum
antenna directivity at that frequency, is shown in figure 4.21.b. The antenna demonstrates a
satisfactory performance in terms of side-lobe level at all the frequencies and unlike the first
prototype, it has undergone no frequency shift as it is confirmed as well in gain curves shown
in figure 4.22. In order to measure the antenna gain, a frequency sweep has been carried
out at each of the two main specified directions and as shown in figure 4.22 the gain reaches
its maximum at the intended frequencies. Tabel 4.4, summarises the second quad-band
reflectarray performance.

Table 4.4: Second quad-band reflectarray performance [82].

Frequency (GHz) Beam width Side-lobelevel (dB) X-pollevel (dB) Bandwidth Gain (dB)

12 6.8° 12.47 <-30 2.5% 23.24
13 6.7° 15.7 <-30 2.5% 22
14 5.8° 16.8 <-30 3.45% 25.38
15.5 5.7° 20 <-30 4.16% 26

In the both cases, the side lobe level at each frequency has been taken as the maximum value
between the side lobe level of the radiation pattern on the diagonal planes and the specular
radiation level. In comparison, one notices that the second prototype demonstrates better
performance due to the reduction of the frequency shift.
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Figure 4.19: Measured co-polar radiation pattern of the first prototype at different frequencies
on a) ¢ =constant planes b) yz plane (specular radiation). Relatively high side-lobe levels at 13
GHz seen on both figures are due to the antenna frequency shift [82].

4.4 Conclusion

In this chapter we have presented a low-cost and multi-functional quad-band reflectarray
antenna operating at four closely separated frequencies namely at 12, 13, 14 and 15.5 GHz. The
reflectarray antenna unit-cell has the advantage of being a single layer dual linear polarized
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Figure 4.20: Measured gain of the first quadband reflectarray. A general frequency shift is
noticeable specially at 8 = 10°,¢p = 135° where the peak occurs at 13.14 GHz instead of the
intended 13 GHz [82].

structure. This enables the reflectarray to operate at circular polarization as well. Based on the
new unit-cell two reflectarray antenna prototypes having specific beam directions for the four
frequency bands were fabricated and measured as proof-of-concept. Measurement results
show a satisfactory performance of the two prototypes in spite of using an electrically small
antenna plate. It should be noted that since the phase-shift of the unit-cell at each frequency
depends on only one parameter, the array design becomes very simple.
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Figure 4.21: Measured co-polar radiation pattern of the second prototype at different frequen-
ies on a) ¢» =constant planes b) yz plane (specular radiation) [82].
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Figure 4.22: Measured gain of the second quadband reflectarray. As designed, for each specific
direction, gain has its peak at the two intended frequencies [82].
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Dual-Band, Dual-Polarized Reconfig-
urable Reflectarray Antenna

5.1 Introduction

One of the most prominent advantages of reflectarray antennas, is their capability to provide
electronic beam scanning, in a cost-effective, simple and efficient way, by using unit-cells
integrated with discreet elements such as varactor and PIN diodes [11, 12], ferro-electric de-
vices [13] and MEMS [14-16]. Electronic beam scanning is feasible with the conventional
phased-array antennas however, since each radiating element has to be assigned with a so-
phisticated transceiver module, the implementation cost will become very high. In addition,
the usage of transmission line feeding network in phased-array antennas will degrade their
efficiency because of the losses that occur at high frequencies while these disadvantages have
been avoided in reconfigurable reflectarrays.

In addition, reconfigurable reflectarrays have proven to demonstrate advanced capabilities
in terms of operating frequency and polarization. In other words, it has been shown that
simultaneous phase control over several frequency bands and/or the polarization is possible.
Such additional capabilities are of high interest in many radar, satcom and cognitive radio
applications. The most prominent examples for multi-band and polarization-flexible recon-
figurable reflectarrays can be found in [17] and [18], respectively. In [17] the proposed cell
is a dual linearly polarized cell which is also capable of controlling independently the phase
of each TE/T M linear polarization at single frequency. It is evident that the proposed cell
can be also used for circular polarizations. In [18], the reflectarray antenna possesses the
capability of independent beam scanning at two frequencies of 24 and 35 GHz. The proposed
unit-cell operates however only for circular polarization and thus fails at linear polarization
beam-scanning. It’s worth noting that in the majority of applications a common beam for
both of the polarizations is desired and in addition cells with dual-linear polarizations have
the advantage of performing as well for circular polarizations.

This chapter introduces a topology for a reconfigurable dual-band dual-polarized reflectarray
cell at Ku band centred around 12 and 14 GHz. The novel unit-cell is composed of a printed
cross-dipole element with a rectangular split-ring element. In order to achieve reconfigurable
capability, 5 varactor diodes controlled by only two voltages- one for each frequency- are
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employed to control the phase response of the unit-cell. Simulated results show that at each
frequency band the phase response is dependent on only one of the applied voltages. This
means that a single layer printed reflectarray antenna could be realized possessing indepen-
dent beam scanning capability in two closely separated frequency bands. The main issue in
the design is the unit-cell high cross polarization level because of its non-symmetrical geome-
try. In order to circumvent this issue, cells are arranged on the array surface in a particular
way namely chessboard arrangement. Fullwave simulation results along with the developed
theory for the proposed arrangement, show the effectiveness of the chessboard arrangement.

5.2 The unit-cell

Figure 5.1 shows the schematic view of the unit-cell with the varactor diodes and the high-
value resistors for biasing. As shown in figure 5.1, at the lower band, i.e. 12 GHz, for both
polarizations the phase response is controlled by voltage V; applied to the diode D,. As for
the upper band, i.e. 14 GHz, the phase response is controlled by four similar diodes having
voltage V, applied to them. It is obvious that, due to the series configuration of the D, diodes,
in order to have the desired voltage, say V p», across each D, diode, the applied voltage should
be 2 x Vp,. As for the diodes DC biasing, the voltages are applied to the diodes through vias
which are themselves connected to the unit-cell elements through high-value resistors of
value 1kQ denoted in the figure by Rj,. It should be noted that the proposed unit-cell is an
extension to the dual-band, dual-polarized unit-cell introduced in the previous chapter. In
the unit-cell simulation, diodes have been replaced by their equivalent capacitances in series
with a 0.3Q resistor representing diode ohmic losses and a 0.4n H inductor for the packaging
effect. For the used MGV125-09 Hyperabrut GaAs varactor diode from Aeroflex-Metelics [87],
the capacitance varies from 0.8 to 0.07pF corresponding to an applied voltage of 2 to 20V

5.3 Unit-cell high cross-polarization level: chessboard arrangement

In the course of simulation it was found out that the unit-cell suffers from high cross-polarization
levels. This issue is attributed to the presence of the the non-symmetrical cross-dipole desig-
nated for 12 GHz. Figure 5.2 shows the phase and amplitude response of the unit-cell with
periodic boundary conditions where it is observed that the unit-cell at 12 GHz lacks the re-
quired phase-range and suffers from high level of cross-polarization at its resonance. The
responsible element for this deficiency is also shown in figure 5.2 on which the co-polar and
cross-polar currents are shown with red and blue arrows respectively, for the element illumi-
nated by a vertically polarized electrical field. The solution to avoid the cross-polarization
level in the resultant reflectarray would be to use a chessboard configuration.

In chessboard configuration, cells are arranged is a way that each one is the mirror of its imme-
diate neighbour. Figure 5.3 compares two reflectarray cell arrangements, a conventional and a
chessboard arrangement. In figure 5.3a it can be observed that, by using a conventional ar-
rangement, the induced cross-currents (shown with red arrows) would give rise to a high-level
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ELP= 0.35nH
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Figure 5.1: Proposed topology for the dual-band, dual-polarized unit-cell. On the left, the
equivalent circuit of the varactor diode is shown.

of cross-polarization, when illuminated by a vertically polarized electrical field. Figure 5.3b
shows on the other hand a chessboard arrangement where each cell/element is the mirror of
its immediate neighbour. With this arrangement, the cross-polar field-components generated
by the cross-currents will cancel each other out in the antenna far-field. The phase response
of the cell, in case of a chessboard arrangement can be in fact obtained by simply putting the
cell inside an E-H wall waveguide [1]. By doing so, figure 5.4 shows the phase and amplitude
responses of the unit-cell for perpendicular wave incidence at 12 and 14 GHz in terms of
varying capacitance C1 and C2 of the diodes D1 and D2 respectively. As shown, for each
frequency we achieve sufficient phase range which is dependant on one of the capacitances
while almost independent from the other one. As for amplitude responses, the maximum
amount of loss due to the varactors is estimated to be maximum 2 dB in both frequencies. The
size of the unit-cell is 9.5 mm corresponding to 0.441 at 14 GHz which rolls out the presence
of grating lobes at any scan angle in the upper hemisphere region.

5.4 Theory of the chessboard arrangement

For a reflectarray antenna the chessboard arrangement was first proposed in [88] for a par-
ticular case where the beam was directed to broadside direction while the reflectarray had a
center-fed configuration. This technique proved to be more effective than a previous method
introduced in [89]. Experimental results showed a 1 to 12 dB reduction in cross-polarization
level and a notable increase in the antenna’s overall gain. This subsection however will treat
such an arrangement in more detail and for the case when we have beam steering. To begin
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Figure 5.2: Cross-polarization issue of the dual-band reconfigurable unit-cell. The proposed
cell lacks phase range and suffers from high levels of cross-polarization when simulated with
periodic boundary condition. This deficiency is due to the cross-dipole of 12 GHz shown in the
left-bottom of figure. The incident vertically polarized electrical field, will induce horizontal
cross-currents that give rise to high cross-polarization level.

with, we consider the reflectarray antenna shown in figure 5.3b which uses the high cross-pol
cross-dipoles. The goal here is to determine the behaviour of the cross-polarization pattern
when we steer the beam to the angle of (6, ¢¢). To this aim, following assumptions are made:

1- The amplitudes of the reflected co-polar and cross-polar fields are uniformly distributed on
the array surface. In addition, each cell reflects both components with the same amplitude
(see figure 5.3b).

2- Same phase distribution is assumed for both components with the exception that cross-
polar currents at each cell are 180 out of phase with respect to their immediate neighbour (see
figure 5.3b).

With the above assumptions, referring to figure 5.3b, we are in fact dealing with two reflectarray
antennas, one for co-polar fields (blue arrows) and one for the cross-polar ones (red arrows)
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Figure 5.3: Chessboard arrangement and its comparison with a conventional one. a) By using
a conventional arrangement constructed as a result of assigning periodic boundary condition,
the induced cross-currents (shown with red arrows) would give rise to a high-level of cross-
polarization, when illuminated by a vertically polarized electrical field. b) In a chessboard
arrangement, constructed by using an E-H wall wave-guide, each cell/element is the mirror of
its immediate neighbour. With this arrangement, the cross-polar field-components generated
by the cross-currents will cancel each other out in the far-field

that are radiating simultaneously. Therefore, according to the phased-array antenna theory,
the following normalised array factors will be obtained for each of the co and cross-polar

arrays:

FCO(H»(P) =
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1 ) sinc(
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Figure 5.4: Phase response of the reconfigurable cell using E-H wall waveguide at 12 and
14 GHz. With an E-H wall waveguide, which corresponds to a chessboard arrangement, we

achieve enough phase range and the cross-polarization issue is solved. Losses are only due to
the varactor diode losses.

Where d and dy, are array element spacing along x and y axis, respectively, sinc(x) = %
and:

u =sin(@) cos(¢), v =sin(@)sin(¢), ug =sin(By)cos(pg), vy = sin(By)sin(¢g) (5.3)

From equation 5.4 the direction of the cross-polar main lobes can be obtained by solving the
following equations:

—-1/2 —-1/2

uzp p + U, vzq ~ + 1y (5.4)
Zx Yy
A "

Where p and q are any integer number for which, the values of u and v are obtained and
hence the direction of the main lobes are achieved. It is of course desired that no main lobe
appear for the cross-polar array. This means that for any integer values of p and g no real
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5.5. Full-array simulation of a reconfigurable reflectarray with a chessboard

arrangement
values must exist for © and v. In other words:
-1/2 2 -1/2 2
u2+v2>1:'(p +u0) +(qd +v0) >1 (5.5)
Y

dx
A A

As aresult, it can be proved that for the case where dy = dy, = d, the following condition should
be met in order to rule out the appearance of any cross-polarization lobes:

A

d< ——
V2(1 +sinfg)

(5.6)
Compared to equation 3.8, 5.6 simply means that, if we want to use a chessboard configuration,
the elements spacing should be smaller than that of the case where we are using a conventional
element arrangement by a factor of \/L:Z

5.4.1 Dual-polarized performance of a chessboard arrangement

Referring to figure 5.3b, a question might arise concerning whether the depicted chessboard
arrangement is dual-linearly polarized. To clarify this issue, figure 5.5 shows the chessboard
arrangement illuminated by two perpendicular incident waves. The generated co and cross
currents on the elements in each case show that in each case the unwanted cross currents
have the direction opposing each other in the neighbouring cell. As a result we can conclude
that the presented chessboard array is dual-polarized.

5.5 Full-arraysimulation of areconfigurable reflectarray with a chess-
board arrangement

5.5.1 Practical scenario for the unit-cell phase response simulation

In order to verify the performance of a chessboard arrangement, we take the high cross-
polar unit-cell shown in figure 5.6 where a practical topology has been considered for the
reconfiguration. As shown, the varactor diode which is replaced by a capacitor (light green),
a resistor of 0.3Q (black) and an inductor of 0.35nH (brown), is biased through vias from
beneath through two 1kQ resistors as AC isolators. We have used here simple resistors instead
of RF chokes, since the varactor diode does not consume any DC current and as a result, the
applied voltage to the vias will drop directly across the varactor. In order to estimate the phase
response, in practice we cannot implement an E-H wall waveguide and instead we can use a
Waveguide Simulator (WGS). The WGS model is a well-known method to measure the active
element performance of array elements in the array environment [1,90,91]. In this technique,
by putting the element at the end of a single-mode waveguide one can measure the reflection
response (phase and amplitude) of that element in an infinite chessboard arrangement for a
specific value of incident angle and frequency at a single polarization. In a WGS, the frequency
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@ Co-polar currents

@ Cross-polar currents

inc inc

(a) (b)

Figure 5.5: Dual-polarization performance of chessboard arrangement. a) The array is excited
by a vertically polarized incident wave. b) The array is excited by a horizontally polarized
incident wave.

and the angle of incidence have the following relationship:

sin(;,) = —— (5.7)
k() a

Where a is the H-plane or generally the long dimension of the waveguide. Figure 5.7 shows
the simulation scenario of the reconfigurable unit-cell with WGS carried out in HESS. In this
scenario, two elements, each with the exact same varactor diode but flipped with respect to
each other, are installed at the end of a WR75 standard waveguide with single mode (TE10)
operational frequency of 10 to 15 GHz. Knowing the fact that the large and small dimensions
of WR75 waveguide are a = 19mm and b = 9.5mm(= %), respectively, the reflection coefficient
of the waveguide will be the phase response of a chessboard configuration with grid spacing of
9.5mm and an incident angle of 40° at 12 GHz according to 5.7. In addition, the incorporation
of vias will make the measurement scenario less complicated and we can easily design the
biasing circuit behind the ground plane. Figure 5.7c compares the phase response obtained
using an E-H wall waveguid with that of achieved using WR75 waveguide. As shown, the
two phase responses have minor discrepancy with respect to each other and as a result the
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e —
0 25 5 (mm) o 25 5 mm)

(@) (b)

Figure 5.6: a) top view and b) 3D view of the reconfigurable high-cross polarization unit-
cell with biasing scheme. The varactor diode which is replaced by a capacitor (light green), a
resistor of 0.3Q2 (black) and an inductor of 0.35 nH (brown) is biased through vias from beneath
through two 1kQ resistors as AC isolators.

final reconfigurable reflectarray is designed based on the practical element phase response
obtained with the practical WGS method (the red curve in 5.7c ). The cross-dipole is printed
on a RogersRT5880 (e, = 2.2) having thickness of 1.5mm.

5.5.2 Full-array simulation

In order to get the preliminary performance of a reflectarray with the element of figure 5.6,
a full array has been simulated in the HFSS environment shown in figure 5.8. The array is
fed in an offset configuration using an imported pattern of a horn antenna with 14dB of
gain at 12 GHz placed 95mm above the edge of the antenna plate. The feed horn has an
aperture size of 31 x 41.5mm? and its gain vs frequency is shown in figure 4.14. The full array is
composed of 10 x 10 elements printed on a 124 x 124mm? RogersRT5880 grounded substrate
(e, = 2.2) having thickness of 1.5 mm. This number of elements is chosen so as to facilitate
the simulation and to represent the proof-of-concept. Figure 5.9 and figure 5.10 show the
beam scanning performance at three different planes of ¢» = 0°,45°,90° for 8 = 0°,20°,40°. It
should be noted that the maximum scan angle (40°) and array spacing (9.5mm) satisfy the
condition of 5.6 at 12 GHz. The average gain is estimated to be around 17.5 dB, corresponding
to an aperture efficiency of 20% and the maximum cross-polarization level (not shown) is
below -16dB for all the cases. The slight pattern degradation seen in Figure 5.10b is due to the
fact that, the scanning plane (¢ = 90°) is also the incidence plane due to the position of the
feed-horn (see figure 5.8). The 2D patterns for all the cases are simulated and compared in
figures 5.11,5.12 and 5.13.
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Figure 5.7: WGS simulation scenario of the high cross-polar element in a chessboard arrange-
ment. a) The impractical simulation with an E-H wall waveguide for a normal incidence can
become practical using a WR75 standard waveguide for a 40° incidence b,c) Amplitude and
phase response of the unit-cell obtained with EH-wall waveguide and WR75 waveguide d) 3D

%ew of the simulation scenario in HFSS.



5.5. Full-array simulation of a reconfigurable reflectarray with a chessboard
arrangement

[ 50 100 (mm)

Figure 5.8: Fullarray simulated reconfigurable reflectarray with a chessboard element arrange-
ment in HFSS environment. The array is illuminated by an imported pattern of the shown
virtual horn antenna.
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Figure 5.9: 3D co-polar radiation pattern of the reconfigurable reflectarray antenna with a
chessboard configuration at different scan angles at 12 GHz. The cross-polarization level
stays below -16dB for all the cases. The average gain is estimated to be around 17.5 dB,
corresponding to an aperture efficiency of 20%.
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Figure 5.10: 3D co-polar radiation pattern of the reconfigurable reflectarray antenna with a
chessboard configuration at at ¢ = 90° (specular plane) at 12 GHz. Degradation of radiation
pattern is expected in this plane due to the presence of the feed horn. Small dimension of the

reflectarray surface has also negative effect on the overall performance.
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Figure 5.11: 2D co-polar radiation pattern of the reconfigurable reflectarray antenna with a chessboard configuration at ¢y = 0° at 12 GHz.
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2D co-polar radiation pattern of the reconfigurable reflectarray antenna with a chessboard configuration at ¢pg = 45° at 12 GHz.
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Figure 5.13: 2D co-polar radiation pattern of the reconfigurable reflectarray antenna with a chessboard configuration at ¢ = 90° at 12 GHz.
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5.6. Improvements on chessboard configuration

5.6 Improvements on chessboard configuration

As discussed in the previous sections, thanks to the chessboard arrangement we could imple-
ment a low-cross polarization reconfigurable reflectarray antenna out of a high-cross polar
unit-cell by satisfying the condition of 5.6. In this section we try to show that, even if 5.6 is
not met, modifications can be applied to this arrangement so as to mitigate the resulting
cross-polar lobe. Consider figure 5.14 where the first modification scenario is demonstrated.
It shows a reflectarray surface (top left) with a regular chessboard arrangement in which white
elements are flipped with respect to black ones.

Using the technique introduced in [89], the array surface can be divided into four planes and
all of the cells of the two diagonal quadrants are flipped which results in the first modified
arrangement shown at the bottom right side of the figure.

Figure 5.15 shows the second modification where all of the elements inside the green rectangle
are flipped. Figure 5.16 compares the effect of each of these two modifications on the cross-
polarization suppression. The figure shows the cross-polar radiation pattern of a chessboard
array computed using 5.4 where the condition of 5.6 is violated and as a result, when the array
beam is pointed to 6y = 60°, high level radiation of cross-polarization occurs. The blue curve
corresponds to the cross-polarization pattern of a regular chessboard array while the green
and red curves correspond to the cross-polar patterns of the first and second modification,
respectively.

As shown in Figure 5.16, these modifications have resulted in 9dB reduction in the cross-polar
radiation. The effect of these modifications can be better understood by observing the 3D
simulated total-field radiation pattern of such structures carried out in FEKO environment
and presented in figure 5.17. In this case, the co-polar beam is directed to (6y = 60°, pg = 135°)
while the cross-lobe appears right behind the main lobe (at ¢p = —45°). The patterns from left
to right, correspond to regular, first and second modification. The positive effect shown in
figure 5.16, can now be visualized in 3D. It should be noted that, these modifications have no
effect on the main co-polar beam.

5.7 discussion on the chessboard arrangement

Although chessboard method showed its effectiveness in cross-polarization suppression, but
it not without disadvantages. the first disadvantage is that it requires a cell with smaller
dimensions than a conventional array antenna.

In fact the main motivation behind the design and simulation of the proposed single band
reconfigurable reflectarray at 12 GHz was the utilization of a single varactor diode per cell for a
dual-polarization performance. However, since the size of the cell needs to be reduced to a
factor of Lz’ for a given reflectarray plate size, the total number of diodes would be the same if
we were to use two diodes in a cell without cross-polarization. In other words, whether we use
a high cross-polar cell with a single diode or a low cross-polar cell with two diodes, both give
the same number of diodes on a given area.

The second disadvantage of a chessboard arrangement is that, compared to a reflectarray

85



Chapter 5. Dual-Band, Dual-Polarized Reconfigurable Reflectarray Antenna

mEEEEENEES

-I-IIIIlIIII-II
AN NN EEEEE
-I-IIIIlIIII--II

M
NN NN

a0 H NN E

wog @ or ow @

Figure 5.14: First modification of the chessboard configuration.

Figure 5.15: Second modification of the chessboard configuration.
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Regular chessboard 2" modification

Cross-pol pattern dB

g (deg)

Figure 5.16: Simulated effect of first and second modification of chessboard arrangement on
the cross-polar level suppression.

Regular chessboard 24 modification

Figure 5.17: 3D visualization of the effect of first and second modification of chessboard
arrangement on the cross-polar level suppression. the main co-polar lobe is directed to
(B9 = 60°, g = 135°) causing the appearance of the cross-polar back lobe which is suppressed
as a result of modifications.
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using a low-cross-polar cell, there is approximately 2 dB reduction in antenna’s overall gain.
This gain reduction is due to the leakage of the incident co-polar field power into the cross-
polar radiation.

Despite these disadvantages, chessboard arrangement is a promising method for reflectarray
antennas that, due to special constraints, have to use a cell with high cross-polarization level.

5.8 Conclusion

In this chapter we introduced a topology for a reconfigurable dual-band dual-polarized re-
flectarray cell at Ku band centred around 12 and 14 GHz wherein 5 varactor diodes controlled
by only two voltages- one for each frequency- were employed for phase-shift regulation. The
resultant single layer printed reflectarray antenna will possess independent beam scanning
capability in two closely separated frequency bands. The main issue in the design was the
unit-cell high cross polarization level because of its non-symmetrical geometry. In order to
circumvent this issue, cells were arranged on the array surface in a particular way namely
chessboard arrangement. In order to verify the effective performance of this arrangement,
a single-layer, single band (12 GHz) and dual-polarized reconfigurable cell was introduced
with major cross-polarization issues. By applying chessboard cell arrangement on the refl-
electarray using such a cell, full-wave simulation results along with the developed theory for
the proposed arrangement showed the effectiveness of the chessboard arrangement i.e. the
cross-polarization level was mitigated at the antenna far-field region.
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Tri-Band Reflectarray Surface in the
THz Frequency Band

This chapter presents a single layer, dual-polarized unit-cell topology that is capable of inde-
pendent reflection phase-shift at three frequencies 0.7, 1.0 and 1.5 THz. These frequencies
have been chosen just to demonstrate the performance of reflectarray at frequencies with rela-
tively close proximity. Based on this new cell, Terahertz reflectarray surfaces can be designed
with the prominent feature of independent deflection at three frequencies (see figure 6.1). To
this aim, two reflectarray surfaces, each with a specific frequency-vs-deflection angle profile
are designed, simulated, fabricated and measured. The first design deflects a plane wave
with an incidence angle of 30° to broad side direction at all of the three frequencies whereas
the second design deflects a plane wave with an incidence angle of 40° to deflection angles
20°,0° and 50° at 0.7, 1.0 and 1.5 THz, respectively. The purpose of these designs is merely
to demonstrate the capability of the unit-cell in complete independent performance at each
frequency.

Both fabricated samples are composed of an array of 100 x 100 cells, each comprised of gold
crosses and parasitic dipoles on thin grounded high resistivity silicon. The measurement
results obtained using Terahertz time-domain spectroscopy (THz TDS) demonstrates a satis-
factory performance of each design.

In addition, for the first time in the THz domain, high resistivity silicon is used as substrate.
This feature paves the way for integration of reconfigurable technologies in future designs.
This chapter starts describing the cell configuration with its geometrical details in order to
achieve tri-band deflection at the frequencies 0.7, 1.0, and 1.5 THz. Afterwards simulation
results of the two tri-band reflectarray surfaces are presented each having a specific frequency-
vs-deflection angle profile and finally the fabrication process is explained followed by the
presentation of experimental results.

The design methodology and results presented in this chapter have been published in [92].
There is thus a certain overlapping between the materials of this chapter and [92].
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Incident wave

Figure 6.1: Schematic 2D view of the reflectarray deflection mechanism at three frequencies
f1, f2, f3 to different arbitrary angles 0,11, 80u:2,00ur3, respectively [92].

6.1 The tri-band cell

In order to implement a reflectarray surface that is capable of simultaneous deflection at the
three frequencies 0.7, 1.0, and 1.5 THz (see figure 6.1), an effective solution would be to design
a cell with three geometrical parameters, each controlling the phase-shift at one of the three
frequencies independently. By independence we mean that at each frequency the phase-shift
is a function of only one of the parameters and thus invariant to the remaining two. This
feature leads to a straightforward design by avoiding time consuming optimizations. Figure 6.2
shows the schematic view of the proposed tri-band cell along with a demonstrative segment
of a 3x3 array of the proposed cell. The cell is composed of three resonant printed structures
each responsible for the phase-shift at one of the three frequencies. The cell in fact combines a
dual-band structure composed of interlaced cross-dipoles [85] with four equi-length parasitic
tilted dipoles in order to arrive to the final tri-band cell. We should mention that, this cell
topology is in fact the down scaled version of the tri-band cell shown in figure 4.10b.

The geometrical parameters used to control the phase-shifts are denoted as L, L, and Ls.
Table 6.1 summarizes the variation range of each of these parameters for the phase-shift
regulation required at its respective frequency. Other parameters of the cell are fixed to the
values d = 100 um and w; = w» = 2ws = 10 um. As for the substrate, high resistivity silicon
(> 1000Qcm) with thickness h = 15um, loss tangent 0.001 (at 1 THz) is used. The use of
silicon has the advantage of allowing the integration of solid state active components for
reconfigurable technologies.

Figure 6.3 presents the simulated phase-shift versus lengths of the cell at the three frequencies
that are obtained in CST microwave studio environment by applying periodic boundary
condition to the cell’s walls. In the simulations, silver with thickness 0.2 um is chosen for
the material of the resonant structures since it is the best metallic conductor known. As
shown, at each frequency the cell provides more than 270° phase range which is adequate
for the reflectarray surface’s intended functioning. As for the cell losses, at each frequency
it reaches its maximum value at resonance which in the worst case is 2dB. It should be
emphasized that in the present work the parameters of the cell are not fully optimized in order
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(a) The tri-band cell

(b) 3x3 array of tri-band cell

Figure 6.2: a) Proposed tri-band cell and b) Corresponding 3 x3 array sample [92].
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Table 6.1: Variation range of the cell parameters for phase regulation at each frequency.

Parameter Intended Frequency (THz) Variation (um)

L 0.7 60-75
Ly 1.0 40-50
Ls 1.5 20-30

to minimize the losses since here the main goal is to present a cell configuration that allows us
an independent multi-band performance. One of the important characteristics of the cell is
that at each frequency the phase-shift depends on only one of the varying parameters and
remains invariant to the other two. For example, at 1 THz the phase-shift is only dependent on
L,, and is invariant with respect to the variations of L; or L3 (as long as L; or L3 vary within the
limits specified in Table 6.1). This advantage will simplify the reflectarray design by eliminating
the need for building a huge database by sweeping all the parameters at all the frequencies by
the multi-frequency phase-matching method [36].

6.2 Simulation results

Based on the phase responses versus regulating parameters L, L, and L3z two reflectarray
surfaces have been designed and simulated. The first is designed to deflect an incident
wave with 30 degrees of incidence angle to the normal direction in all of the three intended
frequencies and the second one will deflect an incident wave of 40° to the deflection angles 20°,
0° and 50° degrees at 0.7, 1.0 and 1.5 THz, respectively. The deflection performance of these
two reflectarrays are chosen merely to demonstrate the fact that the reflectarray performance
is completely independent at each frequency. In addition, the metal of the printed elements
is replaced by a PEC with zero thickness, rather than silver with 200 nm thickness, in order
to facilitate the simulations. As for the simulation scenario, the reflectarrays are assumed to
be infinite in y direction while containing 20 cells in the x direction (xz being the deflection
plane). Due to the deflection performance of the reflectarrays, the required reflection phase of
the cells (and hence their sizes) are invariant with respect to y direction and as a result, we
have placed 20 cells in x direction and applied periodic boundary condition along y direction.

6.2.1 First design

The first reflectarray is designed in order to deflect a plane wave with an incidence angle 30°
to broadside direction at all of the three frequencies 0.7, 1.0, and 1.5 THz. Figure 6.4 shows the
scattered instantaneous near-field of the reflectarray sample (Figure 6.4d) obtained in HFSS
environment where the deflection to the broadside direction can be clearly observed at each
frequency. In addition, the normalized far-field radiation pattern of the device has also been
obtained at each frequency and is presented in Figure 6.5.a with an inset showing a tolerance
of maximum +1° in the direction of maximum radiation.
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Figure 6.3: The phase and amplitude responses of the proposed cell in terms of the varying
parameters at a) 0.7 THz b) 1 THz ¢) 1.5 THz [92].
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Further more, in order to estimate the losses in the substrate and scattering performance of
the reflectarray, the reflectarray is replaced by a PEC plate illuminated by a normal incident
wave. In this case the periodic boundary conditions in the y direction are replaced by PEC
walls. This scenario will provide us with the reflection response of a PEC plate extended to
infinity in y direction while having a limited size in x direction (the size of the array sample).
By comparing the deflection magnitude of the reflectarray with the reflection magnitude of a
PEC plate, we can estimate the amount of losses dissipated inside the silicon substrate as well
as the leakage of radiation into unwanted directions. As shown in figure 6.5.b we can observe
thatat 0.7, 1.0 and 1.5 THz, 80%, 77% and 90% of the incident power is deflected to broadside
direction, respectively. The rest of the incident power is thus either dissipated in the substrate
or leaked into unwanted directions.

(d) 1§

v

Figure 6.4: Simulated instantaneous scattered near-field of the first design [92].

Design #1

6.2.2 Second design

The second reflectarray is designed in order to deflect a plane wave with an incidence angle of
40° to the angles 20°, 0° and 50° at the frequencies 0.7, 1.0, and 1.5 THz, respectively. Figure 6.6
shows the scattered instantaneous near-field of the reflectarray (Figure 6.6d) obtained in
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Figure 6.5: Simulated far-field radiation pattern of the first designs on the incidence plane i.e.
xz a) Normalised radiation patterns each with respect to its maximum b) Normalised radiation
patterns with respect to the radiation pattern of a PEC plate [92].

HESS environment where the deflection to the intended angles can be clearly verified at
each frequency. In addition, the normalized far-field radiation pattern of the device has also
been obtained at each frequency and is presented in Figure 6.7.a. The maximum variation
of the direction of maximum radiation in the second design is +0.5°. Figure 6.7.b, similar to
figure 6.5.b, shows the percentage of incident power deflected into the intended angles.
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(d)

Design #2

Figure 6.6: Simulated instantaneous scattered near-field of the second design [92].
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Figure 6.7: Simulated far-field radiation pattern of the second designs on the incidence plane
i.e. xz a) Normalised radiation patterns each with respect to its maximum b) Normalised
radiation patterns with respect to the radiation pattern of a PEC plate [92].
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6.3 Fabrication process '.

The proposed design, as many other printed reflectarrays, is based on a multilayer structure
which terminates with a ground plane reflector. For microwave reflectarrays, the dielectric
spacing layer has usually a thickness in the order of millimetres or fractions of millimetres,
and it is easily realized using for instance PCB technologies. At THz frequencies, however, its
realization is one of the most challenging processes of the device fabrication. Such a layer
must in fact satisfy a number of requirements, such as:

1- It must have a low loss tangent at THz frequencies;

2- It must be compatible with the subsequent fabrication of metallic patterns;

3- Its thickness must be in the order of fractions of the wavelength in the material (15um in
this design).

An interesting candidate is found in Silicon on Insulator (SOI) wafers which are characterized
by a silicon handle substrate (in the order of hundreds of micrometers), a thin SiO2 box layer
(from hundreds of nanometers to few microns) and a device silicon layer the thickness of
which greatly varies according to the applications (from hundreds of nanometres to hundreds
of micrometers). For the present design SOI wafers (manufactured by Ultrasil Corporation)
having a high resistivity (> 1000 Qcm) and a device layer with 15 um of thickness (the substrate
thickness) were chosen for this application since the device layer satisfies the three require-
ments listed above. However, the reflectarray cannot be fabricated on the SOI directly because
of the absence of the ground plane. This issue has been solved using the technological process
flow shown in figure 6.8 that has been implemented at the Center of Micro-Nano Technology
(CMi) of EPFL. First, two metallic layers are evaporated on the device layer of the SOI wafer,
namely a gold layer (the high conductivity of which ensures good THz reflection) and an
aluminium layer. Both layers are 100 nm thick and 5 nm of Chromium is used as adhesion
layer for both. The device layer is then placed in contact with a borofloat (Pyrex) wafer and
anodic bond between aluminium and Pyrex is performed using a vacuum anodic bonding
equipment (Siiss Microtech SB6). The handle wafer is then reduced through a grinding process
to a thickness of 100 um, and the rest is etched using a dry silicon etching process selective
over SiO2. The 2 um SiO2 layer is then etched in a 49% hydrofluoridric acid (HF) solution,
which ensures very fast etching of SiO2 without attacking the Al bonding layer. The wafer is
then diced and a standard electron beam lithography plus lift-off is used to define the metallic
crosses on the top layer. Three metals are used for this last evaporation: 5 nm of chromium for
adherence, 165 nm of silver and 30 nm of gold. The silver has been chosen because it is the
best metallic conductor known, and the 30 nm of gold have the purpose of protecting the silver
from oxidation. Figure 6.9 shows an optical picture of the metallic pattern, and Figure 6.10 a
SEM view. AFM has also been performed to confirm the actual thickness of the metal which is

1 The fabrication process was carried out by Michele Tamagnone (michele.tamagnone@epfl.ch), Clara Moldovan
(clara.moldovan@epfl.ch) and Pietro Maoddi (pietro.maoddi@cern.ch) [92]

98



6.3. Fabrication process

composed of gold (100 nm), Aluminium (100 nm) and Chromium (5 nm) arriving to the final
metal thickness of 205 nm (see figure 6.11b).
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6.4. Measurement

Figure 6.9: Optical image of the realized tri-band reflectarray structure [92].

6.4 Measurement?

6.4.1 First design

The images shown in figures 6.9 and 6.10 in the previous section, correspond to the first design
described in section 6.2, and it contains a total of 100 x 100 cells with an area of 1.0cm?. After
fabrication, an experimental characterization of its deflection capabilities was carried out
using the Tera K15, THz-TDS measurement system developed by Menlo System GmbH (see
figure 6.13). In order to study the deflection capabilities, the receiver of the Tera K15 system
was mounted at a fix angle of 30° from the normal incidence. The transmitter was mounted
on top of a rotary arm, which allowed changing its position, and thus being able to measure at
different incident angles. The reflectarray was then mounted on a vertical surface along with a
fully metallized substrate, which will act as reference mirror. The size of the THz beam was
adjusted to no more than 8 mm using an iris.

Figure 6.12 presents the three basic measurement setups that allow to obtain the preliminary
performance of the reflectarray shown in figure 6.14. Indeed, figure 6.12a which corresponds
to the blue curve in figure 6.14 presents the specular reflection of the fabricated design. In
normal conditions we would expect a maximum, and this is the case for most frequencies.
However, for the frequencies of interest (0.7, 1, and 1.5 GHz) we clearly observe a notch,
thus the energy is prevented to proceed in the specular direction. By moving now towards
figure 6.12b (and the corresponding green curve in figure 6.14), we can observe the field
reflected off the normal direction. We clearly observe that at the frequencies of interest we
have clear peaks of deflection. Finally figure 6.12c is a measurement of the reference mirror
structure, to be able to assess the losses of the system.

With this aim, the specular and deflection power spectra were normalized to the mirror

2The measurements were carried out with the help of Dr. Santiago Capdevila Cascante (santi-
ago.capdevila@epfl.ch)
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Figure 6.10: SEM view of a detail of the tri-band reflectarray [92].

reflection spectrum, arriving to the results illustrated in figure 6.15. As shown, at 0.7, 1, and 1.5
THz, about 40%, 30% and 50% of the incident wave power was deflected. The remaining power
of the incident field, was either dissipated due to the metallic and dielectric losses or leaked
into specular direction (or other directions), due to defects in the manufacturing process or
misalignments during the measurement.

Finally, thanks to the rotational capability of the transmitters in the THz system, a radiation-
like scattered pattern was measured, as shown in figure 6.16. It can be clearly observed that
the reflected field is mostly concentrated on the normal direction of the beam (broadside),
while still having some field reflected towards the specular direction. However, it should be
noted that the range of measurement was limited from 6 = —90° to 6 = 5° due to mechanical
constraints (Tx and Rx angular separation had to be at least 25°).

6.4.2 Second design

The fabrication process and measurement setup were the same for the second design except
that the received spectrum was measured at different angles. Figure 6.17 shows the measured
spectrum at the intended design angles 8 = 0°, 8 = —20° and 8 = —50° where deflection occurs
at 1.0, 0.7 and 1.5 THz, respectively, as expected. In the measurement setup, the receiver was
fixed to the angle of 40° and the transmitter is rotated within its limits, similarly as presented
in the inset of figure 6.16. As shown in figure 6.17, at each angle the deflection at the intended
frequency occurs and about 40%, 33% and 60% of power is deflected at 0.7, 1.0 and 1.5 THz,
respectively. The radiation pattern of the second reflectarray is shown in figure 6.18 at the
three frequencies 0.7, 1.0 and 1.5 THz. The radiation pattern at each frequency is normalized
to its maximum value. As shown, the maximum power occurs at the three intended angles of
0 =0°, 0 = —20° and 6 = —50° although, as expected, we have notable radiation in the specular
direction (0 = —40°).
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Figure 6.11: AFM imaging of a detail of the tri-band reflectarray pattern a) 3D view and profile
b) Confirmation of the metal thickness of around 205 nm [92].

6.5 Conclusion

In this chapter we presented a cell configuration that allowed us to implement a reflectarray
surface which possesses completely independent performance at three frequencies of the
THz region (0.7, 1.0, and 1.5 THz). Two reflectarray surfaces, each with a specific frequency-
vs-deflection angle profile, have been designed and fabricated demonstrating a satisfactory
performance which is verified by the measurement results of the fabricated prototypes. The
resulting device benefits from several advantages. The proposed cell is a simple single-layer
structure that, thanks to its symmetrical geometry, is able to perform at any polarization (e.g.
linear, circular, slant, etc). In addition, the phase response of the cell at each frequency is
completely independent of the other two, a characteristic that gives a notable contribution to
the ease of design by eliminating the need for time consuming optimizations. Furthermore, for
the first time, high resistivity silicon was used as the device substrate. This feature prominently
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Figure 6.12: Schematic view of the measurement setup for the tri-band reflectarry surface,
design No. 1 a) Specular radiation measurement b) Deflection intensity measurement c)
Reference measurement in order to estimate losses [92].

facilitates the integration of solid-state devices for potential reconfiguration in future designs.
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Figure 6.13: THz measurement setup [92].
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Figure 6.14: Measured spectra in the TM polarization for deflection intensity (green), specular
reflection (blue) and perfect (mirror) reflection (red).
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Figure 6.16: Schematic view of measurement setup for radiation pattern measurement with
angle step of 1°, and measured radiation pattern at the three designed frequencies 0.7, 1, and
1.5 THz [92].
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Figure 6.17: Measured spectra amplitude of the second reflectarray for deflection normalized
to the mirror reflection spectra at the three intended angles § = 0°, 8§ = —20° and 6 = —50°.
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fd Conclusions and Perspectives

Printed reflectarray antennas have emerged as a high gain, low-cost and low profile substitutes
for the conventional bulky parabolic reflectors and high cost phased array antennas specially
for satellite communication systems. However the advantages of printed reflectarrays are not
limited to the above mentioned features.

In addition to low-cost and low-profile advantages, printed reflectarrays possess notable
potentials in multi-band performance and polarization versatility. These antennas can be
designed in order to demonstrate completely independent performance at several frequency
bands and/or to achieve a circularly polarized pencil beam using a linearly polarized illumi-
nating source with no additional implementation costs. Features that are unattainable with
conventional parabolic reflectors.

When combined with reconfigurable devices, a printed reflectarray can demonstrate above-
mentioned features in addition to reconfigurability (i.e beam steering) in a low-cost way which
is considered as a distinctive advantage over costly phased-array antennas.

Recently, in THz, infra-red and optic region, the concept of reflectaray antennas has given rise
to the so-called meta-surfaces which are basically devices that manipulate an incoming plane
wave source. The resulting device possesses all the advantages and capabilities of a typical
reflectarray antenna. The distinctive difference is that, in higher frequencies of THz, infra-red
and optics the illuminating source is a plane wave rather than a point source (e.g a horn
antenna). In addition, the fabrication process and the materials losses at these frequencies
poses new challenges for implementation of reflectarray surfaces.

7.1 Conclusion

The aim of this theses was to exploit the potentials of printed reflectarrays by design and
fabrication of low-cost and yet highly functional reflectarrays in Ku band as well as in THz
region. The high-functionality stems from the fact that presented prototypes perform at
several frequencies on the same aperture in addition to their capability of working at any
polarization. Furthermore, the proposed designs consume the minimum cost and complexity
owing to their single-layer structure and straightforward design procedure.
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The Ku band is the 12-18 GHz portion of the electromagnetic spectrum in the microwave range
of frequencies which is primarily used for satellite communications, notably for broadcast ser-
vices. THz region on the other hand consists of frequencies from 0.3 to 3 THz. Terahertz (THz)
radiation has numerous applications in stand-off security scanning, biology, medical sciences
and broadband short-range wireless communication systems and one of the prominent topics
in this field has been to manipulate the THz incoming wave using reflectarry antenna concept.

The main research goals concerning the resultant reflectarrays in Ku band and THz region
were the following:

1- Completely independent performance at several closely separated frequency band.

2- Single-layer designs in order to reduce the complexity and costs.

3- Dual-linearly polarized structures so that the reflectarray would be able to perform at any
polarization (e.g. linear, circular, slant, etc)

These research goals has led to the design, simulation and/or fabrication of low-cost, highly
functional fixed and reconfigurable reflectarrays wherein all the three goals have been achieved.
The multi-band reflectarray design procedure was based on multi-band unit-cells with several
resonant printed structures each with its own varying parameter regulating the phase-shift at
a certain frequency. In all of the unit-cell designs we started with a single structure and hence
a single band unit-cell. Later on, the second structure was added for phase-shift control for
the second frequency and then the third and/or fourth structure. However, at each step where
we add a structure, there are two conditions that must be taken into account:

1- Since the size of each structure is variant, structures should not have physical overlapping
with one another in order to avoid disturbances in the phase-shifts. This issue becomes
specially challenging with dual-polarized and single-layer structures since they occupy more
space inside the cell.

2- When adding a structure for phase-shift control for a certain frequency, the size variation of
the new structure should not affect the phase-shift at other targeted frequencies. For example,
if we have a unit-cell performing at 12 and 13 GHz, the size variation of the first structure within
its variation limits (designated for 12 GHz) should not affect the cell’s phase-shift at 13 GHz.
The same condition applies to the structure of 13 GHz with respect to the phase-shift at 12 GHz.

The second term avoids the optimization procedure and makes the design straight forward.
Otherwise one has to create a huge data base by simulating the cell in all the possible combi-
nation of structures parameters at each design frequency.
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the above conditions have been met and reflectarray prototypes were designed, fabricated
and measured. These antenna prototypes were explained in detail in following chapters:

Chapter 3 : This chapter started with a general introduction to printed reflectarray antennas
and their performance principle. However this chapter introduced the idea of a versatile flat
prism which is a reflectarray antenna with a pre-designed frequency-vs-beam direction profile.
Limitations of such a device were presented and solutions were provided for the possible
realization though without experimental results. One prominent solution resulted in the
conversion of a complex electromagnetic problem into a simple circuit synthesis problem.

Chapter 4: In this chapter we presented dual-band and quad-band unit-cells based on which,
several prototypes were designed, fabricated and measured. The dual-band antenna was
designed to operate independently at 12 and 14 GHz and later on the dual-band design was
engineered for operation at four frequencies of 12, 13, 14 and 15.5 GHz. Both designs were
dual-polarized and single-layer so as to satisfy the research goal. Measurement results of
several prototypes showed the satisfactory performance of both dual-band and quad-band
reflectarray antennas.

Chapter 5: In this chapter a topology for a reconfigurable dual-band dual-polarized reflectar-
ray cell at Ku band centred around 12 and 14 GHz was proposed wherein 5 varactor diodes
controlled by only two voltages- one for each frequency- were employed for phase-shift
regulation. The resultant single layer printed reflectarray antenna would demonstrate an
independent beam scanning capability in the two closely separated frequency bands.

The main issue in the design was the unit-cell high cross polarization level because of its
non-symmetrical geometry. In order to circumvent this issue, cells were arranged on the array
surface in a particular way called chessboard arrangement. In order to verify the effective
performance of this arrangement, a single-layer, single band (12 GHz) and dual-polarized
reconfigurable cell was introduced with major cross-polarization issues. By applying chess-
board cell arrangement on the reflelectarray using such a cell, full-wave simulation results
of the proposed arrangement showed the effectiveness of the chessboard arrangement i.e.
the cross-polarization level was suppressed at the antenna far-field region. In addition, the
theory of a chessboard arrangement was developed which established the maximum size of
the unit-cell.

Chapter 6: This chapter presented a tri-band reflectarray surface deflecting an incoming
plane wave with any polarization to arbitrary directions at three frequencies of 0.7, 1.0 and 1.5
THz. Base on the corresponding unit-cell, a reflectarry surface was designed and fabricated
as a proof-of-concept whose satisfactory performance was verified by experimental results.
Compared to the previously reported reflectarray surfaces in the literature (also known under
the name of meta-surfaces), it was the first time that a THz reflectarray was proposed that
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demonstrated a completely independent performance not at one but three frequencies. In
addition, for the first time in this area, high resistivity silicon was used as the substrate. A
feature that paves the way for future reconfigurable THz reflectarray surfaces using solid-state
devices. Similar to the multi-band reflectarrays presented in chapter 4, the prototype in THz
meets the three established research goals.

7.2 Future work

The concepts, topologies and methods presented in the thesis revealed the exquisite potentials
of reflectarrays as a cost-effective and versatile components in wireless telecommunication
systems. The most interesting topic in this theses that seems to possess a huge application
in the future, is the flat versatile prism introduced at the end of chapter 3. It is believed that
by perusing the solutions provided in the same chapter and by taking note of the limitations
and challenges posed by the unit-cell, realization of such device will become possible and
considering the vast application of a flat versatile prism, reflectarray antenna field will be
revolutionized.

Concerning the multi-band reflectarrays, the research can be focused on maximizing the
number of the frequency bands as well as establishing a theoretical bound on the operating
frequencies proximity given the substrate permittivity and thickness. This process will be of
great importance in designing broadband reflectarrays out of multi-resonance cells.

Finally, as emphasized in Chapter 6, the use of silicon facilitates the integration of solid-state
devices in order to achieve reconfigurable and/or multi-band reflectarray surfaces at THz
frequency bands.
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