Al Agla) jagall 4y i) Jad) &y el
République Algérienne Démocratique et Populaire
Ministere de I'Enseignement Supérieur et de la Recherche Scientifique

Université Ferhat ABBAS Sétif 1

UNIVERSITE FERHAT ABBAS - SETIF 1

FACULTE DE TECHNOLOGIE

THESE

Présentée au Département d’Electronique

Pour I’obtention du diplome de

DOCTORAT

Domaine : Sciences et Technologie

Filiere : Electronique Option : Systemes Embarques et
Technologie

Par

MEDKOUR Hicham
THEME

Conception et Realisation d’ Antennes Reconfigurables

Soutenue le 04 /07 / 2019 devant le Jury :

KRIM Fateh Professeur  Univ. Ferhat Abbas Sétif 1 Président

ZEGADI Ameur Professeur  Univ. Ferhat Abbas Sétif 1 Directeur de thése

Univ. Mohamed EI Bachir
El Ibrahimi de BBA

ZEBIRI Chemseddine MCA Univ. Ferhat Abbas Sétif 1 Examinateur

AIDEL Salih Professeur Examinateur



People's Democratic Republic of Algeria

Ministry of Higher Education and Scientific Research

o Université Ferhat ABBAS Setif 1
Ferhat Abbas University of Setif 1
Faculty of Technology

Thesis

Presented at the Department of Electronics

For the award of the degree of

DOCTORATE

Field: Sciences and Technology

Specialty: Electronics Option: Embedded Systems and

Technology
By
Hicham MEDKOUR

Title

Design and Implementation of Reconfigurable Antennas

Defended on the 4™ July 2019 before the Jury:

KRIM Fateh Professor Ferhat Abbas Univ. of Setif 1  President
ZEGADI Ameur Professor Ferhat Abbas Univ. of Setif 1~ Supervisor
AIDEL Salih Professor Mohamed EI Bachir El Examiner

Ibrahimi Univ. of BBA

ZEBIRI Chemseddine MCA Ferhat Abbas Univ. of Setif 1 Examiner






Abstract

In this thesis we describe novel approaches in designing reconfigurable antennas. The
proposed reconfigurable layouts are intended for integration into compact UWB communication
systems and are characterized by their low profile and easy fabrication processes. Initially, the
project was to design et implement some reconfigurable antennas based on conductive polymers.
As a result, the first part of this thesis provides an advanced literature survey as well as an
investigation on the use of tunable permittivity or conductivity in designing antennas based on
conductive polymers. The second part of this thesis reports on the design of planar reconfigurable
UWB antennas with interference filtering capabilities. Firstly, a planar monopole UWB
reconfigurable antenna has been designed showing filtering capabilities in three narrow bands
which could potentially interfere in this particular region of the spectrum. Reconfigurability allows
the antenna to match to any interference cases. The presented design uses low-cost FR 4 substrates
known for being light. Secondly, an extremely compact UWB single-sided reconfigurable
designed antenna is described. Unlike the previous antenna, the reconfigurable filtering circuit has
been exclusively implemented in the ground plane rather than in the radiating patch in order to
optimize the radiation performance of the antenna. By doing so, the new design is cost effective,
allowing interferences’ filtering at the antenna level rather than at a later stage and avoids complex

biasing control antenna circuitry.

Keywords: Antennas; Microstrip; UWB; Conductive polymers; Reconfiguration.
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Titre : Conception et Réalisation d’ Antennes Reconfigurables

Résumé

Dans cette these, nous décrivons de nouvelles approches dans la conception d'antennes
reconfigurables. Les schémas reconfigurables proposés sont destinés a étre intégrés dans des
systemes de communication UWB compacts et se caractérisent par leur profil bas et leurs
processus de fabrication faciles. Au départ, le travail consistait & concevoir et a mettre en ceuvre
des antennes reconfigurables a base de polymeéres conducteurs, par conséquent, la premiere partie
de cette these propose une éetude bibliographique avancée ainsi qu'une étude sur l'utilisation de la
permittivité ou de la conductivité accordables dans la conception d'antennes a base de polymeéres
conducteurs. La deuxiéme partie de cette thése porte sur la conception d’antennes UWB planes
reconfigurables dotées de capacités de filtrage aux interférences. Premiérement, une antenne
reconfigurable UWB monopolaire plane a été congue, montrant des capacités de filtrage dans trois
bandes étroites susceptibles d’interférer dans cette région spectrale. La reconfiguration permet a
I'antenne de s'adapter a tous les cas d'interférences. La conception présentée utilise des substrats a
faible colt de FR 4 connus pour leur légéreté. Deuxiemement, Nous décrivons une seconde
reconfigurable antenne UWB et qui est extrémement compacte. Contrairement a l'antenne
précédente, le circuit de filtrage reconfigurable a été¢ mis en ceuvre exclusivement dans le plan de
masse plutdt que dans le patch rayonnant afin d'optimiser les performances de rayonnement de
I'antenne. La nouvelle conception est peu colteuse et permet de filtrer les interférences au niveau
de I’antenne plutét qu’a un stade ultérieur, en évitant le besoin aux circuits complexes de

commande de polarisation.

Mots-clés : Antennes ; Microruban ; UWB ; Polymeres conducteurs ; Reconfiguration.
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1. Advantages of Reconfigurable Antennas General Introduction

1. Advantages of Reconfigurable Antennas

Assigning different antennas for each wireless protocol in a single device is no longer the
best solution. There is an increased call today for further size miniaturization of wireless
communication devices and henceforth the limited available space has to be shared carefully.
Separate antennas of type monopole or microstrip are typically used in these devices and in many
cases they may not have multiple-frequency capabilities. Generally, multiple antennas are
integrated on a single device in order to enhance its reception capabilities but in sending mode
only single antenna is used. Transmission from a portable device to a base station is the weakest
mission in bidirectional communication links because of movability constraints like power, size,
and cost. The portable handsets are commonly working in unexpected and rough electromagnetic
environment which affects and decreases antenna performances. As a solution, antenna
reconfigurability provides substantial help to deal with this problem. Tuning antenna’s operating
frequency could be utilized to change operating bands, filtering interfering signals, or allowing
antenna to accommodate with new unexpected working environments. In addition, antenna
radiation pattern reconfiguration permits to focus maximum radiation power into privileged
directions and therefore use less power for transmission and consequently extends battery life.
Besides the two previous alternative options, reconfigurable polarization provides also several
possibilities to a single antenna to perform transmission/reception through multiple types of
polarization including horizontal/vertical linear polarizations and left/right hand circular
polarizations. At present, low-profile and miniaturization are two highly desirable characteristics
in today’s communication handsets and so the adoption of reconfigurable antennas would
certainly respond to these requests through processing and managing these two properties.
Hence, reconfiguration would assure additional operational freedom degrees in terms of

adaptation, functionality and versatility.

2. Challenges in Reconfigurable Antennas

The integration of new features into conventional antennas presents not only a real
challenge in terms of norms but certainly would arise several questions about cost, technology
and efficiency [1]. The addition of antenna reconfigurability induces extra design complexities
in control system implementation. These challenges should not only cover production of the

desired levels of antenna functionality but also the integration of this new smart feature into a
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3. Benefits of Conductive Polymers based Antennas General Introduction

complete cost-effective system. The overall design system cost of the antenna will be largely
balanced by the associated technologies for implementing this valuable reconfiguration.

The complete antenna functionality task requires dedicated signal processing and feedback
circuitry and will certainly face further complications when adding different components.
However, if a single reconfigurable antenna could deliver the same functionality of more than
one traditional single-purpose system, significant savings in cost, weight, volume, and
maintenance/repair resources may be realizable. Of course, integrating new kinds of functionality
into antennas will not automatically result in higher or comparable performance and lower costs.
System designers need to be willing to exploit these new degrees of freedom and functionality
so that the antenna becomes a more active part of the communication link, working together with
new circuits, signal processing techniques, communication and radar protocols. The difficulty
lies also in the fact that reconfigurable antennas often take on non-canonical forms and there is
interaction between closely spaced elements. The influence of switches and their biasing lines is

a real problem and basically their behaviour is quite difficult to be predicted.

3. Benefits of Conductive Polymers based Antennas

For such important wireless applications like RFID (radio frequency identification),
WBAN (wireless body area network) antennas are required with low-profile, light weight,
compact size (xy-plane), resistant to deformation and robust to electromagnetic impact. Antennas
made of conventional materials such as metals and ceramics do not satisfy the aforesaid
characteristics. In the last few years, many researches have been performed on conductive
polymers and eventually they have showed very interesting electrical and mechanical properties
which are a very promising for application in antennas designing [2]. Conductive polymers such
as Polypyrrole (PPy), Graphene, Polyaniline and PEDOT expose these highly potential assets. In
addition to their high electrical conductivity, high mechanical elasticity and being light, they can
be implemented easily at a low-cost. Furthermore, they have low density and are highly resistant
to corrosion with their production process is friendly to environment. Henceforth, there is high
motivation to take advantage from their interesting properties to produce flexible, low-cost and
easily foldable antennas and hence be able to produce reconfigurable antennas based on
conductive polymers owing to the fact that the electrical conductivity of conductive polymers is
adjustable [3].
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5. Thesis Road Map General Introduction

4. Challenges of Conductive Polymers based Reconfigurable Antennas

It is desirable to take advantages of the properties of conductive polymers in designing
reconfigurable antennas. This combination would result into the development of highly efficient,
multi-functional, low-cost and conformal antennas. Reconfigurability enhances the functionality
of the antenna and multiplies its operating capabilities while the properties of conductive
polymer. However, the challenge in today’s reconfigurable conductive polymer antenna designs
lie in how to integrate a robust reconfiguration mechanism onto the polymer antenna structure.
Experimentally, there are two kinds of used polymer substrates: rigid and flexible substrates. In
the last decade, there have been significant advances in the development of conductive polymer
using rigid substrates. It is easy to integrate different control mechanisms onto conductive
polymer surfaces, which are deposited on rigid substrates to achieve not only the frequency
reconfiguration but also adjust the radiation pattern or polarization. However, the task is
practically difficult when it comes to the integration of reconfigurability in flexible and plastic
based substrate antennas. For instance, it is hard to associate lumped components (RF switches)
onto conductive polymers that are deposited on plastic substrates. Furthermore, for the case of
wearable antennas’ applications, the presence of lumped elements on top of the polymer antenna
represents a risk of being detached due to repeated physical deformations, which are possible in
a realistic human-body environment (e.g. bending, stretching and twisting), and also when
washing. Hence, the robustness of flexible reconfigurable conductive polymer antennas is a
research challenge to find the right substrate that will be convenient to reconfiguration

mechanisms.

5. Thesis Road Map

The objective of this thesis is to develop some antennas that offer certain additional
functionalities while providing better performances to meet today’s requirements and/or to solve
certain problems linked to some wireless applications. The road map undertaken is as illustrated
in Fig. 1. There are two main axes we started with:

1. The synthesis of a conductive polymer;
2. The design and implementation of some reconfigurable antennas.

In the first path, an experimental investigation has been carried out on preparing and
characterizing some samples of conductive polymers in our laboratory (LCCNS). During a period

of time, chemical polymerization of pyrrole was done and polypyrrole (PPy) has been
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5. Thesis Road Map General Introduction

synthesised. The measurement of the conductivity using the method of four points has shown
that the samples had low electrical conductivity. However, this requird additional chemical
processing to enhance the electrical conductivity which is a crucial parameter for the antenna.
Nevertheless, the tasks of conductivity enhancement, characterization of the polymer and the
exploration of its interaction with electromagnetic environment are postponed and left as future
work due to the lack of characterization facilities. Herein, we confined ourselves to give only the
state of the art on antennas and reconfigurable antennas based on conductive polymer. Still, we
present a theoretical study on conductive polymer properties with particular attention given to
their electromagnetic behaviour.

In the meantime, work has been carried out in the second axe in which reconfigurable
antennas based on copper were investigated. The objective is to come up with compact
reconfigurable antennas that are capable to deal with the problem of interference that suffer some
wireless systems in the electromagnetic spectrum 3.1 to 10 GHz. Indeed, two reconfigurable
monopole antennas have been conceived, simulated and optimized using the commercial
software CST [4]. In the first antenna conception, our work was limited to the design, the
simulation and the optimization. While in the second, in addition to the simulation study the

antenna was fabricated and its performances were measured.

Polymer preparation,
Conductivity increase,
characterization

ﬂ/\ .
: Design_in CST ) ) Requirements
with Simulation satisfied

copper/polymer
Pper/poly CST Microwave Sudio
! ‘ yes

Measurements <:| Prototyping

Chemical etching when
Copper other when polymer

Vector Network Analyser
Anechoic chamber

Figure 1. Flow diagram of the followed research road map to achieve the final objective.
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6. Thesis Layout

6. Thesis Layout

The thesis is divided into four chapters:

* Chapter 1: contains some highlights on the state of the art of reconfigurable antennas. We

review recent works that have been conducted on reconfigurable microstrip antennas
using different reconfiguration mechanisms in planar structures. A particular attention is
given to published literature on conductive polymer antennas and on the efforts being
done in designing reconfigurable antennas based on conductive polymers.

Chapter 2: a review on the electrical and mechanical properties of conductive polymers
is presented as well as their behaviour in electromagnetics media. The preliminary
simulation results of an antenna conception based on conductive polymers are discussed.
The frequency reconfiguration through the use of tuning permittivity was also
investigated.

Chapter 3: include the design of a reconfigurable monopole ultra wideband antenna. The
results thus obtained are discussed in the light of current literature.

Chapter 4: discusses and presents the results of the second ultra-wideband antenna
conception. We also report on the steps taken in implementing experimentally the

antenna. We present the results on the antenna performances.
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Chapter 1

State of the Art of

Reconfigurable Antennas

ECONFIGURABLE antennas have been a dynamic field of research during the last

two decades in which the motivation is to provide antennas with additional

functionalities and better performance. We aim in this introductory chapter to give an
overview on the state of the art of reconfigurable microstrip antenna based on both copper and
conductive polymers. Radiation properties of a microstrip antenna are strongly linked to the
geometry and substrate material of the antenna. The sizes of the radiating patch in one hand
control the resonance frequency and in the other hand; the resonance frequency is inversely
proportional to the relative permittivity and permeability of the substrate. Besides, the operating
bandwidth is technically proportional to the substrate electrical height. This is the principle of
reconfiguration which has been recently proposed in microstrip antennas and which will be
reviewed in this chapter. The reconfiguration based on frequency, radiation pattern and

polarization will be discussed.
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1.1 Copper based Reconfigurable Microstrip Antennas

Reconfiguration of a microstrip antenna can be achieved through two methods. The first
consists of modifying the dimensions of the radiating elements (patch/ground plane) and
therefore metallic stubs or slots can be add to reduce or extend the dimensions of the current
surfaces. While the second method lays on modifying the parameters of the dielectric substrate
such as the high or the permittivity or permeability. In this case, tunable materials based on
dielectric are used as substrates which can be controlled through an external effect like light,

temperature, electric/magnetic field, etc...

1.1.1 Reconfiguration through Tunable Material substrates

1.1.1.1 Polarization Reconfigurability using Liquid Crystals Substrates

Liquid crystals are auspicious materials in microwave engineering since they have emerged
as potential materials for applications in antenna technologies [1-2]. Liquid crystal (LC) materials
have been used to construct a planar antenna with reconfigurable polarization [3]. As shown in
Fig 1.1, the design proposed consists of 2x2 dual-fed microstrip patch array and two distinct
feeding systems for each feeding of the dual-fed antenna. The design is capable of switching
between dual circular and dual linear polarizations according to the variance phase shift between
feedings networks of the antenna. The feeding systems are realized in inverted microstrip line
topology with the liquid crystal material as a tunable substrate. When altering the liquid crystal,
the differential phase shift is acquired between the feeding systems. Additionally, due to the
continuous change of the LC material, the polarization can be switched between linear and
circular polarizations. This antenna operates at 13.75 GHz which is in Ku and W frequency bands
since LC materials decrease the dielectric losses which makes it suitable for applications at higher
frequencies. Another microstrip patch antenna with reconfigurable polarisation was proposed in
[4]. As demonstrated in Fig 1.2, a tuneable coupled line loaded with liquid crystal-based
varactors is used to reconfigure the polarization of the antenna. Therefore, when a bias voltage
is applied, the proposed antenna can be continuously reconfigured to give circular or linear
polarization. The prototype is validated by simulation and measurements. Tuneable liquid
crystals based dielectric substrate is investigated again for the development of frequency

reconfigurable microstrip antenna as proposed in [5].
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Figure 1.1. MSA array with reconfigurable polarization [3]. (a) schematics of the single
radiating element and explode d perspective and (b) bottom view; (c, d) pictures of the

fabricated antenna form the top (left) and bottom (right) views.
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Figure 1.2. Single coupled feed MSA with reconfigurable polarization [4]. (a) top view; (b) and
(c) cross section views; (d) photograph of the fabricated prototype (dimensions: Gi= 0.3 mm,

G,=0.1 mm, L1=0.7 mm, L, =1.8 mm, W1=0.6 mm).

The proposed design is illustrated in Fig 1.3. Reconfiguration is achieved by applying a
low frequency AC bias voltage. The amplitude of the external applied electric field panels the
tilt angle of the crystal liquid molecules which in turns work as directors that changes the
constitutive properties of the LC dielectric material. Hence, various bias voltage values that
varies between 0 and 10 Volts are applied continuously, helped to tune the antenna frequency
range between 5.45 and 5.84 GHz.
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Y o K Top View

Taconic TLY-5 Substrate

Microstrip Side View

o~

-
Ground Plane /
LC(E7)

Figure 1.3. LC-based microstrip patch antenna [5].

1.1.1.2 Frequency Reconfiguration using Ferroelectric BST Substrates

Barium Strontium Titanate (BST) ceramic belongs to ferroelectric materials whose relative
permittivity can be tuned by applying different voltages. Because of their high permittivity, BST
materials have been utilized as substrates to achieve size reduction in different types of antenna
such as dielectric resonator antennas. In recent years, BST has appealed for significant attention
owing to its potential of low dielectric loss and high tunability [6-7]. It has been useful in several
microwave devices, such as compact sized antennas [8-9], phased array antennas [10], and
reconfigurable antennas based on BST varactors [11-12]. The structure shown in Fig 1.4 is a
frequency reconfigurable microstrip antenna with a wide instantaneous operation band based on
BST/MgO composite films [13]. The objective of adding MgO to BST composite is to efficiently
dilute the permittivity and keep a considerable dielectric tunability. The frequency
reconfigurability is attained by changing the permittivity of BST film, and an extra Fabry-Perot
resonant structure is adopted to increase the instantaneous operation band. As a result, a wide
instantaneous band that is closely 26% superior is acquired in measurement, which means that
the working band of this antenna can be tuned from 9.9-13.5 GHz to 10.9-14.2 GHz.

extra parasitic structure

pdld\][l( .]'zl.lL‘i.] o
main patch . 14, PCB layer
bias voltage i
_ — | ;
{  BST film | gupper ground
[ J =]

A, RLE fesd e coupled aperture

feed line
I
(a) (b)

n, metal reflector

Figure 1.4. BST based frequency reconfigurable antenna [13]. (a) The original reconfigurable

model and (b) the modified instantaneous wideband reconfigurable model.
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This antenna is highly suitable for wireless communication systems due to its attractive
feature of instantaneous frequency reconfigurable. The geometry shown in Fig 1.5 shows another
frequency reconfigurable microstrip antenna for which BST substrate material is adopted again
[14]. The relative permittivity of BST material used in this design is approximately 100, and a
thin BST film of 0.3 mm is used as the primary substrate. A tuneable bias voltage is applied
between the metal patch and the ground plane to control the relative permittivity of BST material.
As a consequence, the antenna frequency resonance is tuned of 10% from 13.3 to 14.7 GHz by
changing the bias electric field from 0 to 10 VV/um. Nguyen et al. proposed a compact frequency

reconfigurable planar antenna based on ferroelectric (BST) TiOz thin films [15].

I\Y
z b .
Bias Electrode
% Microstrip Filter|
Metal Patch
Metal Patch Bias Voltage smim
[ T
BST Layer h Yo
| L I} I k > L wl
Taconic Layer Ground Plane '-5_W J | Feed Line
N T
T - I/ W,
Feed Line Couple Aperture:
1
] 1
Reflective MetalPlane 0 o a| x

(@) (®)
Figure 1.5 BST based frequency reconfigurable antennas [14]. (a) Side view; h=0.3 mm, the
thickness of the Taconic Layer: ht =1 mm; (b) the top view of the antenna: WaxL, rectangular
aperture arranged on the axb top surface of the PCB layer, and a (Ls + a - xo)xWs feed line

arranged on the bottom side.

Ground\plane . Feedline
Varactor \ [
\\\ L | EiL" ; —>+—40 um ’ ________ =
I\.\‘-; H _l l E 40 pm _l_ i =
- 4 - S - SO LU S - —_—
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the DC voltage : i
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(a) (b)
Figure 1.6. BST base frequency reconfigurable antennas [15]. (a) schematic of the notch

antenna; (b) the varactor based on BST thin film.
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As shown in Fig 1.6 the notch antenna is loaded with a variable metal/insulator/metal
(MIM) capacitor and is achieved by a monolithic method. The design delivers frequency
tunability rate of 14.5% under an electric field of 375 kV/cm.

1.1.2 Reconfiguration through Conductor Modification using PIN Diodes

Altering the conductors shape and dimensions of planar/microstrip antenna (MSA) affect
considerably the antenna radiation properties. This aspect is used as the basis to reconfigure the
antenna operating frequency, bandwidth, pattern, and polarization. Basically, the modifications
in the radiating patch or ground plane alter in fact the normal current distributions and contribute
to other new current maps which change the antenna radiation properties. Therefore, if one can
objectively control the current distribution it becomes possible to control the radiation properties
of the antenna which becomes reconfigurable. There are different kinds of switches used to

control current circulation in microstrip antennas, among which there are PIN diodes.

1.1.2.1. Frequency Reconfiguration using PIN Diode

The microstrip slot antenna proposed in [16] is capable to change its frequency between
nine distinct narrow bands from 1.98 to 3.59 GHz. The configuration of the antenna is shown in
Fig 1. 7. It is fabricated on a Taconic RF-35 dielectric substrate with a thickness of 3.04 mm
having a permittivity of 3.5. It includes a rectangular patch and a slotted ground-plane beneath
it. The design of the slot under the patch delivers extra operating bands to the antenna. Five PIN
diodes are used to control the length of the slot which help to switch the operating frequency
between nine different frequencies from 1.98 to 3.59 GHz. The antenna has a dimension of 50x50
mm?2. The frequency switchability of this antenna makes it suitable for cognitive radio
applications. The antenna proposed in [17] is a monopole microstrip antenna with a slotted
ground plane, shown in Fig 1.8. It consists of an inverted U-shape radiating patch fed by a
microstrip line and a rectangular ground plane underneath. The radiating element offers a wide
operating band between 2.63 and 3.7 GHz. Additionally, four horizontal slots were inserted in
the ground plane to help the antenna to resonate at four different resonant narrow bands. To
switch between the four narrow band frequencies, the slot’s lengths are controlled using PIN
diodes. The fabricated prototype has a size of 68x51 mm? and offers an omnidirectional radiation

pattern. This antenna is suitable for cognitive radio applications.
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Figure 1.7. Frequency reconfigurable microstrip antenna [16]. (a) top view on patch; (b) the
bottom view on the modified ground plane. Dimensions (mm) a= 6.4, b=13, c = 13.95, d= 16,

e=18, g=15.38, S1 to Ss are PIN diodes.

..........

Pin djodes

Capacitors

T
| 1 (o
4 . ; sty s10\" g ;|s1z

: :
Y S

114 s7 ( |

0 i =

YT — E— s8

5 WF | - Ko 1 | 1 1 [
4 — i ;’T':SQ
v e

Capacitors

(a) (b)

Figure 1.8. Selective frequency reconfigurable monopole planar antenna [17]. (a) top view on
patch; (b) the bottom view on the modified ground plane. Dimensions (mm) a= 6.4, b=13, c =

13.95, d= 16, e=18, g=15.38, S1 to Ss are PIN diodes.

1.1.2.2. Radiation Patterns Reconfiguration using PIN Diode

A microstrip antenna was proposed in [18] to operate at the WiMAX frequency range 3.44
to 3.6 GHz with the capability to reconfigure its radiation pattern. As seen in Fig. 1.9, the antenna
is designed on dielectric substrate with a permittivity of 3.5 and thickness of 3 mm. A circular
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coaxially feed patch is on the upper side of the substrate with four quasi-rectangular radiation
elements coupled to the patch using PIN diodes in symmetrical positions. The radiation pattern
reconfiguration is achieved by switching the state of the four PIN diodes and thus, the antenna
main beam can be switched between ¢ = 0°, ¢ = 90°, ¢ = 180° or ¢ = 270° while 8 = 30°.
Four different radiation patterns state can be performed at WiMAX band. Besides, the proposed
configuration has a small size and very acceptable realised gains which is more than 8 dBi. A
similar reconfigurable radiation pattern microstrip antenna is proposed in [19], shown in Fig.
1.10. Circular patches surrounded by four other parasitic circular patches are printed on the upper
side of Taconic substrate of 2.2 permittivity and a thickness of 1.6 mm. The ground plane is
printed on the lower side of the substrate which has a full size of 120x120 mm?. The surrounding
parasitic patches are shorted to the ground plane using four pins named S1, S2, S3 and S4. Four
PIN diodes are used to connect the four shorting pins to each one of the parasitic patches. The
parasitic patches work as director/reflectors which are controlled by the switching of the PIN
diodes and as such, beam reconfiguration is achieved. Hence this antenna can switch its main
radiation pattern into nine different directions: (¢,8) = (0°,0°), (0°,23°), (45° 22°),
(90°,24°), (135°,22°), (180°,24°). Besides, the antenna yielded a gain greater than 7 dB for

the nine possible pattern configurations.

Figure 1.9. Radiation pattern reconfigurable Microstrip antenna [18]. (a) top view on patch;
(b) the bottom view on the modified ground plane. Dimensions (mm): a =60°, G=6.4, h=3, Ds

=1.2,Rp=5,R:1=27.5 R2=7,R3=6, R4=5.3.
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Figure 1.10. Multi-beam radiation pattern reconfigurable microstrip antenna [19]. (a) top

view; (b) side view; (c) back view. Dimensions (mm): L=120, R= 23.7.

1.1.2.3. Polarization Reconfiguration using PIN Diodes

Polarization diversity can help to avoid fading losses caused by multipath effects.
Therefore, there has been an increasing interest in implementing antennas with reconfigurable
polarization. The design shown in Fig. 1.11 illustrates the structure of a microstrip antenna which
is capable to alter its polarization between three types: linear, left-hand and right-hand circular
polarizations [20]. The structure consists of circular patch printed on the top of Taconic substrate
having the permittivity of 3.52 and a thickness of 1.52 mm. Two pairs of L-shape slits are created
symmetrically along x and y axis on the patch edges. In order to activate and deactivate the
electrical length of the slits, four different PIN diodes are placed at the open end of each slit. This
approach helped to obtain reconfigurable polarization at the WLAN frequency band 2.4 to 2.48
GHz.

.
Pin diode
Pindigde y. .
i // cular patch
o " coaial
-------------- 0 o
. El-"
Y M~ ground
A L plane
L7 [l RF Capacitor e )
it g
g}—bl ¥ M RF Inductor t dielectric
: S

(a) (b)
Figure 1.11. Reconfigurable polarization microstrip circular patch antenna [20]. (a) top view;

(b) side view. Dimensions (mm): d=5.5, h=1.524, L,= 15.3, r=17.9, t= 0.035, W=55.
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A microstrip ring antenna with reconfigurable circular polarisation has been proposed [21].

Its geometry is shown in Fig. 1.12. It comprises a FR-4 substrate with dielectric constant of 4.2

and a thickness of 1.57 mm with an overall size of 70x70 mm?. Square ring patches with a T-
shaped microstrip feed are printed on the top face of the substrate. A square loop is created at the
centre of the ground plane on the lower face of the substrate. The antenna is fed by a gap-coupled
through inductors across a distance g. Two gaps gapl and gap2 are inserted in the patch and
across which two PIN diodes are inserted to electrically connect/disconnect the two parts of the
square ring. The reconfiguration of the polarization is achieved by controlling the switching
states of the two PIN didoes at the frequency of 3.45 GHz. When diode 1 is ON and diode 2 is
OFF, the antenna resonates with a right-hand circular polarization. When diode 1 is OFF and
diode 2 is ON, the antenna resonates with a left-hand circular polarization. The obtained antenna

gain was greater than 3 dBi.

~via "~via
_.”52 link
pin = ‘
— diode 2
" (gap2) _ [ Ls
1 |
Y
* pin diode
Ainductor Z?ﬁy
= capacitor X

(b)

Figure 1.12. Reconfigurable polarization square ring circular microstrip antenna [21]. (a) top

view; (b) side view. Dimensions (mm): d>=1, d>= 1, g=0.3, h= 1.6, L=55, [;=10, [,=7.5, W =55, t=
0.035, W=8.2, W= 3, W= 0.8, Ws=2.5.

1.1.2.4. Frequency/radiation pattern reconfigurable antennas

The slot microstrip antennas of [22] offers a reconfiguration capability in two ways:
frequency and radiation pattern. As shown in Fig. 1.13, the antenna is designed on Taconic FR35
substrate with the permittivity of 3.5 and a thickness of 1.52 mm. The rectangular patch is on the
top of the substrate while the slot ground plane is on the back. The slot in the ground plane
generates a bidirectional radiation pattern, therefore, a metallic sheet is placed behind the antenna
in order to produce a directional radiation pattern. Frequency reconfiguration is achieved by
controlling the electrical length of the slot using two PIN diodes denoted S1 and S2. Thus, the
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antenna is capable to work at three distinct frequencies 1.82, 1.93 and 2.10 GHz. Radiation
pattern reconfigurability is ensured through the introduction of four slits near to the corners of
the ground plane. The control of the slits’ length helped to alter the angle of the main radiation
beam of the antenna and as such, it became capable to tune the beam angle between 0°, +15°

and —15° at each one of the operating frequency bands.
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(a) (b)
Figure 1.13. Frequency and radiation pattern reconfigurable MPA [22]. (a) Top view; (b) side
view. Dimensions (mm): a= 130, b= 160, c= 33, d=21.75, e= 21.75, n=29, m=65.25, |=21.75,
k=3.2.

The antenna proposed in [23] is a microstrip antenna, shown in Fig. 1.14, featuring
reconfigurability in frequency and in radiation pattern. It consists of small patch which is
surrounded by a square ring called internal ring and in between are two PIN diodes D3, D4 to
ensure switchable contacts. Both metallic parts are surrounded by another square ring named
external ring. Again, two PIN diodes D1 and D2 connect the internal and external rings together.
According to the switching states of the PIN diodes, the antenna is capable to operate in three
distinct modes, with resonance frequencies: 2.84, 3.84 and 3.85 GHz. Meanwhile, radiation

pattern changes in accordance with the diodes switching states.

e In mode 1, the antenna produces 3 dB beam width from —30° to 25° with 7.4 dBi of gain.
e Inmode 2, it provides 3 dB beam width from —80° to —15° with 5.7 dBi of gain.

e In mode three, it produces 3 dB beam from 5° to 60° with the maximal gain of 5.7 dBi.
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These results were checked through both numerical simulations and performance

measurements of an experimental prototype.

Figure 1.14. Frequency and radiation reconfigurable antenna MPA [23]. Dimensions (mm): a=

4.6, b=7,c=28.5, d=40, L= 100.

1.1.2.5. Frequency/Polarization Reconfigurable Antennas using PIN Diode Switches

In some antenna designs, the objective was to combine reconfigurable frequency with
reconfigurable polarization in a single microstrip antenna structure. The proximity coupled fed
configuration proposed in [24] consists mainly of a rectangular patch printed on Neltec N9000
substrate with a permittivity 2.2 and a thickness 0.762 mm, shown in Fig. 1.15. In order to
implement the frequency reconfiguration feature, an additional small patch is positioned next to
the central patch and connected to each other through a PIN diode. Frequency reconfiguration is

established in the following way:

= When the diode is switched OFF, the antenna frequency resonance is due to only the
central patch which resonates at the first band 5.7 GHz.

= When the diode is switched ON, the antenna resonance is due to both central and small
patches and thus another resonant band at 5.2 GHz is produced.

To get polarization reconfigurability at either of two operational bands, each corner is cut
off from the main and additional patches are inserted through a narrow L-shaped cut to generate
polarization reconfigurability. A couple of PIN diodes named D1, D2, D3, D4, D5, D6 and D7
are employed to control the polarization of the antenna. Hence, to produce a circular polarization

at 5.2 GHz, the pair of small parasitic patches placed diagonally is coupled to the main patch by
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switching ON the two corresponding diodes and therefore, by changing the diagonal pair of small
patches the polarization can be altered between left-hand circular polarization and right hand-
circular polarization. Furthermore, the antenna is capable to offer circular polarization at the
higher band 5.7 GHz when the additional patch is connected to the main patch and two small
parasitic patches at the diagonal ends are disconnected from the circuit. This disconnection serves
to generate two orthogonal components of currents which yields a circular polarization at 5.7
GHz.

Main
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Figure 1.15. Frequency and polarization reconfigurable proximity Coupled fed MPA [24]. Top
and side views. Dimensions (mm): g = 0.3, g» = 0.3, I, = 65, Ipp= 17.8, Ladd) = 4, [f =28, W), =60,
Waddp =18.15, Wpp = 18.15, W= 2.4, W= 0.58, Isp =2.2, I:=11.9.

Another example of frequency and polarization reconfigurabilities in microstrip antennas
has been proposed recently [25]. The diagram is shown in Fig. 1.16. The antenna is realized on
Rogers 5880 substrate of permittivity 2.2 and a thickness of 3.175 mm. The structure is composed
of a square patch, three groups of switchable shorting pins (group 1, group 2, group 3) connected
to the ground plane, and four controllable perturbation pads coupled to the corner of the patch
through PIN diodes D1, D2, D3 and D4. The antenna is fed by a coaxial probe through a

microstrip line. Polarization reconfigurability is achieved by controlling the switching state of
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the four PIN diodes. When the two diodes in the opposite direction (D1 & D2 or D3 & DA4) are
switched ON, the two orthogonal modes will be split in resonant frequency with equal amplitude
and 90° phase difference which can yield a circular polarization. When all the four PIN diodes
are turned ON, linear polarization can be generated from the symmetrical structure of the antenna.
Hence, by governing the states of the diodes D1-D4, the polarization of the antenna can alter the
polarization between left-hand, right-hand and linear. The antenna operating frequency can be
switched between eight distinct narrow bands by properly shorting the patch to the ground plane

via the three groups of the shorting pins which are controlled by the PIN diodes.

* Pin diode
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Figure 1.16. Frequency and polarization reconfigurable MPA [25]. (a) top view; (b) bottom
view. Dimensions (mm):d=1,d1=12,d2=20,d3=28, W1=4, W2=3, Wp=48,L1=33,1[2=
12.

1.1.2.6. Pattern/Polarization Reconfigurable Antennas using PIN Diode Switches

The compact microstrip antenna proposed in [24] offers reconfigurability of both radiation
pattern and polarization. The antenna, shown in Fig 1.16, comprises two truncated monopoles
arranged orthogonally and connected to the microstrip lines via ideal switches named S1 and S2.
It is intended for applications in 2.4 GHz IEEE 802.11 WLAN and Bluetooth bands. Radiation
pattern and polarization reconfiguration can be conducted through the tow switches S1 and S2.
At state 1, when S1 is switched ON and S2 is OFF, the vertical monopole is excited (parallel to
the y axis). Hence, the antenna radiation is maximally on xz-plane and null along positive and
negative y axis. At state 2, S1 is switched OFF and S2 is ON, the horizontal monopole is exited
(parallel to x axis). In this case, the maximum radiation is along yz-plane and null along the

positive and negative x axis. Meanwhile, polarization also can be reconfigured into horizontal or
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vertical since, in state 1, the antenna provides linear polarization on the y axis, whereas in state

2, it provides also linear polarization but on the x axis.

Y
"4—1
7 4

h
(a) (b)

Figure 1.17. Pattern and polarization reconfigurable MSA [24]. (a) top; (b) back view.
Dimensions (mm): Wg =10, Lg =10, Ls=6.75,L=19, W=19,Ws=3,Gs=1.2, W1 =0.8,L1 =38,
L12=3,13=9,l4=2,h=1.6.

A circular microstrip patch antenna with reconfigurable pattern and polarization was
proposed [25]. As shown in Fig. 1.18, the antenna includes a circular patch whose structure is
changeable trough PIN diode switches used to control radiation patterns and polarization. The
antenna is fed by two coaxial ports carefully positioned orthogonally to maintain simultaneous
radiation patterns and high isolation between the ports. Fourteen PIN diodes (switches D1),
located radially on the antenna, are forwardly biased and used to dynamically change the radius
of the circular patch and thus, alterations in the shape of the radiation pattern are attained by
exciting different electromagnetic modes in the antenna structure. Four PIN diodes (switches D2)
are reversely biased and connect or disconnect two perturbation segments to the inner circular

patch. Therefore, the antenna can offer three different types of polarization:

«  When both switches D1 and D2 are switched OFF, the antenna offers an elliptical
polarization.
¢ When the switches D1 are switched OFF and the switches D2 are switched ON, the

antenna offers a linear polarization with the mode TMoax.

Page 21



1.1 Copper based Reconfigurable Microstrip Antennas Chapter 1

«»  When the switches D1 are switched ON and the switches D2 are switched OFF, the

antenna offers a linear polarization with the mode TMa:.

perturbation segments

port 2 .
switches D1

via-hole

inductor

port 1 switches D2 Dc

(a) (b)

Figure 1.18. Pattern and polarization reconfigurable MSA [25]. Top and side views. Dimensions

(mm): a= 130, b =160, c= 33, d=21.75, e=21.75, n=29, m=65.25, 1=21.75, k=3.2.

1.1.2.7. Frequency/Pattern/Polarization Reconfigurable MSA using PIN Diodes Switches

The main challenge in today’s antenna designs is to come up with a single microstrip
antenna structure that is capable to produce reconfigurability in the three radiation properties all
together.

Still, a modified structure of microstrip antenna which is capable of independently
reconfigure the operating frequency, the radiation pattern and the polarization has been proposed
[26]. The configuration, shown in Fig. 1.19, comprises two layers of Rogers RO4003 substrates.
The first layer supports the driver element, which is a square patch which is fed coaxially. The
second layer carries a parasitic metallic surface subdivided into pixels with their biasing control
circuits. The parasitic pixels are interconnected by PIN diodes.

It 5 Biasing
Ipy—y Py Switch Pixel \/ Connector

Coaxialfeed

resista

2R SNEReSISIANGES) RF-chokes—Bia ines
LED indicators D de (bo)tto:'l layer) d
Driven patch
Ground Plane
( 7/ | 1 hd

Figure 1.19. 3D view of the design of a microstrip antenna with reconfigurability of frequency,
radiation pattern and polarization [26]. Dimensions (mm): Ip= 12, sp=3, hp= 1.5, ld=wd=31,
hd=3, 1t=240, wt=120, d=variable.
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The activation of a specific switch configuration of pixels generates the suitable geometry
over the metallic surface to deliver the required reconfigurable antenna properties. The antenna
simultaneously reconfigures its operation frequency over a 25% frequency range, steers the

radiation pattern beam over E and H planes, and switches between four different polarizations

1.2 Conductive Polymers based Microstrip Antennas

A variety of antennas based on different types of conductive polymers have been reported
in the literature, from optically transparent to opaque, rigid to flexible, and narrow-band to UWB.
In this context, it is worth mentioning the very first antenna designs based on conductive
polymers.

The earliest reported transparent polymeric antennas were presented by National
Aeronautics and Space Agency (NASA) in 1997 [27], namely including two antennas working
at 2.3 and 19.5 GHz based on a transparent conductive dioxide polymer AgHT-8. This work has
showed the feasibility of transparent and conformal antennas design based on polymeric
materials, despite the fact that the antennas were not flexible.

A four-element crossed dipole direction-finding antenna assembly based on a fabric
realized in S2 glass fibres with Polypyrrole (PPy) coating layer was reported in 1999 [28]. This
design used PPy rather than metal to reduce the antenna radar cross section (RCS) to gain
corrosion resistance and to exploit adjustable electromagnetic properties, by smartly taking
advantage of the relative low conductivity (from 10 to 100 S/m) in the PPy coating. Avoiding
metals in the design is due to two reasons.

e Firstly, metals are heavy and have a very high metallic conductivity leading to a large
RCS due to the strong incident wave reflection;
e Secondly, low antenna efficiency is acceptable or can be compensated.

However, this concerned a very special application, and more generally highly conductive
conductors are naturally a common requirement for the majority of antenna design, so as to
achieve high antenna efficiency. Because of the relatively low conductivity and the process-
limited thickness, antennas based on conductive polymers usually have low efficiencies. For
instance, Cichos et al. [29] represented a performance study of polymer-based RFID antennas
working at 13.56 MHz for a short communication range. The experimental results from this study
demonstrated that antennas realized with conductive polymer pastes achieved approximately
only half of the real range of its corresponding copper antenna. This can be straightforwardly
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attributed to the higher ohmic losses, and it was also demonstrated that the read range can be

improved by increasing the paste thickness and by using lamination.

Two dipole antennas based on PEDOT:PSS for RFID applications were proposed by
Kirsch et al. [30], shown in Fig. 1.20. These were realized on polyethylene terephthalate (PET)
substrate using modified PEDOT:PSS ink patterned with screen printing and inkjet printing
technologies. The antennas exhibited a light weight and an excellent mechanical flexibility, but
a lower gain (2 to 6 dB lower) than the copper ones, due to the very limited achievable printed

polymer thickness and the low film quality.

UNIVERSITY

Figure 1.20. Two mechanically Flexible Antennas realized in PEDOT:PSS [30].

The same authors have also conducted a performance study of similar polymeric dipole
antenna in multiple-input multiple-output (MIMO) systems. They concluded that the antenna

yields approximately half of that of copper due to the relatively low conductivity [31-32].

Verma et al. [32] and Kaufman et al. [33] investigated the effect of film thickness,
respectively, on the radiation efficiency of 4.5 GHz PPy patch antenna and for an UWB antenna.
They confirmed that sufficient film thickness is crucial for antenna efficiency. The efficiency of
antenna based on lossy conductors like conductive polymer can be strongly dependent on the
antenna radiation characteristics. For example, a resonant antenna such as slot antenna will have
a lower antenna efficiency compared to a non-resonant antenna such as a leaky-wave antenna,
since the resonance process will typically build up a higher current density and thus cause higher
ohmic losses in the conductor. Especially when the conductor has a thickness well below a skin
depth and a relatively low conductivity, the discrepancy between antenna types can be
significant. As an example, an UWB antenna realized using a PPy film was reported by

Kaufmann et al. yielding an antenna efficiency of nearly 80% [34]. The UWB antenna, shown in
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Fig. 1.21(a), is of a three-layer structure in which a layer of Rogers Ultralam 2000 dielectric
substrate is sandwiched between two patterned layers of 158 um thick PPy. In contrast, a
proximity patch antenna, shown in Fig. 1.21 (b), made from sufficiently thick and conductive
PANI films only had an efficient thickness of 56% [35]. A patch antenna made of a composite
material based on polyaniline (PANI) and carbon nanotubes (MWCNTS) has been proposed [36].
This was designed to operate at the frequency of 4.5 GHz and is shown in Fig. 1.21(c). A square
ring circularly polarised microstrip antenna, shown in Fig. 1.21(d), constituted of
SrTiOs/Polyolefin elastomer (POE) composite as a substrate material and Polypyrrole has been
proposed gave a radiation efficiency around 62-65 % [37]. A compact, highly efficient and
flexible ultra-wideband antenna operating from 3 to 20 GHz was also proposed [38], shown in

Fig. 1.21(e) giving a radiation efficiency of 85%.

(d) (e) (f)

Figure 1.21. Recent published antennas based on conductive polymers.

The polymer PEDOT:PSS having a high electrical conductivity was used to fabricate a
flexible antenna for 5.8 GHz applications, shown in Fig. 1.21(f). It has achieved a radiation

efficiency of about 82% [39]. A wideband flexible antenna made by covering a Kapton substrate
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with a flexible magneto-dielectric polymer-based nanocomposite layer has also been proposed
[40], depicted in Fig. 1.21(g). Table 1.1 summarizes the state of the art for antennas based on

conductive polymers found in the literature.

Table 1.1. Physical properties of some conductive polymers.

Materials (S7m) (u[r)n) @ /Szlslare) Effl(cok)e)ncy Flexibility Year
PANI/CCo 7500 75 - 821091 Excellent 2018
PEDOT:PSS | 18000 | 110 0.5 82 Excellent 2016
PEDOT:PSS | 9532 70 - 85 to 90 Excellent 2016
PPy 2000 90 - 62 to 65 None 2015
PANI/CNT | 4500 75 2.9 - Excellent 2015
PEDOT:PSS | 2720 158 2.3 79.2 None 2012
PPy 2000 140 3.6 64.8 None 2010
PEDOT:PSS | 10000 7 14.3 33.6 None 2010
PEDOT:PSS | 500000 - - 56 Excellent 2009
PANI 6000 100 1.6 56 None 2006

1.3 Conductive Polymers based Reconfigurable Microstrip Antennas

One potentially application of conductive polymers in antenna design is for reconfigurable
devices in which the polymer adjustable conductivity can be used. A suggested configuration
uses a patch antenna with two strips loaded on the patch edges [41], as shown in Fig. 1.22. These
two strips were made from conductive polymers with tuneable conductivity leading to the fact
that the patch resonant frequency can be reconfigured by electrically tuning ON or OFF these
stripes. However, this design was only experimentally verified by physically removing the two

edges, raising doubts on the feasibility of practical realization.

optically
transparent

substrate \
c.opp;:r /

material with
variable conductivity

- ]--:\T_
optical sources
ground plane

Figure 1.22. A reconfigurable planar antenna with two patch edges in conductivity-adjustable

materials [41].
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Recently, a new method in designing reconfigurable antennas based on conductive
polymers has been proposed [42], shown in Fig. 1.23. This includes an ion exchange material
and at least one polymer member coupled to a communication circuit. The polymer member is
configured to respond to receiving a bias voltage, interact with the ion exchange material to
change its electrical conductivity. By varying the bias voltage, one or more polymer members of
an electrically reconfigurable antenna can be activated (become conductive) or deactivated
(become non-conductive). Varying the conductivity of one or more polymer members can be

used to change an operating frequency of the electrically reconfigurable antenna.

1.4 Conclusion

In this chapter, we presented a review on state of the art of reconfigurable microstrip
antenna based on copper and conductive polymers. Two main reconfiguration mechanisms have
been discussed when implementing microstrip antennas with reconfigurable radiation properties.
Altering the dielectric constant and the conductor dimensions were the keys to achieve

reconfiguration in microstrip antennas.
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Chapter 2

Conductive Polymers Basics & Reconfigurable
Antennas Concepts

rowing resources and much efforts are invested into conductive polymers research.
Increasingly higher electrical conductivity, better mechanical resilience and tunability
in resistance have been gradually reported in the literature. Conductive polymers are
becoming of interest in antennas applications owing to their flexibility. This chapter reports not
only the state of the art of conductive polymers-based antennas, but also on reconfigurable
conductive polymers-based antennas. We end the chapter with the preliminary results of a design
of a frequency reconfigurable antenna based on conductive polymers using the feature of tunable

substrate permittivity.




2.1 Background Chapter 2

2.1 Background

Since the initial report on their electrical conductivity in 1977 [1-2], conductive polymers
have attracted significant attention from all over the world. Three scientists mainly contributed
to this breakthrough: H. Shirakawa, A.J. Heeger and A.G. MacDiarmid, who jointly received the
Noble Prize in Chemistry in 2000 for the discovery and development of electrically conductive
polymers. With steadily growing resources and efforts invested into research on conductive
polymers, increasingly higher electrical conductivity, better mechanical resilience and tunability
in resistance have been gradually reported in the literature. For these reasons, conductive
polymers have become very promising as antenna conductors especially in the view of achieving
flexible and purely non-metallic flexible designs. Additionally, since the conductivity can be to
some extent be controllable in some polymers [3], the realization of reconfigurable antennas
becomes another potential aspect for research. As results, many antennas based on various

conductive polymers have been reported recently.

2.2 Electrical and mechanical properties of conductive polymers

Polymers consist of large molecules or macromolecules which are formed by chains of
many repeated carbon-based sub-units. They can be found in our body as fundamental building
blocks, including for example in DNA, and are present in nearly everything around such as
plastics and rubber. Generally, most natural and synthetic polymers are highly insulating. In
contrast, polymers with electrical conductivity are referred to as conducting/conductive
polymers, or more precisely as intrinsically conducting polymers. The chemical structures of
some typical conductive polymers including polyacetylene ((CH)x), polyphenylene vinylene
(PPV), Polypyrrole (PPy), Polyaniline (PANI) and PEDOT are shown in Fig. 2.1, all
demonstrating a conjugated molecular structure in the main chain with i-electrons delocalized.

The unique electrical and optical properties are a result of this conjugate i systems [4].

One of the earliest conductive polymer references described the preparation of Polyaniline
by the anodic oxidation of aniline was published by Henry Letheby, as early as 1862 [5]. The
polymer reported in this reference was conductive and exhibited an electrochromic characteristic.
Around 100 year later, description of polymers with much higher conductivity appeared in the

literature. For example, in 1963, Australian scientists reported a series of highly conductive PPy,
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which had a measured conductivity as high as 0.01 S/m. In 1968, R. De Surville et al. reported
about a polymer PANI which possessed a similar conductivity of 0.013 S/m [6]. Even though
these experimental values of polymer conductivity were much greater than the ones reported

before, they were still not high enough for practical applications.

In late 1970s, the interest in conductive polymers started to grow significantly following
the demonstration by researchers at IBM Research Laboratory that polythiazyl ((SN)x) can be
superconductive [7]. In 1977, the attention on these materials become even intense, when
MacDiarmid’s teams showed that the doping of polyacetylene films could achieve an
unprecedented conductivity of 3800 S/m [1]. Since then, expectations in polymers conductivity
have been raising continuously. As depicted in Fig. 2.2, the DC conductivity of conductive
polymers can range from 101° to 107 S/m. This is very close to that of silver, the most conductive

metal.
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Figure 2.1. Chemical structures of typical conductive polymers. (a) polyacetylene ((CH)x); (b)

polyphenylene vinylene (PPV); (c) Polyaniline (PANI).
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Figure 2.2. DC electrical conductivity range of some materials.
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During the last few decades, many conductive polymers have been studied in details. These
include Polyacetylen, PPV, PANI, Polypyrrole (PPy) and Poly(3,4-rthylenedioxythiophene)
(PEDOT). Although, polyacetylen is probably the most conductive polymer investigated so far,
the potential applications using this material are quite limited due to the difficulty in its
processing and its inherent chemical instability. In contrast, PPy can have reasonably high
conductivity and is environmentally stable due to its heteroaromatic and extended p-conjugated
backbone structure [8]. The chemical structure of PPy is shown in Fig. 2.3(a). By doping, which
allows partial charge extraction from the chain, the electrical of neutral PPy can be dramatically
increased from an insulating level to a metallic level. PPy has been intensively studied for many
applications as electrodes in capacitors and rechargeable batteries, sensors, actuators and
electromagnetic devices [9]. Another type of polymer namely Poly(3,4-ethylendioxythiophene)
usually referred to as PEDOT, has drawn much attention recently, since it has excellent
environmental and chemical stability combined with a high conductivity under doping [10].
These advantages have made it as a promising material for broad applications in solid states
capacitors, electrodes materials and antistatic painting. Doping with poly(styrenesulfonate)
(PSS), PEDOT becomes PEDOT:PSS which exhibits a high mechanical flexibility and an

excellent thermal stability not to mention its high conductivity [11-12].
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Figure 2.3 Chemical structures of: (a) Polypyrrole (PPy); (b) Poly(3,4-rthylenedioxythiophene)
(PEDOT).

2.3 Electromagnetic properties of conductive polymers

In regards to electromagnetic applications of conductive polymers, electromagnetic
interference (EMI) shielding and antenna design in the microwave region have generally been
the two key aims. This is because of the fact that conductive polymers have a certain desired

feature, namely its high conductivity that can be easily controlled in the fabrication process. For
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instance, metals or metal-coated materials are suitable for EMI shielding by wave reflexion.
However, they cannot be adopted for EMI shielding that is based on absorption due to their very
shallow skin depth which is a direct consequence of their extremely high conductivity. In
contrast, because of the comparatively low conductivity, conductive polymers not only can
reflect but also absorb electromagnetic waves, and thus they hold a critical advantage over

metallic materials.

In designing antennas, a high conductivity is of course one of the major criteria for
assessing the suitability of a polymeric material. It is known that a conductivity that is high is
one of the two most crucial conditions guaranteeing a high efficiency antenna. The other crucial
condition lies in the thickness of the polymer owing to latter importance. It has been proven that
it is not easy to simultaneously synthesize a highly conductive polymer and has sufficient
thickness. Therefore, the process-limited thickness of conductive polymers determines the cross
section area in the material where RF circuit is flowing which is inversely proportional to the
effective resistance. If the polymer thickness is too thin, for instance, much less than a skin depth,
this will lead to a significant increase in the effective surface resistance by confining the RF

currents in an insufficient cross-sectional area.

A better understanding of the concept of skin depth is fundamental here. We assume that a
harmonic plane wave with an angular frequency of w is propagating in a conductive medium
having the permittivity, permeability and conductivity ¢, |, and o, respectively. The governing
Maxwell’s equations in phasor form are:

VXE =—jouH (1)
VX H = 0E + jopE (2)
Then the corresponding wave equation for the electrical field vector E is:
2 2 ;g —
V2E + wlue (1-jZ)E=0 (3)
where the propagation constant y for the plane wave in the medium is defined as:
y? = we(1-j2) (4)
Then, the complex y can be seen as a combination of the attenuation constant o and the phase

constant 3 which are its real and imaginary parts, respectively:

y=atjp= fwrne(1-)2) = joyEE [1 -2 ©)
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A non-zero attenuation constant o indicates that the field amplitude has an exponential decay in
the medium along the propagation direction. Since those conductive polymers that could be
suitable for use in antenna technology are chosen with a high conductivity, meaning that c >>

we. The propagation constant can be simplified then to:

y=a+jf~1+)) %2 (6)

2

The skin depth & for good conductors then can be defined as

§=== | 7)

a wua’

This describes the depth for which the field amplitude in the conductor will decay by a factor of
e~ 1(36.8%). Based on the skin depth concept discussed above, it is noted that when
electromagnetic waves at microwave frequencies flow in a good conductor, the skin depth is very
small. For instance, in [12], a five-layer spin-coated PEDOT:PSS thick film had one of the
highest conductivity reported, namely 2.35x10° S/m, but with a thickness of only 109 nm, which
is approximately a one hundredth of the skin depth at 10 GHz. As a results, even with a very high
conductivity, PEDOT:PSS thin films are not appropriate for microwave antenna design due to
the very limited thickness. Consequently, to justify whether a sub-skin-depth-thick thin film
material is suitable or not for microwave antenna designs, a quantity called sheet resistance which
is dependent on both the conductivity and the thickness can be conveniently adopted. Sheet

resistance R, in Q/square, is defined through the following relationship:

Ry =— (8)

where o and d are the film conductivity and thickness, respectively. To quantitatively illustrate
this measure, a copper thin film having 5.8 x 107 S/m at the working frequency of 10 GHz, the
skin depth (661 nm) the calculated sheet resistance is 0.026 Q/square, whereas for the film of
PEDOT:PSS [12] Rs is 39 Q0 /square. It is noted that generally the highest achievable thickness

for polymers with satisfactory conductivity is about 100 um.

2.4 Frequency Reconfigurable MSA with CP radiators

A single antenna is adopted which should operate in the multiple narrow frequency bands
of mobile networks in Algeria. These includes global system monitoring (GSM) frequency bands
1.8 and 1.9 GHz, Universal Mobile Telecommunications Service (UMTS) frequency bands 2.1
and 2.6 GHz, the Wireless Local Area Network (WLAN) frequency band 2.4 GHz. We assume
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in this simulation a microstrip antenna with patch made of conductive polymer (CP) film of
conductivity 5x108 S/m and a thickness of 35 um. Herein, we assume that the permittivity of the

substrate is tunable. By assuming so, the basics of frequency reconfigurable conductive polymer
microstrip antenna are built.

An important parameter that requires consideration in designing conductive polymer-based
antennas is the thickness of the CP sheets (patch and ground plane). This issue has been assessed
[13], and as a result, it was shown that the thickness of the conductor element made of PPy affects

strongly the gain and the radiation efficiency of the antenna as shown in Fig. 2.4.

Gain (dB)

i i i i i i
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Radiation Efficiency (%)
L 5 2
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40 5‘0 Eiﬂ ?;0 Bif.l 9‘0 I;DO 1;0 1i20 1:;0 140
Patch Thickness {um)
(b)
Figure 2.4. Effect of PPy sheet thickness on the gain and radiation efficiency of microstrip

antenna [13]. (a) Effect on gain; (b) effect on radiation efficiency.

2.4.1 Reconfiguration Principles

The dielectric constant or permittivity determines the resonant frequency of a microstrip
rectangular patch as it is given by [13]:
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& =() ©

2-L-fr
&, is the dielectric constant of the substrate and which is assumed to be controllable in the present
design, c is the light velocity, £, is the resonant frequency of the patch and L is the patch length.
The relationship between frequency and dielectric constant of the substrate is illustrated in Fig.
2.5. It is well observed that the dielectric constant decreases linearly with the increase in the

resonance frequency.

r

Dielectric constant e

1,8 1,9 2,0 2,1 2,2 2,3 2,4 2,5 2,6
Frequency (GH2)

Figure 2.5. Frequency variation in accordance with the tuning dielectric constant [13].

2.4.2 Designin CST

To introduce conductive polymer in the present design as conductor material, two sheets
of thickness 0.035 mm having a conductivity close to that of copper 5.80x107 S/m were assumed
as patch and ground plane respectively. The design concept is shown n Fig. 2.6 with the final

dimensions presented in Table 2.1.

y
@==px

Figure 2.6. Design concept of conductive polymer and tunable substrate based microstrip

antenna. (a)Top view; (b) Bottom view in 3-D.
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Table 2.1 Dimensions of the rectangular Microstrip Antenna

Patch width | Patch length | Substrate thickness Patch thickness
(mm) (mm) (mm) (mm)
30 32.45 1.57 0.035

2.4.3 Simulation results

After going through the simulation process using the commercial software Computer
Simulation Technology CST, we spent a lot of time optimizing the antenna dimensions, and
carefully adjusting the dielectric constant ¢, in order to achieve the resonance at the five desired
frequencies.

e Simulated results of the reflexion coefficient |S11|

The reflexion coefficient results are shown in Fig. 2.7. By altering the dielectric constant
of the substrate, the antenna resonance frequency can be controlled easily. The antenna reflexion
coefficient is observed to vary accordingly for GSM frequency bands (1.8 and 1.9 GHz), UMTS
of the frequency bands (2.1 and 2.6 GHz) and for the WLAN for the frequency band 2.4 GHz.

10
0 e y p—— w‘ ',ﬁ—- - T - --’-::-8-;-
8 -10 ‘I . . " r -
S 1 - . ‘ £=3.40
5 ' N : = 450
i - . : === g=4
Y .30 I' ¥ .
a tE= 5.35
40 I - —£=6.18
50 !
1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Frequency (GHz)

Figure 2.7. Reflexion coefficient for different values of the dielectric constant.

e Simulated results of the radiation efficiency
The radiation efficiency is the ratio of the total power radiated by the antenna to the total
power accepted by the antenna at its input terminals during radiation [14]. The radiation

efficiency can also be defined, using the direction of maximum radiation as a reference, as:

radiation ef ficiency = % (10)

where directivity and gain, imply that they are measured or computed in the direction of
maximum radiations [14]. As illustrated in Fig. 2.8, the radiation efficiency of the simulated

reconfigurable antenna increases with the increasing frequencies. These results suggest that
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change in dielectric constant affects not only the resonance frequency of a microstrip antenna but
radiation efficiency is significantly considered.

90
75
60
45

30

Radiation efficiency in %

1,8 1,9 2,0 2,1 2,2 2,3 2,4 2,5 2,6
Frequency in GHz

Figure 2.8. Relationship between the radiation efficiency and MSA resonance frequency.

The radiation patterns of the microstrip antenna are unidirectional in E-plane and H-plane
for all frequencies as illustrated in Fig. 2.9.
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Figure 2.9. Simulated radiation patterns in E and H planes at various frequencies.
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2.5 Conclusion

In summary, a brief review on the development, the features and the state of the art of
conductive polymer and their applications in antenna designs has been presented here.
Preliminary results of an antenna design based on conductive polymers using the commercial
software CST at varying dielectric constant of the polymer, and which is intended to applications
in GSM frequency bands (1.8 and 1.9 GHz), UMTS of the frequency bands (2.1 and 2.6 GHz)
and the WLAN for the frequency band 2.4 GHz have been discussed. These results are very

promising.
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Chapter 3

Reconfigurable Monopole UWB Antenna with
Triple Filtering Functions

HE frequency band that extends from 3.1 to 10.6 GHz and referred as the Ultra-Wide

Band (UWB) attracts interests since its free utilization which was announced by the

International Telecommunications Union (ITU) in 2002. This band allows high
transmission rate, low power consumption, low-cost, less obstacles penetration and so on.
However, due to the increasing number of users in this band, it has started to suffer from multiple
problems such as congestions and interference. Consequently, antennas designers in the UWB
community have been attempting to develop new UWB antennas configurations that are capable
to handle interference obstacles. The present chapter presents the simulation results of a
reconfigurable microstrip UWB monopole antenna design capable to overcome some of the
interferences known to be an obstacle in UWB development. The obtained results obtained from

well-known software (CST and HFSS) are analysed in the light existing published data.
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3.1 Literature Review

Many works have been published lately demonstrating different shapes of UWB antennas
with the ability to filter out up to five interfering bands from the UWB frequency spectrum [1].
A tapered-slot UWB antenna with a single band-notched printed using liquid crystal polymer
(LCP) as a substrate of a permittivity of 2.9 and a thickness of 0.05 mm was proposed in [2]. The
antenna operated over the UWB spectrum ranging from 3.1 to 10.6 GHz while it was capable to
suppress the wireless local area network (WLAN) at 5.25 GHz band through a H-shaped slot at
the middle of the radiating element as shown in Fig. 3.1(a). In [3], an ultra-wideband antenna
has been proposed with triple notched bands. Its structure involved a U-shaped monopole
radiating patch and an adapted rectangular ground plane printed on the opposite sides of a low-
cost Rogers 5880 substrate (with a thickness of 0.5 mm and a relative permittivity of 2.2). As
shown in Fig. 3.1(b), the notch performance was implemented by designing a pair of I-shaped
and L-shaped stubs inside the square slots of the ground plane in addition to two resonant open-
circuited stubs being positioned on both sides of the radiating patch. The antenna operating
bandwidth was from 2.77 to 11.38 GHz. The proposed antenna rejected the three bands 3.27—
3.75 GHz, 5.51-5.96 GHz and 6.95-7.65 GHz. Up to five notched bands have been provided by
the ultra-wide band antenna proposed in [4]. It consists of a modified circular monopole and a

trapezoidal ground plane with curved corners, as shown in Fig. 3.2.

16 ‘
- -

(=}
w
w
76 15 0.

0.4

-—
0.63.5-1.4-2.5-1-110.5

(a) (b)

Figure 3.1. Perpetual notching UWB antennas. (a) single notch proposed in [2]; (b) triple notch
proposed in [3].
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Dmax -
(b)

Figure 3.2. Five perpetual notches UWB antenna [4]. (a)Top view; (b) bottom view; Dimensions

(mm): Dmax = 80.00; R1= 37.50; Whpor= 1.55; wi=0.2; [; = 14.40; h1=9; I,=1; h,= 1; 5= 11; hs=9.

The ground plane and the monopole are etched on the back and front sides of a Rogers RT
5870 substrate with a permittivity of 2.33 and a thickness of 0.508 mm. Two notched bands at
2.4 and 7.5 GHz are generated by introducing symmetric arc-shaped open slots on the patch.
Another two notched bands at 3.3 and 5.2 GHz are achieved by designing a complimentary slit
ring resonator (CSRR) and a U-shaped CSRR in the ground plane. Besides, the fifth notch at 5.8

GHz is produced by placing a metallic open loop next to the upper border of the ground plane.

The filtering functions provided by those designs are perpetual, which means that a
significant part of the spectrum is permanently out of work. This is an undesirable drawback
particularly in case the interferences are not active. Instead, it is worthwhile if one can design an
UWB antenna that is capable of controlling its filtering functions. Unlike perpetual filtering, the
filtering in this case can be activated only if the interference is present and otherwise it is
deactivated. This could strongly help to efficiently exploit the UWB spectrum. The procedure is

referred to as “reconfigurable filtering” and it has been an active topic of current.

The UWB antenna proposed in [5] provides two reconfigurable notched bands of 3.12—
3.84 GHz wireless interoperability medium access (WiMAX) and 5-6.07 GHz WLAN. On the
top of Flame Retardant (FR)-4 substrate of permittivity 4.4 and a thickness of 0.8 mm. The
modified rectangular radiated patch is designed with a circular and three rectangular-shaped slots
etched on, while the ground plane is on the bottom side, as shown in Fig. 3.3. To reconfigure the

notched bands, two PIN diodes D1 and D2 are placed across the circular slot to control its effect.
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50-2
Figure 3.3. Dual reconfigurable notched band [5]. (a)Top view; (b) bottom view; Dimensions (mm):

r1=3;r2=4; W,=6; K,= 6.75; L=9; W=10; ps= 1; R=8.5; Y=4.5; L= 4.25; H= 2; t= 0.6; Y,= 10.5; X;= 17,
Z4=10; Lg=1; Hg= 0.8; K;= 5; K2=3.5; K3= 2; K4=2; K5= 1.5.

Another two notched bands reconfigurable microstrip antenna was proposed in [6]. It
consists of slot rectangular patch fed by a microstrip line printed on the top face of FR-4 substrate
with the ground plane on the lower one as shown in Fig. 3.4. By etching two resonant slots on
the patch and controlling them by placing a PIN diode across each one, the two reconfigurable

notches at WLAN 5.43-6.1 GHz and WiMAX 3.15-3.85 bands were achieved.

vvsu;lb

A
v

PIN Diodes

ansry

(a)
Figure 3.4. Compact dual notched band reconfigurable UWB antenna [6]. (a)Top view; (b)

bottom view; Dimensions (mm): Wsys=20; Wi=9; W,=8; W3=7.2; W4=6; Ws=5; W= 3.6; W= 2.8; Ws=
1.9; Wo= 08, Wio= 1.5,‘ Wii= 19,‘ Lsup= 20,‘ L= 7.7,' L= 5; Ls= 4.7; Ls= 4.3; Ls= 2.2; Le= 2.9; L= 33, Lg= 2.95,‘
ng 2.5; L1o: 2.3,‘ L11: 5.3,‘ L12= 5.8,‘ L13= 1.5; L14: 2.5,' L15: 5,' L16:11.5; L17: 4.
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The published work in [7] gave a new structure of UWB antenna with reconfigurable dual
notched bands. It lied on Rogers RT/Duroid 5880 of 2.2 permittivity and 0.8 mm thickness. As
shown in Fig. 3.5, the proposed structure comprises a square ring patch with two parasitic
elements joined on its both sides to enhance the bandwidth. An inverted L-shaped parasitic

element is positioned inside the ring patch to notch at WLAN 5.1-5.7 GHz band.
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Figure 3.5. Dual notched band reconfigurable UWB antenna [7]. (a)Top view; (b) bottom view;
Dimensions (mm): Wsu,= 30.3; W;= 8.5; W,=15.9; W3=1.2; W,=0.5; Ws= 3; W= 3.6; W= 2.5; Ws=22.8;
Ws=10.6; Wio=4; W1:=0.5; Lep=24.8; Lg=5.1; Lo= 16.; L1o= 7.3; g= 1.7; tapered W=1.4.

In addition, a split ring resonator is located inside the square ring ground plane on the
bottom side of the substrate helping to produce a notch at downlink X-band for satellite
communication systems (7.2-7.8 GHz). The reconfiguration of the notch is acquired by
controlling the L-shaped parasitic element and the split ring resonator (SRR) using two PIN
diodes. The antenna proposed in [8] offers the highest operational notching modes. The geometry
consists of microstrip fed patch and ground plane printed on opposite sides of a substrate of a
2.65 permittivity and 1.6 mm thickness. A three notched bands are produced by inserting a
defected microstrip structure (DMS) feed line and an inverted m-shaped slot on the patch. The
notch performance is controlled by placing four ideal switches (metallic stubs) across the two

slots as shown in Fig. 3.6.
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The operating bandwidth of this antenna extends from 3.1 to 14 GHz. It provides six
operating modes with regards to the three notched bands at 5.5, 6.8 and 11.5 GHz. Little attention
has been paid in this research to the excessive usage of switches (ideal stubs), since
experimentally more switches adds more components to the biasing circuit, and hence
complicates further the design, enlarges the size and affects the radiation efficiency. An optimal
design is highly desirable. This should contain less switches and ensure a high operational notch

performance.

Figure 3.6. Triple notched bands reconfigurable UWB antenna with ideal switches [8]. (a)Top
view; (b) bottom view; Dimensions (mm): W= 16; L= 15; W;= 2; W= 30; W5= 4.7, Ws,=9; Ws=3.2; L;=6;
L,=16.2; 13=3.7; L4=2.2; Ls= 4.1; Le= 6.2; g,= 0.8; s= 0.4. |deal switches: SW1, SW2, SW3 and SW4.

3.2 Design of the Basis Monopole Structure

The printed monopole UWB configuration is chosen as basis for the proposed
reconfigurable filtering system structure. The requirements for UWB applications are satisfied
by monopole designs in terms of wide bandwidth, omnidirectional radiation pattern, higher gain,
implementation low-cost [9]. The proposed structure, shown in Fig. 3.7, consists of a circular
patch with radius R fed by a 50 Q microruban line of width Ws printed on the upper face of the
FR-4 substrate (the permittivity &r = 4.4, the thickness of 1.5 mm). The ground plane of length

Lg is printed on the bottom face of the substrate. The overall dimension is WxL. Using the
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software of CST (Computer Simulation Technology) [10] in time domain solver calculations, the
design was optimized through careful parametric refinements. A particular attention was given

to the parameter d in order to obtain the characteristics of UWB.

Ground Plane

(b)

Figure 3.7. First designed antenna basis structure. (a)Top view; (b) bottom view; dimensions (mm):

W=35; [=40; R=12; d=1; W;=3; Lg=12.

3.3 Filtering Implementation

The antenna resonance and radiation properties are due to a certain current distribution
within the geometry. Filtering functions can be introduced by driving new current paths in the
patch and ground planes, which would mismatch the antenna resonance at particular frequencies
within the UWB spectrum (i.e. 3.1 to 10.6 GHz). Upon this, a parametric study has been
performed in which three slots S1, S2, S3 of 0.5 mm width were introduced into the patch and
the ground planes as depicted in Fig. 3.8. In order to determine the primary slot’s length, we have
used the following relations [11]:

c A Ag

_ oy =29 . _ 2

in which g is the guided wavelength, c is the light speed, fc is the central frequency of the filtered
band and ereft is the effective dielectric constant. Afterwards, several parametric calculations have
been performed in CST software in order to refine the positions and the lengths of each one of

the separate slots.
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Figure 3.8. Design of the slots (S1, S2 and S3) to produce the filtering functions. Top and bottom

views together with the dielectric being transparent; S1 of length I, and Sz of length |5 are created on the
patch; S, of length |2 is created on the ground plane.

Parametric optimization of the slot S1 is shown in Fig. 3.9(a). It is very well observed that

the length of S1 controls heavily the notch properties around the notch of the band 3.5 GHz.
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Figure 3.9. Impact of slots parameters optimization on the notch performance. (a) S1 around

3-4 GHz; (b) S2 around 4.5-5.5 GHz; (c) S3 around 7-9 GHz.
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Fig. 3.9(b) illustrates the contribution of the length of S2. As it can be observed, I> controls
the notch level and the bandwidth nearby 5.1 GHz. Meanwhile, the length of S3 controls the
notch level and the bandwidth around the frequency 8.2 GHz, as it is observed in Fig. 3.9(c). The
optimum filtering at the three frequencies 3.5, 5.1 and 8.2 GHz of interest is obtained with the

optimum lengths [1=12 mm, lI>= 7 mm and lz= 4.70 mm.

3.4 Filtering Control with Ideal Switches

In order to reconfigure the filtering system, an ideal switching procedure has been carried
out. As shown in Fig. 3.10, the flow of the current around the slots is controlled by adding four
ideal switches. Let’s name A1l and A2 the two ideal switches for the slot S1, A3 for S2 and A4
for the slot S3. From the simulation in HFSS, it has been observed that when the switches are
closed (OFF) the function of the slots is deactivated. An indication is by observing the simulated

current distribution around the slots, shown in Fig. 3.11.

Figure 3.10. Insertion of ideal switches to control current circulation around the slots.

Figure 3.11. Surface current distributions with ideal switches. (a) A1, A2, A3 & A4 ON at 3.5
GHz. (b) A1, A2 OFF, A3 & A4 ON at 3.5 GHz; (c) A1, A2 & A3 ON, A4 OFF at 5.10 GHz; (d) A1, A2
& A4 ON, A3 OFF at 8.2 GHz.
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3.5 Control of the Filtering using Real Switches

Just to confirm, and even if possible, improve the results obtained from HFSS, the antenna
design was relaunched in the well-known software CST. The simulation results of the optimized
design are depicted in Fig. 3.12. Four cases were separately simulated. Unlike HFSS, CST
provides an easy tool feature that allows the user not only to include switching control circuits
but also simulate their impact on the antenna performance. Commonly used in control
mechanisms in reconfigurable microstrip antennas are radio frequency (RF) PIN diodes.
Furthermore, CST microwave studio offers the possibility to include S-parameters of PIN diodes.

So, four diodes called D1, D2, D3 and D4 substituted for the ideal switches.

—— Structure with S1 - - Structure with S2
---- Structure with S3 — BasicUWB

B

Reflexion coefficientm dB

Freauency, GHz

Figure 3.12. Modification of the initial structure for filtering functions purposes.

An analytical model is provided to express the functionality of the diodes as switches
ON/OFF. The transmission line circuit that includes the equivalent RLC model of the diode is
depicted in Fig. 3.13. The filtering functions are governed by controlling the effects of the slots,
across which, four PIN diodes Dy, D2, D3 and D4 are placed as shown in Fig. 3.14(a). In order to
make PIN diodes in switching modes, a biasing circuit is required to simulate the practical
working conditions of the control circuit. As a result, the biasing circuit that was designed and
included in the simulation of the antenna is given in Fig. 3.14(b). This is consisting of separation
slots and biasing lines. The PIN diodes, usually biased by a DC voltage, a separation between
the positive and negative terminals of each diode is necessary. The PIN diode switching mode

can be performed through the following mechanism:
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» When a DC biasing power is applied forwardly to the diode and by gradually varying the
amount of power, the diode acts as a variable resistor and allows the passage of RF signals
(surface currents) at a certain value of DC power (100 mA). So, in this case the diode is
at ON state (notch is deactivated).

» When zero or reversely biasing power is applied to the diode, the later looks like a very
low capacitance and therefore it represents a very high impedance towards RF signal

(surface currents). In this case, the PIN diode is at OFF state (notch active).

In CST, S-parameters of BAR50-02V PIN diodes [13] are used to represent the ON and
OFF states of the diode.

AL Bleinges 0 Bricking ! e
F————

AL bipcinge B Hicking

™
Rin
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—

AL Blodings=s [ Bicking

(a) (b)
Figure 3.13 Transmission line model of the antenna including the diodes equivalent RLC

circuit. (a) forward biasing; (b) reverse biasing.

To ensure the continuity of RF signals in the antenna across the separation slots, capacitive
lumped components are inserted in the simulation model as RF capacitors with the value of C =
22 pF, as shown in Fig. 3.14 (b). Additionally, inductive lumped components of the value L =
27 nH are introduced as Choke inductors to connect the biasing lines to the antennas. The role of
the inductors is to isolate high frequency alternative and DC signals. Simulation of the antenna

that includes diodes, capacitors, inductors, separation slots and biasing lines is carried out in
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CST. The filtering functions were optimized through parametric refining the slots dimensions.

Switching the diodes ON and OFF, the antenna provided eight operational states. Table 3.1

summarizes these operating states together with the antenna filtering performances.

(b)

Figure 3.14. Design of the separation slots at the radiating patch and ground plane. (a) Slots:

Ti (i = 1 to 9); Biasing lines; (b) RF components.

Table 3.1. Summary of the eight operational states of the antenna.

Antenna Diode switching states . Filtering performances
operating WiMAX WLAN ITU
states D1 D D3 D4 (3.4-3.7) | (5.0-5.3) | (8.0-8.4)
GHz GHz GHz
Mode 1 State 1 ON ON ON ON - - -
State 2 OFF OFF ON ON X - -
Mode 2 State 3 ON ON OFF ON - X -
State 4 ON ON ON OFF - - X
State 5 OFF OFF OFF ON X X -
Mode 3 State 6 OFF OFF ON OFF X - X
State 7 ON ON OFF OFF - X X
Mode 4 State 8 OFF OFF OFF OFF X X X
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3.6 Simulation Results

Simulating the final configuration in the platform of CST, the results showed that the
proposed antenna can be reconfigured to work in eight distinct operational states which can be

classified into four modes:

+ Mode 1 includes state 1;
+ Mode 2 includes state 2, state 3 and state 4;
+ Mode 3 includes state 5, state 6 and state 7;
+ Mode 4 includes state 8.

The first mode, from the reflexion coefficient curves shown in Fig. 3.15(a), the antenna
operational bandwidth covers completely the UWB spectrum (from 3 to 12 GHz) with reflexion

coefficient being below -10 dB all over without filtering actions.

The second mode illustrated in Fig. 3.15(b, ¢ and d) indicates that the operational
bandwidth of the antenna covers the UWB spectrum in the range 3 to 11 GHz with the reflexion
coefficient being less than -10 dB. However, three bands are filtered in each case of the three
states. The filtering is achieved with the reflexion coefficient equals or greater than -5 dB. At
state 2, the antenna is seen to filter the WiMAX band (3.4 - 3.7 GHz), Fig. 3.15(b). At state 3,
the antenna afects the WLAN band (5 - 5.3 GHz), Fig. 3.15(c). At state 4, the antenna filters the
ITU band (8 - 8.4 GHz), Fig. 3.15 (d).

The third mode is illustrated in Fig. 3.15(e, f and g). The antenna operational bandwidth
covers the UWB spectrum from 3 to 11.9 GHz with the reflexion coefficient being less than -10
dB. However, the antenna is observed that it is filtering out simultaneously two bands when at
the states 5, 6 and 7. At state 5, the antenna filters the two bands WiMAX at 3.5 GHz and WLAN
at 5.1 GHz, as depicted in Fig. 3.15(e). At state 6, the antenna filters the two bands WiMAX at
3.5GHzand ITU at 8.2 GHz, see Fig. 3.15(f). At state 7, the antenna filters the two bands WLAN
at 5.1 GHz and ITU at 8.2 GHz, Fig. 3.15(q).

The fourth mode which includes state 8 is given in Fig. 3.15(h). The antenna operational
bandwidth covers from 3 to 12 GHz, and it is seen that it filters the three bands simultaneously:
WiIMAX at 3.5 GHz, WLAN at 5.1 GHz and ITU at 8.2 GHz.

CST is based on the Finite Integration Technique (FIT), whereas HFSS is based on the
Finite Element Method (FEM). Even though HFSS software simulation were carried out using
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only ideal switches, HFSS results showed a little agreement with those obtained from CST. The
lower performance obtained from HFSS is due to the use of ideal switches.

---- CST Result . o ---- CST Result
—— HFSS Result \ o —— HFSS Result

Reflexion coefficient, dB
Reflexion coefficient, dB

6 8
Frequency, GHz
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Figure 3.15. Simulation results of reflexion coefficients. (a) State 1 with UWB; (b) State 2 with
notch at 3.5 GHz; (c) State 3 with notch at 5.1 GHz; (d) State 4 with notch at 2.8 GHz; (e) State 5 with
notches at 3.5 and 5.1 GHz; (f) State 6 with notches and 3.5 and 8.2 GHz; (g) State 7 with notched at 5.1
and 8.2 GHz; (h) State 8 with notches at 3.5, 5.1 and 8.2 GHz.
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To check on the contribution of the slots in the working mechanisms of the antenna, we
visualized simulated surface current distribution of the final proposed antenna disposition in
Mode 1 and Mode 2, shown in Fig. 3.16. As it can be seen, at Mode 1 (State 1), a uniform current
distribution all over the structure is observed. This confirms the deactivation of the slots when
the switches are set ON, that is the notch is deactivated. Meanwhile, strong current surround the
slots at Mode 2 (State 2, State 3 and State 4). This confirms the role of the slots in generating the

notch when the correspondent switches are set OFF.

© ()

Figure 3.16. CST Surface current distributions of the antenna with real switches and the

biasing circuit being considered. (a) State 1 with not notch; (b) State 2 with notch at WiMAX at

3.5 GHz; State 3 with notch at WLAN at 5.1 GHz; State 4 with notch at ITU at 8.2 GHz.

The simulated radiation pattern of the antenna with real switches at State 1 and State 8 are
chosen to discuss the radiation performance of our proposed antenna. The radiation pattern polar
plots given in Fig. 3.17 and Fig. 3.18. These give information about the antenna radiation shapes

and the maximum gain for the main lobes.

Firstly, at the three central notched frequencies 3.5, 5.1 and 8.2 GHz, the antenna shows
omnidirectional radiation features at both E and H planes, as shown in Fig. 3.17. However, it is
very important to mention the significant decrease of the gain at the notched frequencies for State
8 in comparison with that of State 1. The E-plane and H-plane radiation patterns are almost alike
for State 1 and State 8. A very similar radiation pattern shape and almost the same maximum
gain for State 1 and State 8 at the frequencies out of the notched bands 4.2, GHz and 9.5 GHz,
as shown in Fig. 3.18.
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Figure 3.17. Radiation patterns as simulated in CST. (a and b) WiMAX 3.5 GHz; (c and d) WLAN

5.1 GHz; (e and f) ITU 8.2 GHz. E-plane=> ¢$=0° and 0 [0° ; 360°], H-plane=>$=90° and 6 [0° ; 360°].
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It is worth noting the difference in the antenna gains when notches are activated (State 8)
and deactivated (State 1). As shown in Fig. 3.19, at State 1, the antenna provides a positive gain
that varies between 2 and 3 dBi. Whereas, at State 8, the antenna gain varies between 0 and 5
dBi at the frequencies outside the notched bands, and falls sharply at the notched frequencies 3.5,
5.1 and 8.2 GHz to the values -16, -4 and -8 dBi, respectively. This significant decrease in antenna
maximum gain indicates that when notches are active, the antenna does not transmit or receive

power at any of the three notched frequencies.
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Figure 3.19. Frequency dependence of obtained antenna gain.

3.7 Comparison to Previous Designs

Our modest contribution has also been compared to data that have recently been published
in the scope of this work. Table 3.2 presents a summary of this comparison, where four key
parameters were considered:

v" The operating modes;

v The number of the switches (n);
v The dimensions of the design;
v' The substrate.

In summary, the proposed antenna in [6] has the smallest size and used the lowest number
of switches (n = 2), but offering only 4 operational modes. The proposed antennas in [5] and [7]
have a larger size as compared to, have used more switches (n = 3), and offered the same number

of operation modes, that is 4. The antenna of [6] showed the highest performance as compared
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to the others [5,7]. The proposed antenna in [8] had additional operational modes (6) but at the
expense of switches (it required n=4) and to some extent a larger size.

Our antenna, which has been designed on the low-cost substrate FR-4, has the same number
of switches (n=4) in comparison to [8] and required a slightly larger size (30% extra), happily, it

offers the highest number of operational modes, that is 8. This is the key feature of our design.

Table 3.2. Comparison of performance to literature.

Number

of Size in mm? Used
switches substrate

(n)
1- UWB.
2- UWB with notch at 3.5 GHz. 40x30x0.8
Ref. I5] | 5. Uw with notch at 5.5 GHz. 3 FR-4
4- UWB with notch at 3.5 and 5.5 GHz.
1- UwB
2- UWB with notch at 3.5 GHz.
Ref. [6] 3- UWB with notch at 5.7 GHz. 2 25x25x0.8 FR-4
4- UWB with notch at 3.5 and 5.7 GHz.
;- ng.with notch at 5.3 GHz. Rogers_
Ref. 171 | 3. UwB with notch at 7.5 GHz. 3 30:3x24.8:08 RTégggo'd
4- UWB with notches at 5.3 and 7.5 GHz.
1- UWB.
2- UWB with notch at 6.8 GHz.
3- UWB with notch at 8.7 GHz 30x31x0.8
Ref. 18] | 4. UwB with notches at 6.8 and 8.7 GHz. 4 Uknown
5- UWB with notches at 5.5 and 11.5 GHz.
6- UWB with notches at 5.5, 6.8 and 11.5 GHz.
1- UWB.
2- UWB with notch at 3.5 GHz.
3- UWB with notch at 5.1 GHz
This 4- UWB with notch at 8.2 GHz.
work 5- UWB with notches at 3.5 and 5.1 GHz.
6- UWB with notches at 3.5 and 8.2 GHz.
7- UWB with notches at 5.1 and 8.2 GHz.

8- UWB with notches at 3.5, 5.1 and 8.2 GHz.

Antenna Number of operational modes

4 35x35x1.6 FR-4

3.8 Conclusion

This chapter has discussed the design, the simulation and the optimization of a monopole
microstrip UWB reconfigurable antenna. The study has shown the integration of a triple notched
band into the monopole antenna. A detailed description was presented on the design and

simulation processes undertaken on the basis of two well-known commercial softwares (CST
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and HFSS). The obtained results showed promising performances. It remains to validate these

results by an experimental work.
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Chapter 4

Reconfigurable UWB CPW-Antenna with Two
Notched Bands

N the previous chapter, reconfigurable filtering functionality is implemented in
conventional monopole UWB antennas, in which changes were acquired in both the ground
and radiating patch planes. It is undesirable to alter the basic configuration of radiating
patch for being the main source of the whole antenna radiations. Herein, we describe a compact
and single layered UWB antenna with reconfigurable filtering functions. By aiming to save the
geometry of the radiating patch, the biasing circuit has been implemented solely in the ground

plane.
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4.1 Literature Review

Due to the increasing number and variety of wireless systems sharing the frequency range
3.1- 10.6 GHz, and due to co-existence of narrow-bands wireless systems, in particular the
WIiMAX band (3.3-3.7 GHz) and the WLAN band (5.15-5.35 GHz), the ultra-wide band (UWB)
systems usually suffer from major interferences obstacles. The implementation of reconfigurable
coplanar waveguide (CPW) structure with reconfigurable filtering of WiMAX and WLAN has
become an interesting research subject in view of how compactness and integration capabilities

CPW design would offer to future antenna structure.

During this decade, a lot of work has been published on the subject. Symeon Nikolaou et
al. [1] proposed two symmetrical prototypes of coplanar waveguide reconfigurable UWB
antennas with notch functions at the band 5-6 GHz. In the first antenna, a U-slot was designed
on the patch and controlled by micro-electro-mechanical system (MEMS) switch. In the second
antenna, shown in Fig. 4.1(a), two L-shaped A/4 stubs are placed next to right and left edges of
the patch where their connections to the patch are ensured by two MEMS switches, as shown in
Fig. 4.1(b). Both designs provide a satisfactory reconfigurable notching performance but at the

expenses of the size and the notching frequency.

Ws2

r Y

Ls2| | \MEMS/ Tész
|

(b)

Figure 4.1. Single layer monopole UWB reconfigurable antennas [1].

(a) U-shaped slot-based antenna; (b) L-shaped stub-based antenna. Dimensions (mm): Li= 1; L,= 10; Ls=
6; La=1.93; Ls=3.7; Ws1=5.6; Gs1=0.2; Ls1=8.8; D1=2.6; Ws=3.41; Gs;=0.2; Ls;=6.8; Do=1.8; Wgi=
26.8; Wg=12.25; Wn=1.28; Wp=2.97; Wr=0.85; S;=0.7; G1=0.05; G,=0.1; G3=0.11; L;=20; A=
18; B=15.3.
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UWB CPW antenna proposed by Dimitris Anagnostou et al. [2] was a reconfigurable
antenna that rejects the WLAN band 5-6 GHz. Its schematic view is shown in Fig. 4.2. It consists
of CPW single sided structure printed on SiO> substrate. The WLAN band-notched behaviour is
generated through the adoption of two A/4 open-circuited stubs added to the edges of the antenna.
To tune the notch, MEMS switches ON and OFF the notch and therefore, provided an efficient
tunable rejection. However, MEMS controlling is difficult practically owing to the fact these are
expensive and difficult to be integrated, in addition, the final prototype is usually vulnerable
mechanically.

4cm lgum
Figure 4.2. Single layer UWB MEMS reconfigurable antenna [2].

More filtering functions were successfully implemented in the coplanar waveguide UWB
antennas proposed in [3] and [4]. In the first one, shown in Fig. 4.3, a single slot is implemented
on the patch and five optical switches are positioned across this slot to control the current flow
at their edges. The switching is controlled by an external light source fixed above the antenna
surface. Four distinct notching functions could be produced at WLAN 2.4 GHz, WiMAX 3.5
GHz, WLAN 5 GHz and ITU 8 GHz.

The same control technique was undertaken in the UWB antenna proposed in [4], shown
in Fig. 4.4, however, with less notching performance, since only two narrow bands can be filtered
independently. In this design, complementary split ring resonators (CSRR) were designed on the
circular radiating patch to generate the two notched bands at WiMAX 3.5 GHz and WLAN 5.1
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GHz. The two notch functions are then controlled by two optical switches positioned at the
external slot of each CSSR. Both designs offer a potent notching performance, however, the

integration of source of light to control the switch is not usually easy.

It is worth mentioning that the notches and their reconfigurations were implemented in the
patch. It is not a good thing since it is undesired to affect the antenna radiation characteristics
which are mainly ensured by the radiation patch [5]. Herein; we propose a better way that takes
advantage from the CPW-design and by bringing changes to the ground plane rather than the

radiating patch which made our design outperform those cited in the literature.
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substrate 2
. | 2
copper g
= g
switch 4
wi
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Figure 4.3. Single layer UWB optically reconfigurable antenna [3].

Dimensions (mm): TW= 25; W1=1.5; W2=11.5; W3=4.05; W4= 20; L= 25; Lg=6; L1=2; L2=7; L3=5; L4=
17;5=3.8;52=6.3;S3=5.4;S4=3;S5=7; g=1; g1=0.25.
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Figure 4.4. Single layer UWB optically reconfigurable antenna [4].
Dimensions (mm): Lg= 40; Wg= 35; w=2.7; s=0.3; gl=1; g2=1; R1= 14.5; R2=9; r1=4; r2= 1.5; rr1=2.9;
rr2=1.4; c=0.5; d=0.5.
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4.2 Basis structure of the proposed design

The basis structure we started with is shown in Fig. 4.5. The disposition was inspired from
that proposed in [6]. A significant change was brought to their proposal. In fact, we replaced the
originally microstrip feed line by a coplanar waveguide feed line. As such, the present antenna
is compact and single layered. It consists of rectangular patch with a surrounding ground plane,
both of which are printed on FR-4 substrate of thickness 1.57 mm, a permittivity of 4.3 and a
loss tangent of 0.018. The initial dimensions of the disposition are 20x25 mm?. We aim to keep
the size as compact as possible. The SMA connector is included in the simulation from the start,
in order to include its effect as in real environment. To obtain a good resonance in the spectrum
region of UWB (3 to 11 GHz), significant changes were brought to the structure. To optimize the
antenna response performance (Siz < -10 dB) at higher frequencies, the interior edges of the
ground plane were modified. Their effect on the resonance frequencies are displayed in Fig.
4.6(a). Meanwhile, at the lower frequencies the resonance is enhanced by changing the patch
dimensions. This is done by introducing on it a slot which has controllable dimensions (the length
and the width). The slot allows browsing over the optimal contribution of the patch dimensions,

as shown in Fig. 4.6(b).

W Y

<T—FR-4 Substrate

< Ground Plane
Patch I} J

(b)

h i Estab |
—h * il

Iz | = |

Wpin
lpI 'pin
r L

1) 1)

(c) (d) (e)

Figure 4.5 Design and modification of the basis UWB single layer structure.

(a) basic CPW UWB design; (b) Optimization of the interior edges of GND; (c) patch optimization; (d) side
view of the structure; (e) combined optimization of the patch and GND. Final dimensions (mm): /= 25;
w= 30; wge3; m=9; g=0.43; Wgna=24; 1gna=20; win=19.2; l;»=12; 1,=7; h= 1.57; k=0.035; wp=12.5; l,in=5;
Wpin=9; Lstab=4.9.
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In order to adjust finely the resonance at mid-band frequencies, a stub is added inside the

ground plane, and thus allowing us to get a compromise between the radiating patch and the

ground plane, as shown in Fig. 4.6 (c). CST has been used in the simulation.
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Figure 4.6. Optimization of the slots’ dimensions.

(a) Optimization of the slot Swimax; (b) Optimization of the slot Swian; (c) Combined Swimax and Swian.
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4.3 Implementation of the Notches

The concept of the A/2 slot, discussed previously is used to design and optimize the
dimensions of two open-ended slots introduced to our final design. This filtering design method

IS appropriate in our case since it does not require an extension to the size of the basis structure.

We aim first to generate a notch for WiMAX 3.5 GHz band. Consequently, an open-ended slot
named Swimax is etched in the ground plane as shown in Fig. 4.7(a). The notch has been obtained
after searching for the optimal position and dimensions of the slot Swimax. A demonstration of
such a process from CST results is depicted in Fig. 4.8. The same process was followed in order
to introduce another open-ended slot named Swean as illustrated in Fig. 4.7(b), to be able to
generate the notch around the WLAN 5.1 GHz band. By visualizing current distribution
variations in accordance to those of the impedance bandwidth of the antenna, the slots Swimax
and Swian were positioned on the left wing and on the right wing of the ground plane,

respectively.
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Figure 4.7. Implementation of the slots in the basis UWB structure.
(a) Slot design for WiMAX filtering, (b) Slot design for WLAN band filtering, (c) Combined design for
WiMAX and WLAN filtering.

Then, the lengths of the slots are altered carefully till notch actions started to take effect by
observing the antenna resonance. Thus, as shown in Fig. 4.8(a and b), the filtering notches level
and the central frequency was seen to vary in response to changes in the slots’ lengths. Obviously,
the best notch performance is obtained when the length of each slot is equal to the A/2 at each
central frequency of the two bands WiMAX (3.30-3.70 GHz) and WLAN (5.00-5.30 GHz). The
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two slots, optimized in their dimensions, were inserted together in the structure as depicted in
Fig. 4.7(c). Combining the slots aims to take into consideration the effect of each slot on the

other. The obtained simulated result is shown in Fig. 4.8(c).
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Figure 4.8. CST simulations show the optimization process of the slots’ dimensions.

(a) Optimization of Swimax, (b) optimization of Swian, (c) Both slot combination resonance.
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4.4 Reconfiguration with Ideal Switches

Herein, we implement the filtering reconfiguration. Such a process is controlled via
activating and disactivating the slot effect, whose monitoring is followed through looking at the
current distribution. By closing the slots at their open ends, which is done via the setting a
metallic stub across them, the current flows through the stubs and affects the latter distribution
around the slot. In order to represent the closed state of the slots, two metal stubs are placed
across the open end of each slot. Assuming that the stub are ideal switches, four switching

configuration cases may occur. These cases are depicted in Fig. 4.9.

Config. 1 ‘ Config. 2

gl g
Ul Ll

() (d

Figure 4.9. Switching configuration cases of the antenna.

Config. 1: ON/ON; Config. 2: ON/OFF; Config. 3: OFF/ON; Config. 4: OFF/OFF.

The switches serve to activate and disactivate the slots’ effect which in turn controls the
current flow around the slots’ edges which in turn allows a control over the filtering functions.
The current distribution of the antenna assuming an ideal switching control is depicted in Fig.
4.10. Our analysis is focalised particularly onto the two interesting frequencies 3.5 and 5.1 GHz
in dependence on the switches Swimax and Swian. Table 4.1 presents the switching cases in

relation to the four possible configurations. Accordingly, every time a slot is closed (OFF), there
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is a normal current flow around the slot edges (Config. 1 at 3.5 and 5.1 GHz), (Config. 2 at 5.1
GHz), (Config. 3 at 3.5 GHz). When a slot is open (ON), there is a strong current flow around
the slots’ edges, represented by the cases (Config. 2 at 3.5 GHz), (Config. 3 at 5.1 GHz) and
(Config. 4 at 3.5 and 5.1 GHz). Hence, the current distribution around the slots can be easily
controlled through ideal s witches. In other words, an ideal reconfigurable filtering is
implemented in the basic UWB antenna structure. A simulation of this design which includes
ideal switches has been carried out using CST microwave studio for the four configuration cases.
Fig. 4.11 shows the simulation results. It indicates that in Config. 1 there is no filtering action.
While, in Config. 2 and Config. 3 the bands WiMAX at 3.5 GHz and WLAN at 5.1 GHz are

filtered out. Meanwhile, in Config. 4, both bands are filtered simultaneously.

35GHz 5.1 GHz

SOFI e TP
= bt
o

9.09
8.13
1.27
6.36
E.45
4,585
.61
2,73
1.82
0,500

Figure 4.10. Surface current distribution at the notched frequencies.

(a) Config. 1; (b) Config. 2; (c) Config. 3; (d) Config. 4.

Table 4.1. Ideal switching configuration cases.

. . Ideal slot control
Configurations
Swimax Swian
Config. 1 OFF OFF
Config. 2 ON OFF
Config. 3 OFF ON
Config. 4 ON ON
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Figure 4.11. Simulation results of the antenna according to an ideal switching case.

4.5 Reconfiguration with Real Switches using PIN Diodes

Herein, real switches are implemented the design simulation. The ideal switches, the stubs,
have been replaced with discrete ports represented by PIN diodes, BAR 50-02V PIN diode, with
their circuit diagram shown in Fig. 4.12. In the Appendix B, a brief description on the PIN diode
is provided. It is possible to switch from a state ON to a state OFF using BAR 50-02V PIN diode

to control the current flow at the open end of the slots.

Figure 4.12 The insertion of S-parameter files using CST design studio.

Prior to the experimental fabrication, an extensive optimization has been undertaken that
even included taking into consideration of any undesirable effect due to the switching control
circuit. As shown in Fig. 4.13, the filtering monitoring was conceived for each slot separately.
The black spots at the open end of each slot represents the discrete port where the PIN diode
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should be inserted. The continuity through the separations slots is ensured by the use of capacitors
of 22 pF. The simulated and finally optimized results of the slots’ dimensions for the real switches

case are shown in Fig. 4.14.

Separation,slot
TN ‘ ‘

—_—

o] L] § Jﬁ ﬁ
AIDIB

Figure 4.13. Antenna schematic assumed in the ca se of real control circuit of the two filtering

(a)
functions. (a) Control design of Swimax, (b) Control design of Swian.
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Figure 4.14. Simulated results obtained assuming real switches. (a) Optimization of Swimax; (b)

Optimization of Swian.

Thereafter, combining the biasing circuits of Swimax and Swran has been performed in the
configuration as depicted Fig. 4.15. Four arms were added to the design facilitating the connexion
of the external biasing source to the structure. However, to prevent AC signals from reaching DC
sources, inductive contacts were required between the biasing arms and the structure. This was
done by inserting an inductive lumped element at each of the four contacts, as shown in the figure

as indicated by the blue spot.
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Inductor

DC biasing arm

Figure 4.15. Antenna schematic after the insertion of the filtering control slots and the biasing

arms.

Simulation of such a disposition in CST design studio assuming the four possible states

gave the results depicted in Fig. 4.16.
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Figure 4.16. Comparative performances between ideal and real switches. (a) ON/ON; (b)

OFF/ON; (c) ON/OFF; (d) OFF/OFF.
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Surface current distributions simulated of the final antenna disposition are shown in Fig.

4.17, where we give a particular attention to the frequencies of interest: 3.5 and 5.1 GHz. Table
4.2 presents the four operational states of the antenna with the resulting notching functions.

<+ In State 1, it is clear that the current distribution is barely uniform, an indication that the

slots are not functional while both diodes are in ON state. This does not bring any

notching action at both frequencies of interest.
<+ In state 2, it shows a high current density near the slot Swimax at the frequency 3.5 GHz,
but not that important at 5.1 GHz. Thus, the notch is obtained at 3.5 GHz which confirms

the impact of Swimax.

Table 4.2. Notching functions as related to switching states.

Antenna Diodes switching states Notching function
states Diode 1 Diode 2 WiMAX WLAN
State 1 ON ON - -
State 2 OFF ON X
State 3 ON OFF - X
State 4 OFF OFF X X

State 3 at 3.5 GHz State3 at 5.1 GHz State4 at 3.5 GHz State4 at 5.1GHz
(c) (d)

Figure 4.17. Simulated current distribution assuming real switches.

<+ Instate 3, Diode 1 set ON and Diode 2 is OFF, a notch at 5.1 GHz has occurred. A high
current density is observed around the slot Swran at 5.1 GHz and a normal distribution is
observed at 3.5 GHz.
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<+ In state 4, both frequencies 3.5 and 5.1 GHz are notched with both diodes being at the
state OFF. A high current density is observed around both slots Swimax and Swian.

4.6 Prototyping

As shown in Fig. 4.18, a prototype of the final design, which was fabricated using a single
faced copper clad FR-4 substrate of the thickness of 1.57 mm and a permittivity of 4.3. The
copper clad was 0.035 mm thick. BAR 50-02V PIN diodes were employed as switches in the
antenna. Their operating frequency ranges from 10 MHz up to 6 GHz. This kind of diodes is
suitable in mobile communication antenna as a switch. This diode in particular offers a very low
capacitance at zero volt (0.15 pF). It has a low forward resistance and a very low harmonic
distortion. Its reverse voltage (Vr) can be risen up to 50 V and its forward current (lf) is 100 mA.
The capacitors are used to match RF connectivity through the slots, and as such, the capacitance
should be of high values according to Xc = 1/(22fC). The RF Choke inductor of 27 nH was used.
Inductors are used to block RF signals in which low inductive reactance is required to stop reverse

bias AC signals X; = 2rfL at frequencies above 1 GHz.

RF Chock
Inductors

Figure 4.18. The fabricated prototype with RF components and SMA. (a) Top view (b) Bottom view.

4.7 Measurements and Discussion

The reflexion coefficient |S11| at the antenna port was gauged using Aritsu® 37397C (0.04—
65 GHz) vector network analyser (VNA). The FR-4 substrate is made intentionally larger in order
to allow adding the arms as well as soldering the external biasing wires. DC voltage source with
two output channels is used to provide DC signals to bias the PIN diodes.
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4.7.1 Measurements of the Reflexion Coefficient |Si1|

The experimental setup to measure the reflexion coefficient |S11| is pictured in Fig. 4.19.
The results of the measurement are depicted in Fig. 4.20 along with those of the simulation in
dependence on the four switching states according to Table 4.2. It can be seen that the measured
and simulated results agree well in all the switching states. Accordingly, the antenna is seen to
offer a broad bandwidth extending from 3 to 10.5 GHz, thus includes the UWB range, and a
reflexion coefficient that is less than -10 dB. Furthermore, it is able to filter WLAN (5.1 to 5.3
GHz) when it is configured in state 2 and WiMAX (3.3 to 3.6 GHz) when it is reconfigured in
state 3. Moreover, it is able to filter simultaneously the two bands when it is configured in state
4,

= = = Real switch simulated

-10 = Real switch measured

|s11)(dB)
]

&
S

= == Real switch simulated 30
= Real switch measured

-40 40

6 7
Frequency, (GHz)

2 3 4 5 8 9 10 11

-10 -10

S11| (dB)

-20 -20

S11 (dB)

"
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-30 . -30 ¥
- = = Real switch simulated * : = = = Real switch simulated
= Real switch measured 0 = Real switch measured
-40 -
2 3 4 5 6 7 8 9 10 1 (d ) 2 3 4 5 6 7 8 9 10 1
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Figure 4.20. Measured and simulated Frequency dependence of |S11].

(a) State 1; (b) State 2; (c) State 3; (d) State 4.
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4.7.2 Radiation Performance Measurements

The measured radiation patterns of the antenna in both E- and H- planes were carried out

in anechoic chamber, its setup is shown in Fig. 4.21.

Biasing cables

[Rotatble support

Figure 4.21. Radiation performance measuring setup in the anechoic chamber.

The measured and simulated results of the radiation patterns are presented together for
comparison reasons in Figs. 4.22 and 4.23. The radiation pattern of both state 1 and 4 are gathered
in the same figure in order to enhance discrepancies between the two states. Fig. 4.22 shows the
radiation pattern at the filtered frequencies 3.5 and 5.1 GHz. As it can be noticed, omnidirectional
radiation patterns are a shared feature in this design which is ideal for UWB systems. It is worth
noting that a gain reduction by more than -10 dBi is observed of the radiation patterns at the
filtered frequencies 3.5 and 5.2 GHz. This actually illustrates the successful filtering process. The
same properties are obtained at frequencies out of the notches 4.2 and 6.7 GHz for E- and H-
planes as shown in Fig. 4.23. However, the patterns are almost similar for both states 1 and 4 at
these frequencies. For checking reasons, the dependence of the maximum gain on the frequency
at the four switching was measured and is depicted in Fig. 4.24. As it can be observed, a
maximum average gain lying between 2 and 5 dBi is attained in the four switching cases.
However, the minimum gain, which is about -10 dBi, is observed in state 2 at 3.5 GHz, state 3 at
5.2 GHz and State 4 at simultaneously 3.5 and 5.2 GHz.

These considerable reductions in the maximum gain are a clear indication on the successful

implementation of the two filtering functions at 3.5 and 5.2 GHz in the present proposed antenna.
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Figure 4.22. Radiation patterns at notch frequencies. (a and b) 3.5 GHz; (c and d) 5.1 GHz.
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Figure 4.23. Radiation patterns out of the notch frequencies. (a and b) 4.2 GHz; (c and d) 6.7 GHz.
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Figure 4.24. Simulated distribution of the gain as function of the frequency for the four

switching states.

4.8 Conclusion

This chapter presented the design, the fabrication and the measurement processes
undertaken of a low-profile and compact UWB antenna with reconfigurable filtering properties.
The filtering was achieved by conceiving two particular slots, while the reconfigurability was
achieved by switching two PIN diodes, which were integrated into the configuration to monitor
the slots, in four distinct states.

Comparative analysis undertaken between simulated and measured results revealed certain
discrepancies requiring further future work to be done. Yet, the obtained performances are
promising and represent a sufficient solution for the interference problem. The reconfigurable
filters were successfully implemented in a limited space within the ground plane.

The proposed antenna has been checked and validated through experimental fabrication
and measurements. Such antenna is suitable for UWB applications where interferences of

wireless interoperability medium access and wireless local area network are present.

The proposed antenna could be used in low-power UWB systems minimizing interferences
within nearby receivers. The on-demand rejection of WiMAX and WLAN interfering signals can
lead to UWB and WLAN links with increased ratio, higher capacity and throughput, and thus

can improve the quality, the efficiency and the ratio of UWB communication links.
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General Conclusion

In this thesis, we have reported on new designs of reconfigurable conductive polymers
based planar and microstrip/planar antennas. We have provided state of the art of both types of
antennas. Prior to implement practically one selected type of antennas, we carried out a lot of
simulation work using two commercial software CST and HFSS. A lot of effort and time have
been deployed and spent in order to optimize the different parameters for enhanced performances

of different designs.

We reported on a simulation analysis carried out on a microstrip frequency reconfigurable
antenna, built on a conductive polymer as substrate with the characteristic that allows tunable

permittivity. The results were very promising.

We have also described the design of low-cost and low-profile reconfigurable antennas
with the capability to filter interferences in the UWB range of the spectrum.

Finally, we described another design of single layer CPW antenna with two reconfigurable
filtering functions dedicated for MMIC integration.

The solution of reconfigurable antennas proposed in this thesis is intended to overcome the
problem of interference in the ultra-wide band spectrum by taking advantage of the
reconfiguration concept. The proposed antennas have high capability to be embedded in small
size UWB systems. The reconfigurable designs are of planar microstrip structures which are easy

and low-cost to implement.

¢+ The first antenna was a monopole structure characterized by its compact size while it was
capable of filtering three interferences from the UWB spectrum. In another word, the
antenna can be set to work in eight filtering cases. The reconfigurations were achieved
by introducing significant changes to the basis monopole structure from which we started.
This antenna offers the highest filtering capabilities in comparison to previously reported
ones.

+«» Asecond UWB reconfigurable single-sided antenna was proposed. Though, it has a small
sized structure, two reconfigurable filtering functions were successfully implemented.
The electrical reconfiguration was integrated only in the ground plane in order not to
affect the radiation efficiency of the antenna at the expenses of less filtering capabilities
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as compared to the first antenna. Its performance was verified experimentally and good

agreement was found.

Future tasks to be undertaken:

% Filtering quality enhancement:
The filtering quality of the proposed antenna can be further enhanced in terms of filtering
level and interference bandwidth.

% Experimental fabrication and performance measurements:
The proposed reconfigurable monopole UWB antenna is awaiting practical validation.
Measurements of the performance of the second proposed single-sided reconfigurable
UWB antenna could be improved through adjustments of various parameters.

% Synthesis, characterization of a conductive polymer suitable for reconfigurable
antennas; design and fabrication of reconfigurable polymer-based antennas.
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Appendix A

Antenna Parameters

An antenna is defined by the following main characteristics: input impedance, operating .
frequency and bandwidth; radiation characteristics: directivity, gain, radiation pattern

and polarization.




1. Input impedance

An antenna generally behaves like a resonant circuit whose central resonant frequency
depends on the values of an inductance L and a capacitance C related to its structure, dimension
and any other associated component. In a real system, the antenna is connected to a transmitter
or a receiver through a transmission line (like coaxial cable) which generally has an impedance
of 50 or 75 Q. It is the value for which the input impedance of the antenna must be matched to
in order to allow the maximum conversion of electrical signal to waves or waves to an electrical
signal. The complex input impedance Z;,, follows:

Ziplow| = Rlw| +j. X|w|
where o=2xf, R is the antenna resistance due to ohmic or resistive heating, X is the antenna

reactance and f is the resonance frequency.

2. Resonance frequency

The antenna resonance frequency expresses the measure of the input impedance in
frequency. It is the frequency where the input impedance of the antenna is matched to the

impedance of the transmission line.

3. Reflexion coefficient I

is a parameter that describes how much of an electromagnetic wave is reflected by an
impedance discontinuity in the transmission medium. It is equal to the ratio of the amplitude of
the reflected wave to the incident wave. It depends on the characteristic impedance of the

transmission line Z, and the input impedance of the antenna Z;,|w|.

_ Zm|w|_ZO
Zinlw|+Zg

r

4. Voltage standing wave ratio (VSWR)

is a measure of impedance matching of loadsto the characteristic impedance of
a transmission line or waveguide. Impedance mismatches result in standing waves along the
transmission line, and SWR is defined as the ratio of the partial standing wave's amplitude at an
antinode (maximum) to the amplitude at a node (minimum) along the line.

VSWR—1+F
T 1-T

Page 89


https://en.wikipedia.org/wiki/Electromagnetic_wave
https://en.wikipedia.org/wiki/Amplitude
https://en.wikipedia.org/wiki/Impedance_matching
https://en.wikipedia.org/wiki/Electrical_load
https://en.wikipedia.org/wiki/Characteristic_impedance
https://en.wikipedia.org/wiki/Transmission_line
https://en.wikipedia.org/wiki/Waveguide
https://en.wikipedia.org/wiki/Standing_wave
https://en.wikipedia.org/wiki/Standing_wave
https://en.wikipedia.org/wiki/Node_(physics)

5. Bandwidth

Antenna bandwidth is the portion of frequency where the antenna input impedance is
matched. Practically, it is defined as the frequency band where the reflexion coefficient is lower
than -10 dB which corresponds to VSWR lower than 2.

6. Radiation pattern

Radiation pattern is a graphical representation of the far-field radiation properties of the antenna.
It is quantification of an antenna ability to transmit/receive power in a particular direction.
Radiation pattern is generally presented as the radiation intensity (equal to the radiated power for

a solid angle unit) normalized (in dB) as a function of the direction.

7. Directivity

is defined as the ratio between the power density radiated in a given direction and the
power density radiated by an isotropic source. The directivity gives information on the directional
properties of an antenna without taking into account its efficiency 5. Efficiency reflects the

performance of the antenna and depends on the radiation resistance and the loss resistance.

8. Gain

is defined as the ratio of the radiation intensity in a given direction if the power accepted
in the antenna was radiated isotropically in condition the losses related to mismatch and biasing
are not considered. The gain of a directional antenna is expressed in decibels isotropic “dBi” with

respect to the isotropic antenna.

9. Polarization

The polarization of an antenna refers to the orientation of the electric field (E-plane) of the
radio wave with respect to the Earth's surface and is determined by the physical structure of the
antenna and by its orientation. A simple straight wire antenna will have one polarization when
mounted vertically, and a different polarization when mounted horizontally.

The polarization of a radiated wave is called linear if the vector of the electric field E is
always in the same direction and plane. Linear polarization can be horizontal or vertical. In the
other hand, the polarization is called circular or elliptic when the vector E of the electric field
travels away by describing a circle or ellipse. Hence, it said right-hand circular polarization when

the vector E turns to right and left-hand circular polarization when it turns to left.
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Appendix B

PIN Diode

PIN diode is a semiconductor component composed of three layers: A P-layer where holes
are the majority carriers, the I-layer is an intrinsic layer of a pure semiconductor and a N-

layer which has electrons as majority carriers.




A PIN diode is a diode with a wide, undoped intrinsic semiconductor region between a P-
type semiconductor and an N-type semiconductor region. The P-type and N-type regions are

typically heavily doped because they are used for ohmic contacts.

The wide intrinsic region is in contrast to an ordinary P—N diode. The wide intrinsic region
makes the PIN diode an inferior rectifier (one typical function of a diode), but it makes it suitable

for attenuators, fast switches, photodetectors, and high voltage power electronics applications.

In the case of a PIN diode, the width of the intrinsic region Wi is small and the space charge
area of the P*-1 and I-N" regions can be considered to extend over the entire width of the intrinsic

region.

PIN diodes in reverse mode the leakage current is independent of the polarization and is
directly related to the width of the intrinsic region. They behave like a plane capacitor. It is
independent of the polarization level.

If biased forward, the diode PIN is equivalent to a resistance which decreases with the

direct current which crosses it, whatever the dynamic level.

PIN diodes can be used either as variable resistors or as electronic switches for RF signals.
In the latter case, the diode is basically a two-valued resistor, with one value being very high and

the other being very low. These characteristics open several possible applications.

When used as switches, PIN diodes can be used to switch devices such as attenuators,
filters, and amplifiers in and out of the circuit. It has become standard practice in modem radio
equipment to switch dc voltages to bias PIN diodes, rather than directly switch RF/IF signals. In
some cases, the PIN diode can be used to simply short out the transmission path to bypass the

device.

Another application for PIN diodes is as voltage-variable attenuators in RF circuits.
Because of its variable-resistance characteristic, the PIN diode can be used in a variety of
attenuator circuits. Perhaps the most common is the bridge circuit, which is similar to a balanced

mixer/modulator.

Page 92


https://en.wikipedia.org/wiki/Diode
https://en.wikipedia.org/wiki/Intrinsic_semiconductor
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/N-type_semiconductor
https://en.wikipedia.org/wiki/Doping_(semiconductor)
https://en.wikipedia.org/wiki/Ohmic_contact
https://en.wikipedia.org/wiki/P%E2%80%93n_diode
https://en.wikipedia.org/wiki/Rectifier

Appendix C

e Scientific Production




Scientific Production

Published Paper

- Hicham Medkour, Ameur Zegadi, Erika Vandelle, Imed Edin Djadour, Tan Phu Vuong,*
Quasi-Real Scenario of Reconfigurable Filtering Functions Antenna for UWB
Communications”, Elektronika ir Elektrotechnika, vol. 24, no. 5, pp. 86-91, October 2018.
DOI: http://dx.doi.org/10.5755/j01.eie.24.5.21849.

International Communications

- Hicham Medkour and Ameur Zegadi, “Compact MIMO Antenna with Reconfigurable
Impedance Bandwidth”, International Conference on Electronics and New Technologies
(ICENT-2017) 14-15 November 2017, M’sila -Algeria.

- Hicham Medkour and Ameur Zegadi, “Design of reconfigurable filtering based UWB
antenna dedicated for radar applications”, In Seminar on Detection Systems Architectures and
Technologies (DAT) 2017 pp. 1-4). IEEE, February 2017, Algiers Algeria.
DOI: 10.1109/DAT.2017.7889162.

- Hicham Medkour and Ameur Zegadi, “A Compact Reconfigurable Ultra Large Band
Antenna for Breast Cancer Detection Systems”, International Conference on Technological
Advances in Electrical Engineering (ICTAEE’16.), October 2016, Skikda Algeria.

- Hicham Medkour and Ameur Zegadi, “Design and Simulation of UWB Antenna with
Rejection of WiMAX, WLAN and ITU Bands”, International Conference on Technological
Advances in Electrical Engineering (ICTAEE’16.), October 2016, Skikda Algeria.

Page 94


http://dx.doi.org/10.5755/j01.eie.24.5.21849
https://doi.org/10.1109/DAT.2017.7889162

Appendix D

e Paper




http://dx.doi.org/10.5755/j01.eie.24.5.21849

ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 24, NO. 5, 2018

Quasi-Real Scenario of Reconfigurable Filtering
Functions Antenna for UWB Communications

Hicham Medkour!, Ameur Zegadi', Erika Vandelle?, Imededdin Djadour®, Vuong Tan Phu?
'LCCNS, Department of Electronics, Ferhat Abbas University of Setif 1,
Compus El-Maabouda, 19000 Setif, Algeria
’IMEP-LAHC, Grenoble INP — MINATEC,
3, Parvis Louis Neel - CS 50257 - 38016 Grenoble Cedex 1, France
SETA, Department of Electronics, University of Mohamed El Bachir El Ibrahimi,
El-Annasser, 34030, BBA, Algeria
medkour hl9@univ-setif.dz

Abstract—In this paper, an Ultra Wide Band antenna with
reconfigurable filtering-characteristic is proposed to overcome
interferences problems in the frequency range 3.1 GHz-
10.7 GHz. With dimensions of 35 x 35 mm?, the structure is
simple, low—cost and possesses an operating bandwidth from
3 GHz to 12 GHz. Besides, it is easy to reconfigure this antenna
to filter one, two or three interferences, in which the filtering is
achieved by three slots of half wavelength created in the
geometry, while the reconfiguration is achieved through four
PIN diodes used to control the three slot’s effect. Considering
the filtering action, this antenna can switch between eight
distinct operational modes, which is the highest number
compared to previous works. Design and analysis of the
proposed configuration are done by two simulation software
which are CST and HFSS. The acceptable agreement between
the results obtained by both simulations proves the realistic
working performance of the proposed structure. The present
antenna is suitable for UWB communication applications,
particularly; the which are suffering from interference issues
with WiIMAX 3.3 GHz-3.7 GHz, WLAN 5§ GHz-5.3 GHz or
ITU band 8 GHz-8.4 GHz.

PIN diodes;

Index Terms—Filtering; Interference;

Reconfiguration; UWB antenna.

1. INTRODUCTION

Recently, the frequency band from 3.1 GHz to 10.7 GHz,
called Ultra-Wide Band (UWB) spectrum has been of great
interest, since it is the band where data can be transmitted
with high rate, low power consumption, low-cost, less
obstacles penetration and so on [1], [2]. Because of these
attractive properties, the number of applications performing
in these bands is increasing rapidly these days, which
unfortunately led to crowd this interesting part of spectrum
and undesirable problem of interferences has emerged.
Interferences that have been caused by some narrow bands
considerably disturb the functionality of UWB systems and
lower their performance.

For this reason, implementation of a filtering function into
UWB systems is crucial to overcome interference issues;
however, it is preferable not to introduce additional size into
the UWB system circuitry, because miniaturization of
today’s wireless communication systems is strongly needed.

Manuscript received 5 February, 2018; accepted 17 July, 2018.
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Instead, it is much better if one can assign the filtering
function to the antenna since the latter is a vital element for
any wireless communication system; hence the antenna can
perform the filtering operation without the need for
integrating filtering circuits. This can help to get rid of
additional size and complexity. Many papers have been
published lately to propose different shapes of UWB
antennas with the ability to filter up to five interfering bands
from the UWB spectrum as in [3]-[6]. The filtering
provided by those designs is perpetual, which means a
significant part of the spectrum is always out of work
(filtered). This is a clear drawback particularly once
interferences are not active. Alternatively, it is worthwhile if
one can design an UWB antenna that is capable of
controlling its filtering action, like activating and
deactivating the filtering or shifting its frequency. Unlike
perpetual filtering, this could strongly help to efficiently
exploit the UWB spectrum. This procedure is referred to as
“reconfigurable filtering” and it has been a topic of many
active researches in the last period.

In the literature, different shapes of UWB antennas with
reconfiguration of single filtered bands have been reported
in [7]-[10]. Then, it has been the goal to increase the
number of filtering bands like in [11]-[14], in which UWB
antennas with reconfiguration of two interferences are
successfully implemented. Furthermore, UWB antennas
with up to four reconfigurable interfering bands have been
reported in [15] and [16]. A key mechanism to achieve
filtering reconfiguration has been followed in these works,
in which various kinds of switches, including PIN diodes,
MEMS, FET transistors, Shotcky diode and optical switches
have been used. However, less attention has been paid to the
effect of the quantity of switches on the antenna size and
functionality. As it is known, the more switches the antenna
has, the bigger its size is. Here lies the weakness of the
previous works, since more switches have been used to
produce less filtering operational modes. Typically, »
switches can contribute to 2" operational filtering modes.
For this reason, the present work has come to limit this
drawback. Actually, a part of this work has been initiated
and published in [17]. The objective is to design a
compacted size UWB antenna capable of producing more
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filtering operational modes, while using a smaller number of
switches. As presented in the subsequent sections, the
proposed antenna is thoroughly studied using two simulation

software CST and HFSS. The results gotten are discussed
while performance is presented and compared to that of
previous works.
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Fig. 1. Design and optimization steps: (a) top view; (b) lower view.
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Fig. 2. Design and optimization step: a) Optimization of /;, b) Optimization of 12, ¢) Optimization of 13, d) The individual effect of each slots.

II. DESIGN METHODOLOGY

In order to investigate the proposed reconfigurable
filtering system, the printed monopole UWB structure is
chosen. Because it satisfies the requirements for UWB
applications such as wide bandwidth, omnidirectional
radiation pattern, high gain and low-cost of implementation
and so on [2]. As shown in Fig. 1 (Antenna 1), the proposed
structure consists of a circular patch with radius R fed by a
50 Ohm micro-strip line of width W, printed on the upper
face of the FR-4 substrate with permittivity &, = 4.4 and
thickness 1.5 mm. The ground plane with the length L, is
printed on the lower face of the substrate. The latter has
overall dimensions of W x L. Using Computer Simulation
Technology software [18] through time domain solver
calculations, the basic structure design and optimization are
done while a careful parametric refinement is owned
particularly to the parameter d in order to obtain an ultra-
wide band characteristic. Given the fact that, the antenna
resonance and radiation properties are due to a certain
current distribution within the geometry, filtering functions
can be created by occurring new current paths in the patch

and ground plane, which will mismatch the antenna
resonance at particular frequencies within the UWB
spectrum 3.1 GHz-10.6 GHz. Based on that, a parametric
study is carried out in which three slots S;, S, S3 of width
0.5 mm each are created in the patch and the ground plane
as shown in Fig. 1 (Antenna 2). The concept followed to

predict the primary slot’s length is shown by equation under
[19]

M

Qo=
¢ ch\Ig”eﬁ(.

in which A; is the guided wavelength in m, ¢ is the light
speed in m/s. f. is the central frequency of the filtered band
in GHz and . is the effective dielectric constant. Hence,
the filtering functions are obtained at /;= 12 mm, /=12 mm
and /3 10.39 mm. Afterwards, several parametric
calculations have been performed using CST in order to
refine the positions and the lengths of each slot separately.
The influences of /;, I> and /5 on the filtering actions can be
well observed in Fig. 2, in which the behaviours of the
antenna with and without slots are presented for comparison.
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Fig. 3. Modelling of the diodes across the slots: (a) forward biasing V4. > 0 (mode 1); (b) reversed biasing V4. <= 0 (mode 8).

The filtering operations are controlled by monitoring the
effects of the slots, across which, four PIN diodes D;, D>, Ds
and Dy are carefully positioned as shown in Fig. 1 (Antenna
3). Each PIN diode has to be controlled through a biasing
circuit that necessitates a DC signal (¥pc). The diode can be
set On when it is forwardly biased and Off when inversely
biased. To explain the diodes functionality along with the
biasing control, the equivalent circuit model RLC are given
in Fig. 3. When the diodes are forwardly biased (Vpc > 0),
they shows high capacitance which allows passing AC
signals, where each diode is modelled by capacitor in
parallel with a small resistor, Fig. 3(a). Otherwise, they
shows a high resistance to AC signals when reversely biased
(Vpc <= 0) and they are modelled only by a serial resistor,
as shown in Fig. 3(a) and Fig. 3(b). In simulation, S-
parameters of BAR50-2V PIN diodes [20] are introduced
using CST design studio. These diodes are commercially
available with low-cost and with the suitable size and
operating frequency for the present application. They are
used in this design, in order to predict the practical
behaviour of the proposed antenna rather than conventional
simulation with ideal switches such as metallic stubs. S-
parameters file includes the modelling of the diodes in the
On and Off states. Besides, it is crucial to separate between
the DC signals and the AC signals within the antenna
surfaces. For this reason, a set of slots 77 to 75 is generated
in the patch to prevent the DC signals from circulating in the
entire patch surface, where 77, Ts and Ty are created in the
ground plane for the same reason, Fig. 1 (Antenna 3). In
fact, these separations have heavily changed the antenna
basic resonance; this is why a set of RF capacitors of C =22
pF is inserted across the two ends of each biasing slot, as
observed in Fig. 1 (Antenna 4). As it is known, capacitor
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stops DC signals while lets pass AC signals if it has small
capacitive reactance Xc. for this reason, its value is chosen to
be C = 22 pF to achieve less capacitive reactance value
where: X = 1/(21fC). Furthermore, inductors of value 27 nH
and operating frequency 2.4 GHz are used to prohibit
alternative signals from flowing towards the biasing circuit.
For that, the value L = 27 nH is calculated to achieve high
inductive reactance where Xt 2nfL. Finally, the
optimization of Antenna 4 has been conducted in CST based
on the criteria that, the reflexion coefficient is close to -5 dB
over the filtered bands, while it is less than -10 dB over the

rest parts of UWB spectrum. The final optimized
dimensions are depicted in Table I.
TABLE I. ANTENNA DIMENSIONS.
Parameter Ya}ue in Parameter Ya}ue in
millimeters millimeters
w 35 d 0.5
L 35 1% 52
W, 3 I 6.5
R 6 I3 10.39
L, 12

III. RESULTS AND DISCUSSION

The control of the four PIN diodes is well clarified in
Table II, in which eight possible switching states are
exposed. Due to the longer length of S1 compared to S2 and
S3, one single diode was not enough to control its effect.
Therefore, the two diodes D; and D, are incorporated to
perform together like a single switch. Hence, the proposed
antenna is capable of working in eight distinct operational
modes, as illustrated in Fig. 4 that shows the simulation
results obtained from CST for each mode.
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Frequency, GHz

(@
Fig. 4. Simulated reflexion coefficient of the eighth operational modes: (a) mode 1; (b) mode 2; (c) mode 3; (d) mode 4; (¢) mode 5, (f) mode 6; (g) mode
7; (h) mode 8.

For the eight different modes, the antenna tunes from
3 GHz 11.5 GHz which includes the UWB spectrum
3.1 GHz-10.7 GHz. The filtering actions can be observed in
the regions where the reflexion coefficient (S11) is around
-5 dB. This reveals actually a high mismatching in the input
impedance of the antenna which means in turn that, the
antenna is prohibited from transmitting or receiving at the
frequencies 3.5 GHz, 5.1 GHz and 8.2 GHz in the modes 2,
3 and 4, respectively. This touch is used to stop
interferences coming from WiMAX (3.4 GHz-3.7 GHz),
lower band of WLAN (5 GHz-5.4 GHz) and ITU band
(8 GHz—-8.4 GHz). Besides, the antenna can be reconfigured
such as it filters two frequencies at once as in the modes 5, 6
and 7. Furthermore, it is capable to filter the three bands
WiMAX, WLAN and ITU at the same time when it is in the
mode 8. In order to support the validity of the obtained
results, the proposed structure is re-simulated using different
simulation software which is HFSS [21]. As a result, the
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behaviours of both the methods appear like similar to each
other for the eight modes, as shown in Fig. 4. This confirms
the validity of the results obtained with CST.

TABLE II. REAL SWITCHES CONFIGURATION.

Switching states

Modes

D, D; Ds Dy
mode 1 On On On On
mode 2 Off Off On On
mode 3 On On Off On
mode 4 On On On Off
mode 5 Off Off Off On
mode 6 Off Off On Off
mode 7 On On Off Off
mode 8 Off Off Off Off

However, some discrepancies can be observed,

particularly in the filtering levels obtained from HFSS. This
can be explained by the fact that, in HFSS, metallic stubs
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were used as switches rather than S-parameters of real PIN
diodes like in CST. To demonstrate the filtering functions,
surface current distributions at the modes 1, 2, 3 and 4 are
pictured in Fig. 5. It can be seen that, in the mode 1, the
current distribution is quasi-uniform, since that by setting all
the diodes in the On state, the effects of S1, S2 and S3 are
not operational, Fig. 5(a). Unlike the mode 1, strong current
distribution can be observed around S1, S2 and S3, attesting
their contributions in the modes 2, 3 and 4, respectively
Fig. 5(a)-Fig. 5(c).

(d)
Fig. 5. Currents distribution on the antenna at: a) mode 1, b) mode 2, c)
mode 3, d) mode 4.

The radiation pattern of the mode 8 obtained by the CST
simulation is presented for discussion in Fig. 6, since this
mode includes all the filtering functions. It can be seen that,
an omnidirectional shape is achieved in both E and H planes
at all simulated frequencies. The same shapes of radiation
pattern obtained with HFSS simulation confirm the ones
obtained with CST. Nevertheless, higher gains are obtained
with HFSS. This is due to the fact that, the effect of real
switches is not considered. The realized gains of the antenna
in the modes 1 and 8 are presented and compared in Fig. 7.
The difference between the modes 1 and 8 can be clearly
observed. In the mode 1, a quasi-steady peak gain between
2 dBi and 3 dBi is obtained while in mode 8, the antenna
gain exhibits a deep shrinking around the frequencies of
3.5 GHz, 5.2 GHz and 8.2 GHz. These attenuations in the
peak gain can be explained by the antenna impedance
mismatching due to the slot’s effect. This result suggests
that the filtering operations are successfully accomplished at
these three frequencies of the spectrum.

IV. PERFORMANCES COMPARISON

In order to highlight the contribution of this work, it is
worth to compare the performance of the proposed antenna
with other structures recently reported in the literature. The
comparison is addressed in Table III, in which three key
parameters are under consideration: the number of the RF-
switches (n), the operating modes (2") and the size of the
whole structure. As it is demonstrated, the antenna proposed
in [13] has a size of about 40 x 30 x 0.8 mm?>. It uses three
PIN diodes (n=3) to produce only four modes (4/8).
Otherwise, the antenna reported in [14] uses five optical
switches (n = 5) while offering only four modes (4/32). It is
size is larger considering the source of optical light. Up to
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six operational modes (6/16) are provided by the antenna
proposed in [15] where four (n=4) ideal switches were
used. Its size is presented in the table do not encompass the
size of the biasing network. Therefore, the comparison
divulges that the antenna of the present work outperforms
those of previous works. It uses only four (n =4) PIN to
produce eight operational modes (8/16) which is the highest
that has been reported. Moreover, it has the smaller size
including the basing network which is about 35x35x1.6

Fi=3.5GHz
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240°

240° 120° 240°
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180°
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(a) (b)
Fig. 6. Radiation pattern of mode 8 simulated in CST and HFSS: (a) E-
plane/{Phi = 0°}; (b) H-plane/{Phi = 90°}.
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TABLE III. PERFORMANCE COMPARISON.
Antenna Operating modes (2") (n) Size in mm’®

1-WB.
2-WB with filtering of 5.5 WLAN
band GHz.
Ref. [13] 3-WB with filtering of X-band 7.5 3 40x30x0.8
GHz.
4-WB with filtering of WLAN 5.5
GHz and X-band 7.5 GHz.
1-WB with filtering of WLAN band
2.4 GHz.
2-WB with filtering of WiMAX band
3.5 GHz.
Ref. [14] | 3 WB with filtering of WLAN band 5 | > 25x25%08
GHz.
4-WB with filtering of ITU band 8
GHz 5.
UWB.

UWB with filtering of WLAN 5.5
GHz, RFID 6.8 GHz, X band 11.5
GHz.

UWB with filtering of WLAN 5.5
GHz, X band 11.5 GHz.

UWB with filtering of X band 8.7
GHz.

UWB with filtering of RFID band 6.8
GHz X band 8.7 GHz.

UWB with filtering of RFID band 6.8
GHz.
1-UWB.
2-WB with filtering of WiMAX band
3.5 GHz.
3-WB with filtering of lower-band
WLAN 5.2 GHz.
4-WB with filtering of ITU band 8.2
GHz.
5-WB with filtering of WiMAX band

3.5 GHz and 5.2 GHz. 4 35x35x1.6
6-WB with filtering of WiMAX band
3.5 GHz and ITU band 8.2 GHz.
7-WB with filtering of Lower-band
WLAN 5.2 GHz and ITU band 8.2
GHz.
8-WB with filtering of WiMAX band
3.5 GHz, lower-band WLAN 5.2 GHz
and ITU band 8.2 GHz.

Ref. [15] 4 30x31x0.8

The antenna
of the
proposed
work

V. CONCLUSIONS

At this work, eight reconfigurable filtering states has been
integrated in a simple planar monopole UWB antenna. The
design has been done by two simulation software, where the
results obtained by both confirm each other. The
performance has been compared with those obtained in
previous works, where the proposed antenna has showed the
highest number of operational modes. The proposed
structure is suitable for application in UWB systems where
it can solve interference problem, as well, it can be used for
applications where reconfigurable bandwidth is required
such as in cognitive radio systems.
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Title: Design and Implementation of Reconfigurable Antennas

Abstract

In this thesis we describe novel approaches in designing reconfigurable antennas. The proposed reconfigurable
layouts are intended for integration into compact UWB communication systems and are characterized by their low
profile and easy fabrication processes. Initially, the project was to design et implement some reconfigurable
antennas based on conductive polymers. As a result, the first part of this thesis provides an advanced literature
survey as well as an investigation on the use of tunable permittivity or conductivity in designing antennas based
on conductive polymers. The second part of this thesis reports on the design of planar reconfigurable UWB
antennas with interference filtering capabilities. Firstly, a planar monopole UWB reconfigurable antenna has been
designed showing filtering capabilities in three narrow bands which could potentially interfere in this particular
region of the spectrum. Reconfigurability allows the antenna to match to any interference cases. The presented
design uses low-cost FR 4 substrates known for being light. Secondly, an extremely compact UWB single-sided
reconfigurable designed antenna is described. Unlike the previous antenna, the reconfigurable filtering circuit has
been exclusively implemented in the ground plane rather than in the radiating patch in order to optimize the
radiation performance of the antenna. By doing so, the new design is cost effective, allowing interferences’ filtering
at the antenna level rather than at a later stage and avoids complex biasing control antenna circuitry.

Keywords: Antennas; Microstrip; UWB; Conductive polymers; Reconfiguration.
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Titre : Conception et réalisation d’antennes reconfigurables

Résumé

Dans cette thése, nous décrivons de nouvelles approches dans la conception d'antennes reconfigurables. Les
schémas reconfigurables proposés sont destinés a étre intégrés dans des systemes de communication UWB
compacts et se caractérisent par leur profil bas et leurs processus de fabrication faciles. Au départ, le travail
consistait a concevoir et a mettre en ceuvre des antennes reconfigurables a base de polymeéres conducteurs, par
conséquent, la premiére partie de cette theése propose une étude bibliographique avancée ainsi qu'une étude sur
I'utilisation de la permittivité ou de la conductivité accordables dans la conception d'antennes a base de polymeres
conducteurs. La deuxiéme partie de cette thése porte sur la conception d’antennes UWB planes reconfigurables
dotées de capacités de filtrage aux interférences. Premiérement, une antenne reconfigurable UWB monopolaire
plane a été congue, montrant des capacités de filtrage dans trois bandes étroites susceptibles d’interférer dans cette
région spectrale. La reconfiguration permet a I'antenne de s'adapter a tous les cas d'interférences. La conception
présentée utilise des substrats a faible colt de FR 4 connus pour leur légéreté. Deuxiemement, Nous décrivons une
seconde reconfigurable antenne UWB et qui est extrémement compacte. Contrairement a I'antenne précédente, le
circuit de filtrage reconfigurable a été mis en ceuvre exclusivement dans le plan de masse plutdt que dans le patch
rayonnant afin d'optimiser les performances de rayonnement de I'antenne. La nouvelle conception est peu colteuse
et permet de filtrer les interférences au niveau de 1’antenne plut6t qu’a un stade ultérieur, en évitant le besoin aux
circuits complexes de commande de polarisation.

Mots clés : Antennes ; Microruban ; UWB ; Polyméres conducteurs ; Reconfiguration.
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