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ABSTRACT

This dissertation proposes new active frequency selective surface (AFSS) elements. These unit
cells have simple structures and can convert the omnidirectional radiation pattern of the antenna
source into a directional one to enhance the gain and forming a new class of beam-switching

antennas.

A new switched beamforming antenna using a novel active triangular frequency selective
surfaces (ATFSSSs) is introduced. This design consists of a source of electromagnetic waves (EM
waves) and a novel active triangular frequency selective surface (ATFSS) surrounding the source.
By switching the embedded pin-diode between ON and OFF the omnidirectional radiation pattern
of the source will be converted into a directional one. By using this design, the main beam can be
steered in different directions in the azimuth plane with 120° radiation beamwidth.

A novel corner-reflector antenna with a tunable gain based on AFSSs is proposed. This
structure contains a dipole antenna as a source with an omnidirectional radiation pattern, and
three reconfigurable AFSS layers with different sizes. The AFSS layers are arranged on the same
side of the dipole and form a corner reflector. By using this design, the omnidirectional radiation
pattern of the source can be converted into a directional radiation pattern with a tunable gain. To
our best knowledge, it is the first time to propose a corner-reflector antenna with a tunable and

variable gain directional pattern.

A reconfigurable reflector antenna with beam-tilting capability (RRA) operating in the WLAN
band is also presented. An array of AFSS elements and a WLAN-band patch antenna are used
to design this structure. A mechanical beam tilting technique is also applied to the proposed
antenna. This technique has the ability to tilt the main beam without adding any extra layers or
setups to the main structure. As far as we know, this structure is the first design where AFSS is

used to provide the beam reconfigurability when AFSS is arranged in a parabolic shape.

To validate the concept of all the proposed antennas, the prototypes of these antennas are
fabricated and measured. A good agreement between simulations and measurements in terms

of beam directions, reflection coefficient, and gain has been achieved.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Wireless communication systems have recently become one of the most vital and fastest
developing technological areas. In this technique, the information is transmitted from the
transmitter to the receiver in a flexible, easy, and low-cost way. Wireless fidelity (Wi-Fi), the new
generation of mobile communications, GPS receivers, military, and civil radars are some
examples of the widely used wireless communication systems in our daily life. In recent years,
miniaturization, multifunction, less cost, and robustness have become the most important
requirements in modern communication systems. Accordingly, there is a need for designing an
antenna with various functionalities by integrating a few functions in a single element. To
overcome the problems of radiation interference, this element should have a capability to direct
the beam towards the desired direction, while suppressing the unwanted beam in other directions.
For this reason, beam-switching antennas (which is the most extended application of the pattern
reconfigurable antenna) have obtained significant attention in wireless communication systems.
These antennas can significantly decrease interfering signals and improve system capacity. More
flexible properties and additional functionalities can be achieved by using these antennas. Also,
this type occupies the same or smaller physical volume compared with traditional smart antenna

arrays [1].

The spacious applications and remarkable characteristics of frequency selective surfaces
(FSSs) and beam-switching antennas for modern communication systems have motivated us to
establish comprehensive research in this area. Therefore, this project aims to design and fabricate

several new beam-switching antennas based on active frequency selective surfaces (AFSSS).



1.2 Problem identification

Various techniques have been used to steer the radiation pattern beam, such as integrated lens
antennas (ILAs) [2-4], traveling-wave antennas [5-6], adaptive arrays [7], phased arrays [8], and
active metallic photonic bandgap (AMPBG) [9]. Each of these technologies has some advantages
as well as some disadvantages. For example, traveling wave antennas used for beam steering,
hold a large size. For phased antenna arrays, the amplitude and phase of each element must be
controlled to steer the beam in a specific direction, which complicates the structure and increases
the fabrication cost. The AMPBG is a bulky structure and suffers from higher side-lobe levels
(SLL) and cross-polarization. To overcome the design complexity, larger size, and expensiveness
of the above-mentioned techniques, AFSSs have recently been used for achieving beam steering
capability. Due to the partial reflection /transmission behaviour of the frequency selective surface
(FSS), the radiation pattern can either be transmitted or reflected in a specific desired direction.

1.3 Research objectives

In this thesis, a new active frequency selective surface (AFSS) unit-cells with simple structures
are proposed. These elements are used to convert the omnidirectional radiation pattern of the
antenna source into a directional one forming a new class of beam-switching antennas. A new
switched beamforming antenna using a novel active triangular frequency selective surfaces
(ATFSSs) is presented. This antenna can steer the beam in different directions in the azimuth
plane with 120° radiation beamwidth. Moreover, AFSS arrays are used to design a new corner
reflector antenna with a tunable gain for the first time. Furthermore, this thesis presents a
reconfigurable reflector antenna (RRA )with beam-tilting capability operating in the WLAN band.
According to our knowledge, the proposed structure is the first design where AFSS is used to
provide the beam reconfigurability when AFSS is arranged in a parabolic shape.

1.4 Organization of the thesis

This thesis is organized as follows:
1 Chapter 2 tackles a general overview of FSS, including the FSS operational concept, filtering
characteristics, elements' type, design parameters of the element, and its applications. AFSS is

also introduced in this chapter.



1 Chapter 3 represents an introduction to reconfigurable antennas, their types, and their
applications.

1 Chapter 4 expresses a novel frequency selective surface-based switched-beamforming
antenna. This antenna contains an excitation source with an omnidirectional radiation
pattern and a novel active triangular frequency selective surface (ATFSS) surrounding
the source. Design each of the proposed unit-cell, feed antenna, and the proposed
antenna are illustrated in this chapter. The operation mechanism of the proposed
switched beamforming ATFSS antenna and parametric studies are discussed as well.
The proposed design can effectively steer the beam in different directions in the azimuth
plane with 120° radiation beamwidth at 5.8 GHz. By using the proposed design, the
maximum gain has been enhanced by 4dBi. In this design, the number of active elements
is minimized to decrease the antenna cost and enhance its radiation performance in terms

of gain.

1 Chapter 5 presents a new corner-reflector antenna with a tunable gain based on active
frequency selective surfaces (AFSSs). The proposed structure comprises a dipole
antenna as an excitation source, and three reconfigurable AFSS layers. These layers
have different sizes and are arranged on the same side of the dipole form a V-shaped
corner reflector. This design modifies the omnidirectional radiation pattern of the source
into a directional radiation pattern with a tunable gain. Details regarding the AFSS unit-
cell design, the design, operational mechanism, and parametric studies of the proposed

antenna, fabrication and measurement results are given in this chapter.

1 Chapter 6 introduces details regarding the design and fabrication of a novel
reconfigurable reflector antenna with beam-tilting capability (RRA) operating in the WLAN
band. The proposed antenna is designed using an array of AFSS elements and a WLAN-
band patch antenna (excitation source). A mechanical beam tilting technique is also
applied. This mechanical beam tilting method can tilt the main beam without adding any
extra layers or setups to the main antenna structure. A good agreement between the
simulated and measured results has been achieved. As it is well known in the literature
that the main disadvantage in parabolic reflector designs is the minimum beam scanning
ability, while using the proposed technique, a high gain antenna can be designed (when

the size of the antenna is increased based on any given specification).



1 Chapter 7 summarizes the accomplishments of this thesis and proposes future work

in the research orientation.

1 Chapter 8 produces a French summary of this dissertation.
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CHAPTER 2

Frequency selective surfaces

2.1 Introduction

Frequency selective surface, known as FSS, is a kind of a periodic array of metal patches
or perforated conductors mounted on a substrate. FSS is mainly used as a patrtial reflector
surface, and it is characterized by its response to the incident electromagnetic waves, as it
transmits approximately all the incident electromagnetic waves at specific frequencies, while
reflects these waves at other frequencies as shown in Figure 2. 1. The frequency response of the
FSS screen mainly depends on the shape of elements, the space between elements, and the
parameters of the dielectric material [10].

. Transmission
Reflection

FSS

v

<«——A substrate

Figure 2. 1. The frequency response of the FSS.

2.2 Filtering characteristics of FSS

9 Band-pass filter: Generally; aperture types offer transmission band response.

1 Stopband Filter: Resonant patch elements introduce stopband response.
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2.3 Design parameters of FSS

It is an essential matter to design an FSS with appropriate parameters that meet the design
requirements. For example, the element shape and lattice pattern greatly affect the center
frequency, the transmission and reflection bandwidth, the polarization response, and the onset of
the grating lobe. While the number of FSS layers, the spacing between them, and the dielectrics
can control the stability of center frequency, and bandwidth with incident angle [10, 11].

2.3.1 FSS elements' types

The choice of the proper element is a vital and critical issue in designing FSS. So, elements type
must be chosen to meet the desired bandwidth and cross-polarization. There are four different

groups of elements [10]. The most typical elements used in FSS are:

1 Group-1. The center connected or N-poles, such as the simple straight element, three-

legged element; anchor elements; the Jerusalem cross; and the square spiral. As shown
in Figure 2 .2. a. At the first dominant resonance, the length of these elements is about a
half wavelength. These elements produce moderate bandwidth, but because of their
shapes, they can be backed together to produce a broadband response, as when the
spacing element becomes smaller the bandwidth increases. This also contributes to

pushing the grating response to higher frequencies.

1 Group 2: The loop types such as the three- and four-legged loaded elements; the circular
loops; the square and hexagonal loops are shown in Figure 2. 2. b. The length of this type
is about a wavelength. This type of element is the most recommended element for both
stop and band-pass applications, as it is characteristic by its ability to offer broadband. it
is a small element with stable resonant frequency in response to different angles of

incident.

1 Group 3: Solid interior or plate types of various shapes are shown in Figure 2. 2. ¢c. The
element dimension of this group is about half wavelength, this leads to inter element
spacing larger than half wavelength, this increases the sensitivity to the incident angle and

causes early onset of grating lobes. This group is used for a certain purpose application.



1 Group 4: Combination elements. This group constructed by a combination of other types
and it is the biggest one. Therefore, different types of transmission/ reflection responses

can be obtained by combining different shapes.

— AAF
T AOQ

(b)

(©)

Figure 2. 2. FSS element types.

2.3.2 Dielectric loading

FSS screen must be mounted on a dielectric substrate, which controls the roll-off and the rate of
flatness of bandwidth. When the thickness of the substrate increases the bandwidth increases
and the reflection increases. This thickness also causes a change in the incident angle and
polarization. The number of dielectric substrates significantly changes the transmission and

reflection response of the FSS screen. The resonant frequency of the FSS will decrease by the

factor of ok when it is mounted on a dielectric substrate, the thickness of dielectric in middle

must be chosen accurately to achieve a flat top response, while the other dielectric layers (the

outer ones) should be a quarter wavelength to reduce the transmission loss.



2.3.3 Periodic array lattice and grating lobe responses

The lattice pattern is a considerable parameter in terms of the transmission reflection response
of the FSS, so lattice geometry should be chosen accurately to meet the design requirement. The
center frequency, bandwidth, angular sensitivity, and cross-polarization level are largely affected
by the distance between elements and the geometrical position of adjacent elements. The most
popular types of the grid are shown in Figure 2. 3. The overall degree of FSS summitry depends
on the combination of elements and grid geometry. for the normal angle of incident, the spacing
between elements should be less than one half of wavelength, to delay the undesired grating lobe
to higher frequencies. By reducing the grid spacing the grating lobe will delay, and the bandwidth
will increase. Where the real part of array self impedance is increased, but the imaginary part
remains almost the same, and the transmission coefficient is close to unity over a large frequency
band.
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Figure 2. 3. FSS symmetry.

2.4 FSS applications

Frequency selective surfaces have plenty of uses over a gigantic scope of electromagnetic range,

from below UHF to above-infrared regions.

2.4.1 Traditional applications: Band-stop filter, dichoric reflectors, hybrid radomes, and
polarizers are some of the traditional applications of FSS. FSS is used in a radome structure
to reduce the radar cross-section. Moreover, FSS operates as sub and main reflectors in
guasi-optical antenna systems to create multi-frequency operation [10]. FSS can also be used

to change or filter the electromagnetic wave polarization [12].
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Figure 2. 4. Sketch diagram of FSS works as a sub-reflector [13].

2.4.2 More recent applications: Active frequency selective surface (AFSS) is formed by
integrated active components into a passive FSS. AFSS provides extended control in the
behaviour of the structure, such as variable reflectivity, transparency or even signal absorption
characteristics. Recently, AFSS has been widely used in designing reconfigurable antennas
which produce more functionality. By biasing the embedded high-frequency switches inside
an antenna aperture constructed of the periodic elements, the radiation parameters of the

antenna can be controlled.

AFSS rows

ﬁ

Nylon sticks

B [RETaTuTuTe

Figure 2. 5. Designing a reconfigurable pattern antenna by using AFSS [14].
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2.5 Conclusion

According to the study of the basics of FSS that has been produced in this chapter, it is concluded
that the frequency selective surface has an important role in communication systems and it is
considered to be as one of the most vital versatile creating smart/tunable structures. To obtain
the best performance of the FSS, a careful study is required. It is worthy to mention that, both the
type of elements and their arranged in the proper grid are very critical issues in designing the FSS
unit-cell.
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CHAPTER 3

Reconfigurable antennas

3.1 Introduction

The reconfigurable antenna is a type of antenna that has the capability to modify its radiation
properties by using some electrical or mechanical assistance. The key principle in designing
reconfigurable antennas is based on the theory of conventional antennas [15]. Moreover, this
antenna provides additional levels of functionality to improve wireless communication systems.
Reconfigurable antennas are classified according to the antenna parameter that is dynamically
adjusted, which typically is operation frequency, radiation pattern, polarization, or multi-

performance reconfigurable antennas [16, 17].

3.1.1 Frequency Reconfigurable antennas

Recently, frequency reconfiguration has become a fundamental factor in advanced
communication systems. By using this reconfiguration, a single element can replace multiple
antennas for various operating frequencies. This will reduce the cost and complexity of the overall
system. The principle key in the frequency reconfigurable antenna is changing the effective
electrical length or the effective current distribution of the radiator. This change can be controlled
electrically or mechanically. The frequency reconfigurability can be achieved smoothly over a
specific bandwidth using a continuous variation. However, the discontinuous variation is achieved
by switching between different bands. Optical switches, PIN-Diodes, varactor-Diodes, and radio-
frequency micro-machined (RF-MEMS) switches are some popularly used methods of the
discontinuous frequency reconfiguration approaches. However, the mechanical mechanism is
obtained by changing the structure of the antenna and material properties. Changing the size and
shape of the structure is one of the common problems in this method. For example, a frequency-

reconfiguration bow-tie antenna for Bluetooth, WiMAX, and WLAN applications are proposed in
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[18]. In which, pin-Diodes are used to change the effective electrical length of the antenna leading
to an electrically tunable operating band as shown in Figure 3.1. Authors in [19] proposed a
mechanical frequency reconfiguration technique in microstrip patch antennas for wireless sensor
networks. In this structure, the dielectric properties of the antenna have been changed
mechanically and a tunable frequency range from 2442 MHz to 2716 MHz is achieved. This

design is presented in Figure 3. 2.

Parallel Strips

Microstrip
Line

Pad

RF choke
/ inductor L
Y = :l — L=15nH C=10pF

] 1
DC blocking

capacitor C =
Low-pass Filter

(b)

Figure 3.1. (a) Designingar e c o ny g u r-t&elarnteana bsmgvpin-diodes (b) equivalent circuit of the
biasing circuit [18].
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3.1.2 Polarisation reconfigurable antennas

The polarization reconfiguration can be achieved by managing the direction of current distribution.
This approach can be achieved by changing the antenna structure, feed reconfiguration, or
changing the material properties. This reconfiguration can reduce signal interference, improve
interface quality, and relieve the polarization mismatch losses in different versatile devices.
The switching strategies are the foremost well-known approach for polarization reconfigurations.
In [20], F. Wu and K. M. Luk propose a single-feed polarization reconfiguration as shown in Figure
3. 3. In this work, diodes are used to provide three states of polarization control (one linear
polarization and two orthogonal circular polarizations). By using this technigue, the effective

bandwidth, antenna efficiency, and front-to-back ratio are improved.
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Figure 3. 3. Designing of a single-feed polarization reconfigurable antenna [20].

3.1.3 Radiation pattern reconfigurable antennas

In recent years, radiation pattern reconfigurable antennas have obtained significant attention in
wireless communication systems. More flexible properties and additional functionalities can be
achieved by using these antennas. The pattern reconfiguration can be realized by changing the
amplitude and phase of the electric or magnetic currents of the radiating structure. The change in
the current distribution can cause some variation in the frequency response of the antenna. This
is the essential issue that should be considered in the design process. Different methods have
been reported in the literature for achieving radiation pattern reconfiguration. For instance, the
mechanical approach is accomplished by repositioning and moving the antenna to reach the
expected characteristics. Low speed and complexity of the system are the main disadvantages
of this technic [21-23].

The electrical method is another technique that is used to control the radiation pattern using
RF switching (pin-diodes and radiofrequency micro-electromechanical systems (RF-MEMS)

switches) and variable reactance devices (varactor diodes) [24-28].

Changing material properties is also proposed for designing the radiation-pattern
reconfiguration antennas. However, using this method require a specific biasing structure.

Moreover, high cross-polarization and more loss are expected [29-33].
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Electromagnetic bandgap structures (EBG), artificial magnetic conductor (AMC), high
impedance surface (HIS) and frequency selective surface (FSS) have recently received
considerable attention from researchers in designing reconfigurable radiation pattern antennas.
FSS is mainly used as a band-stop or band-pass filter according to its structure. AFSS element
is formed by soldering active components in the FSS. These active components could be pin-
diodes, varactor diodes, or MEMS switches [34- 38]. A beam-steering antenna using active
frequency selective surfaces (AFSS) has been presented in [14]. In this design beam sweeping
in the whole azimuth plane for both the single beam modes and the dual-beam modes is achieved.
Authors in [39] have proposed a reconfigurable antenna using an AFSS as shown in Figure 3. 3.

In this structure, pin-diodes are soldered in the FSS unit-cells to form the AFSS that controls the

radiation pattern of the antenna.
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Figure 3. 4. Using AFSS in designing a reconfigurable pattern antenna [39].

3.2 Conclusion

This chapter has casted a light upon reconfigurable antennas. The definition of this type of
antennas, its types, and its applications have been introduced. From the study of this topic, it is
found that more research is required. Proposing new reconfiguration methodologies and
designing more novel reconfigurable structures can develop and enhance the radiation

reconfigurable antennasoperformance in terms of gain and radiation pattern.
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CHAPTER 4 :( ARTICLE 1)

Frequency Selective Surface-Based Switched-Beamforming Antenna

Ghada Hussain Elzwawi, Hifa Houssein Elzuwawi, Muhammad M. Tahseen,
and Tayeb A. Denidni

IEEE Access, vol. 6, pp. 48042-48050, 2018.

4.1 Abstract

A novel switched-beamforming antenna designed using active frequency selective surfaces
(AFSS) is presented. The antenna consists of two parts: a source with an omnidirectional radiation
pattern and a novel active triangular frequency selective surface (ATFSS) surrounding the source.
Each unit cell in the ATFSS structure contains two diamond-shaped patches connected with each
other by a high- frequency pin-diode. The ATFSS elements are designed using CST microwave
studio. The pin-diodes are applied to achieve beam switching. By switching the applied biasing
voltage, the ON and OFF states of the ATFSS exhibit reflection and transmission characteristics
in the operating WLAN band. By arranging the AFSS unit cells in a triangular structure with three
panels and choosing different combinations of the diode states, the beam switching at various
azimuthal directions is achieved. To validate this concept, the proposed antenna is fabricated and
measured. A good agreement between simulations and measurements in terms of beam

directions, reflection coefficient, and gain has been achieved @5.8 GHz.

4.2 Index terms

Active frequency selective surface, directional radiation pattern, frequency selective surface,
omnidirectional radiation pattern, switched-beamforming antenna, pin diode.

4.3 Introduction

The reconfigurable antenna is often characterized by its ability to adapt its behavior with changing
system requirements and to provide additional levels of functionality for wireless communications.
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By using a reconfigurable antenna, the overall system performance can get rid of the restrictions
that arise from the fixed characteristics of the conventional antennas [1]. The reconfigurable
antenna concept based on determining the direction of arrival (DOA) of the incoming waves was
introduced in [2-3]. Achieving multiple reconfigurable beams by using parabolic reflectors for
satellite communication has been discussed in [4]. There are various techniques that can be used
to steer the radiation pattern beam, such as integrated lens antennas (ILAs) [5-6], traveling-wave
antennas [7-8], adaptive arrays [9], phased arrays [10], and active metallic photonic bandgap
(AMPBG) [11].

Each of these technologies has some advantages as well as some disadvantages. For
example, traveling wave antennas used for beam steering, hold a large size. For phased antenna
arrays, the amplitude and phase of each element must be controlled to steer the beam in a specific
direction, which complicates the structure and increases the fabrication cost. The AMPBG is a
bulky structure and suffers from higher side-lobe levels (SLL) and cross polarization. To overcome
the design complexity, larger size, and expensiveness of the above-mentioned techniques,
AFSSs have recently been used for achieving beam steering capability. Due to partial reflection
/transmission behavior of the frequency selective surface (FSS), the radiation can either be

transmitted or reflected in a specific desired direction.

In [12] an electrical beam steerable antenna has been proposed using an AFSS. The AFSS
structure is connected with varactor diodes. By controlling the bias voltage, a 360° radiation
pattern sweep is achieved for a single-beam mode and also for dual-beam modes. In spite of
nonlinear behavior of the pin-diodes, these are the most common components used to reconfigure
the electromagnetic (EM) response of an FSS texture. The transmission/reflection characteristics
of the pin-diodes allow AFSS to control the direction of the incident EM waves [13-15]. For
instance, in [13], 48 pin- diodes have been used in AFSSs to achieve beam-steering. This large
number of active elements in the AFSS increases the complexity of the design and leads to higher
fabrication cost. An AFSS-based beam-steering antenna with less number of active elements
inserted in a cylindrical geometry has been proposed in [15], where the antenna can sweep the
entire azimuth plane with 60° radiation beamwidth in six steps, operating at 2.45 GHz.

This paper presents a new switched beamforming antenna using a novel ATFSS. The antenna
comprises multiple AFSS, arranged in an equilateral triangle with three panels, and a feed placed
in the middle of the structure to excite the ATFSS. By applying multiple combinations of the diodes
(ON and OFF) on each ATFSS panel, the beam-steering is achieved in various directions. The

proposed beam-steering antenna can steer the beam in different directions in the azimuth plane
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with 120° radiation beamwidth. The proposed switched beamforming antenna provides a
maximum realized gain of 7 dBi, which is almost 4 dBi higher than the feed gain. The antenna is
fabricated and measured. The obtained results show a good agreement between simulations and

measurements in terms of reflection coefficient, beam direction, and realized gain at 5.8 GHz.

The proposed antenna can be used in the upper WLAN WI-FI band (at 5.8 GHz), fixed
satellites, radiolocation, first-person view (FPV), and other similar applications.

4.4 Switched-beamforming antenna design

The basic principle for an AFSS is shown in Figure 4. 1, where the surface can control the wave
propagation by changing the features of the active components embedded in the FSS. By
switching the diodes ON/OFF states, the reflection characteristic of the incident wave is achieved.
The AFSS exhibits maximum reflection in the
OFF state.

The proposed antenna consists of two main parts: first part comprises of three ATFSS panels
arranged in an equilateral triangular configuration, while the second part is a patch with monopole
radiation pattern used as a feed and placed in the middle of the structure.

Reflection Transmission
(Diodes: ON) (Diodes: OFF)
12 12
2 2
1 1
. g £ =
1o b 1 B2
[ \ d [
— | g — 11 g )
T/ a% T Z
a1 : [
o = =
i = [ >
= 2
1 I

=
L)
=
—t

Figure 4. 1. Basic principle of the AFSS in two diode states: (a) reflection, (b) transmission.
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4.4.1. ATFSS element design

Each panel in the proposed AFSS consists of two unit cells as shown in Figure 4. 2. Each unit

cell is a subjectto eithert r ansmit or reflect the incoming waves
achieve this objective, an ATFSS element has been designed using CST Microwave Studio

considering an infinite number of elements exist along the X- and Y-direction. Each element

consists of two diamond-shaped patches, which are electrically connected /disconnected from

each other by the pin-diode.

The high-frequency pin-diode (GMP4202-GM1) is modeled as a series RLC circuit. A small
resistance of Rs = 1.8 q a kigsr(state €ONY, svhiletahseriesdi ode 6 s
capacitance of Cp = 0.09 pF and inductance of Lp = 0.5 nH exhibit the OFF state, as illustrated
in the equivalent circuits shown in Figure 4. 2 [14]. A Y-polarized plane wave incidence is used to
obtain the scattering charact er i stics from the el ement. The el
RT/Duroid 5880 substrate with a thickness of 0.127 mm, a permittivity of 2.2, and loss tangent of
0.0009.

Wi

N
L

V R=1820Q
P~
o
O
X L=0.8nH

C=0.09 pF
T P

L1

h 4

Figure4.2.The proposed AFSS el ement with an equivalent <cir ¢
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Table (4. 1): The proposed ATFSS element design.

Parameter L1 W1 W2

Value (mm) 24 11 10

The effect of dielectric permittivity and substrate thickness on the scattering performance of
the element in the ON/OFF states of the diode has been analyzed, as shown in Figures 4. 3 (a)
to (e). From this analysis, it is visible that dielectric permittivity as well as the thickness result in
shifting the resonant frequency of the element. The dimensions of the ATFSS unit cell are
summarized in Table 4. 1. The results show that in the forward bias (ON state) the element
exhibits maximum reflection, while in the OFF state depicts transmitting characteristics at the
operating frequency of 5.8 GHz. It has been observed that the proposed element exhibits a -5 dB
difference in magnitude of the reflected wave, while a -21 dB magnitude difference in the

transmitted wave in both diodeds ON and OFF states (at

Effect of the element size as well as the size of radiating patches on the scattering
performance have also been analyzed. Figure 4. 4depi ct s t hat when the el er
increased, the resonance frequency shifts to lower frequency band. The effect of radiating patch
size 6W206 on the scatt e Figured. Spwhichfstiowsniatrcicarge inthe s h o wn
size of the diamond-shaped patch also shifts the resonant frequency. These parameters were

optimized to operate in the desired frequency band.

For deeper investigation, a near field analysis at the AFSS is performed. Figure 4. 6 (a), (b)
illustrate the magnitude of electric field distribution on the proposed AFSS element at Z=0 plane
at 5.8 GHz. It is evident that the intensity of electric field magnitude is maximum in ON state
(reflection) while it is minimum in the diodeds O
of 4500 V/m is observed at the radiating edges at the center as well as at the vertical edges near
the cell boundary. This higher field strength near the cell boundary is mainly due to coupling
between adjacent elements. The minimum field intensity is observed in most central part of the

el ement i n di onvtdieh@aews@hE iRcident veaveg tp transmit to the other side.
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Figure4.3.Scattering characteristics of the proposed

of dielectric permittivity, (c), (d) The impact of the substrate thickness, and (e) reflection and transmission

coefficients of the proposed element.
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4.4.2. Feed design

To excite the AFSS elements from all directions, an antenna with monopole radiation pattern is
required. To achieve this objective, a rectangular patch antenna, shown in Figure 4. 7, is designed
on Rogers RO-3006 substrate with a relative dielectric permittivity of 6.15, thickness of 1.27 mm,
and a loss tangent of 0.002. The feed parameters are optimized to provide a better antenna
performance in the operating band, as well as achieving compactness for minimum blockage.
Table 4. 2 shows the optimized parameters of this monopole antenna. The feed has the size of
18 mm x 10 mm. The feed is fabricated and measured, as shown in Figure 4. 7 (b). The simulated
and measured reflection coefficient and radiation pattern show reasonably good agreement, as

shown in Figure 4. 8, and Figure 4. 9, respectively.

Diode:ON Diode:OFF

-

a2

(b)

Figure 4. 6. Near field analysis on the proposed AFSS element surface: (a) reflection state. (b) transmission
state.
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Figure 4. 7. Simulated and fabricated feed antenna model to excite ATFSS elements.

Table (4. 2): The feed dimensions.

Parameter L1 L2 L3 x1 X2 X3

Value(mm) 18 13.15 3.5 10 3.0 1.2

I.-.‘

L
=

)
o

)
=)

A
(<)

The Reflection Coefficients (dB)

= Measurement
------ Simulation

4 4.5 5 5.5 6 6.5 7
Frequency (GHZ)

Figure 4. 8. Simulated and measured reflection coefficient of the feed.
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Figure 4. 9. Simulated and measured radiation patterns in the H plane of the monopole patch antenna.

4.4.3. Switched beamforming antenna

The operational mechanism of the proposed switched beamforming antenna is based on
converting the omnidirectional radiation pattern of the source into the directional one by using the
proposed ATFSS. When the pin-diodes of ATFSS are switched OFF, the ATFSS behaves like a
transmitting surface, while in the ON state, it acts as a reflecting surface. The ATFSS screens are
arranged in an equilateral triangle to switch the beam in multiple directions using different
combinations of the ATFSS diodes. Figure 4. 10 shows the top and side 3-D view of the proposed
antenna. In this design, each step sweeps the beam 120° in the azimuth direction. The schematic
diagrams illustrating the operating mechanism of the proposed antenna and the simulated results

of three beam steering steps (different combinations) are shown in Figure 4. 11 (a), (b).

The effect of feed position offset 6d16 on the
reflection coefficient, realized gain, and the radiation pattern has also been investigated, and
results are presented in Figure 4. 12 to Figure 4. 14. The presented results exhibit that as the
feed moves away from the central position (for example, away from Side 3 towards positive X-
axis), the resonant frequency shifts towards the upper band. This shift in the resonant frequency

also effects on reducing the realized gain, as well as narrows the half power beamwidth (HPBW)
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of the antenna. It is also evident that the feed position of d1=4 mm gives the best antenna

performance, justifying the selection of this distance.

4.4.4 Swithed beamforming antenna design using a dipole as a source.

To evaluate the effect of feeding source on the proposed antenna performance, the patch antenna
is replaced by a dipole as shown in Figure 4. 15. The same previous three combinations of the
diodes shown in Figure 4. 11, are re-applied on the proposed ATFSS antenna. The simulated
reflection coefficient gain and radiation patterns of the proposed antenna using dipole source for
different diode states are shown in Figure 4. 16 to Figure 4. 18. The comparison of the proposed
antenna gain using two different feed sources is summarized in Table 4. 3 and Table 4. 4. Based
on the compared results, it is visible that both feeds result almost similar performance. However,
the patch antenna with monopole radiation pattern is selected for fabrication and measurements
due to its ease in fabrication and better handling during measurements.

Figure 4. 10. Simulated model of the proposed ATFSS antenna in, top and side 3-D view.
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