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”An invasion of armies can be resisted, but not an idea whose time has come”.

Victor Hugo (1852).
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Résumé

Titre: ”Contribution a ’Amélioration des Performances en Conception de
Systémes d’Antennes pour les Communications Sans-Fil Avancées.”

La présente these traite de la conception d’antennes pour les systemes modernes sans
fil, dans l'objectif de contribuer a ’amélioration de leurs performances. Le travail de
cette these consiste en la proposition de nouvelles conceptions pour surmonter quelques
défis dans le domaine sans fil. La reconfiguration du rayonnement des antennes est le
premier sujet traité. Il concerne les antennes monopoles avec le développement d’une
approche pour atteindre la reconfigurabilité. Les déphaseurs sont aussi des composants
importants dans diverses applications, d’ou la proposition de trois nouvelles conceptions
suite a une étude approfondie. En outre, la technique MIMO est tres prometteuse dans
les technologies récentes, cependant la présence du couplage mutuel entre les antennes
dégrade les performances du systeme. Ce probleme est également traité avec la proposition
d’un mécanisme efficace pour le découplage des antennes.

Mots-clés

Systemes sans fil, Reconfiguration du rayonnement, Déphaseurs, Découplage des antennes.

Abstract

The present thesis deals with antenna design for modern wireless devices. The main goal
is then to contribute in the performance improvement of those communications systems.
Hence, the thesis suggests and investigates new designs to overcome some wireless chal-
lenges. Antenna pattern reconfiguration is the first subject treated. It concerns CPW-Fed
monopole antennas where a simple approach is developed to achieve this purpose. Phase
shifters are also key components in many advanced applications, hence they are deeply
studied in this work and three novel designs have been proposed. Moreover, MIMO
technique is very promising in recent technologies, however with the presence of antenna
coupling the overall performances are drastically degraded. This challenge has also been
tackled, and an efficient decoupling mechanism of closely spaced antennas is proposed.
Keywords

Wireless systems, Antenna pattern reconfiguration, Phase shifters, Antenna decoupling.
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” Highlight the difference makes you a genius”

General Introduction

Tremendous advances in wireless communications systems have been noticed, every decade.
Starting from analogue technology based systems as first generation (1G) developed in
1980s, then 2G systems in 1990s as Global Systems for Mobile Telecommunications (GSM)
which benefits from digital technology. Several wireless systems have been therefore sub-
ject of permanent investigation and development such as 3G, 4G and 5G where first
smart-phone devices available in the market in 2021.

The most targeted purposes in such systems are higher speed for increased data rate,
more channel capacity and lower latency for real-time interaction as new applications
appear day after day. Severe requirements are then raised, as example, important leap is
expected by 2022 where 10 Gbits/s data rates for mobile terminals are projected, 73% of
all mobile data traffic is expected to be video traffic by 2023 and new format 360-degree
video will require five times the bandwidth of today’s videos as well.

Tedious and long-term efforts are generally required to success advanced services. Indeed,
integrating diverse wireless services and applications in one communications system is not
an easy challenge. Software Defined Radio (SDR) and Cognitive Radio (CR) are new in-
troduced promising concepts, since they allow large flexibility by software reconfiguration
of their main features, for instance: frequency band, antenna specifications and roughly
their whole front-end which must follow the reconfiguration requirements.

But, what will be the implication of RF system design (microwave devices, antennas, etc)
in those future technologies? A key answer is the integration of multi-antenna systems
for increasing transmission data rate, exploiting diversity and multi-services in limited
bandwidth. Eventual new radio interface components are then part of the challenge.
Conventionally, antennas are considered as passive devices used to collect electromagnetic
energy from free space, hence they look like sources or generators in the overall system.

However, in the modern approach, antenna can provide novel aspects of filtering (fre-
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GENERAL INTRODUCTION

quency filtering and space filtering) as well as radiating aspect. These new challenging
aspects are achieved through reconfiguration concept. Consequently, modern antenna
design may be very promising in reducing cost-design, avoiding bulk and offering more
attractive services and improved performances.

Miniaturization of systems is also another crucial constraint in modern wireless devices.
Indeed, industrials are excessively endeavouring to provide efficient systems in small and
compact volume such as smart-phones, tablets and many others. This purpose has so far
some technical limitations, notably when antennas are closely packed in limited space,
thus electromagnetic coupling phenomenon rises. Consequently, the overall system per-
formances are drastically degraded.

In the outlook of the aforementioned challenges, the work done in the present thesis aims
at solving some antenna design tasks in order to achieve requirements of modern wireless
devices. Hence, three main challenges are addressed: antenna radiation pattern reconfig-
uration, phase shifters design for multi-element systems and array antenna decoupling.
Reconfigurability is one of the most attractive and promising concept in emergent wireless
systems such as SDR. It is particularly involved in RF front end, notably in antennas in-
cluding frequency and pattern reconfiguration. This last task is treated and a solution is
then proposed. It concerns CPW-Fed monopoles which are known to be omnidirectional
antennas. However, in many cases, tilting the main beam in desired direction is fairly
requested to achieve specific performances as diversity, fading and interference combat.
Although, diverse techniques and methods are presented in the literature, the developed
approach is simply based on judicious slotting of the ground plane of such antennas.
Phased arrays are also of great interest in several applications such as beam-forming and
source localization. Need of specific devices is then raised. Phase shifters are crucial com-
ponents in such hot topic. They allow steering the array main beam in wanted direction.
This task is treated as well in this thesis, and different phase shifter designs are proposed
as a solution to the raised problem.

Another most challenging subject is the antenna decoupling. Since MIMOs are promising
solution in recent systems, important priority is then specially devoted to this kind of
architectures. As stated before, antenna mutual coupling is found to be very harmful
notably in closely packed elements. Therefore, this topic is addressed as well and a novel

decoupling technique is studied and developed.
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GENERAL INTRODUCTION

For summarizing, during this thesis work, we proposed novel designs related to microwave
devices and antennas. We believe that proposed designs contribute significantly in the
improvement of advanced wireless systems. Further, achieved works have been published,
as research papers, in renown journals and in international conferences. Namely, achieve-
ments concern:

e Pattern reconfiguration of CPW-Fed monopoles,

e Three design approaches of phase shifters for UWB applications,

e Antenna decoupling technique of strongly coupled monopoles.

The thesis is organized in four chapters. The first one is devoted to introducing the chal-
lenges of modern wireless communications systems, SDR concept and USRP equipments
based on software radio. In addition, a state of the art is established on three topics:
antenna pattern reconfiguration, phase shifters design and antenna decoupling. Most of
techniques and methods available in the literature are then presented and discussed.

The second chapter deals with the proposed approach for antenna pattern reconfigura-
tion. Details of the approach with obtained results are then presented and discussed. The
third chapter concerns design of microwave phase shifters. Frequency independent phase
shift is obtained with two different methods. Additional achievements are discussed as
well. The final chapter is related to the proposed decoupling mechanism of closely spaced
antennas. Interesting results are obtained through a tapered slot integrated in the ground

plane of the array. The thesis is finally ended with a general conclusion.
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Chapter 1

Modern Wireless Communications

Challenges

1.1 Introduction

Nowadays, wireless communications have become a versatile domain involved in whole
human-life. Indeed, signals, data and different informations are mostly transmitted be-
tween users by radio-waves technology, exploiting the free-space (wireless path) as a chan-
nel of communications.

Since the inception of wireless systems, researchers, engineers and industrials have con-
stantly devoted tremendous efforts for developing efficient and smart systems with im-
proved performances: more data-rate, compact size, lower manufacturing cost, and most
importantly integration of multi-services. Consequently, the basic wireless system com-
ponents — that is, the antenna and the analog and digital front ends — have been deeply
investigated and attractive outcomes have been achieved in recent decades [1].

Software defined radio (SDR) is one of the revolutionary development which opened new
perspectives in wireless communications. The SDR is based on th reconfiguration con-
cept (frequency, radiation pattern or both of them), hence the antenna and the front-end
should integrate this adaptability to provide a total reconfigurable wireless system.
Moreover, in next-generation wireless devices, higher performances are critically needed,
for instance: high data rate, improved efficiency and compact size, to meet the new com-
munications requirements as in 5G systems and beyond. MIMOs are one of the most
promising solution for such purposes. However, gathering number of MIMO antennas in
small surface is very challenging due to the rise of mutual coupling phenomenon, which

degrades drastically the MIMO performances. Hence, decoupling techniques have been of
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great interest for researches, in recent years.

1.2 Software defined radio (SDR)

1.2.1 Overview

Software defined radio (SDR) is a hot emergent topic in the telecommunications field.
SDR is considered as a platform for integrating new technologies, many of today’s sepa-
rate systems and different services into existing networks with the same hardware plat-
form. It therefore allows larger flexibility into mobile communications. Further, SDR is
involved in both software development and digital signal processing [2]. SDR concept is
very promising in actual and future technologies (cognitive radio, 5G and beyond).

A software defined radio system is then a radio communications system in where cer-
tain hardware components are implemented in software. They include namely: filters,
amplifiers, modulators, demodulators etc. Since these components are software defined,
they can be adjusted as needed without making significant hardware modifications. The
universal software radio peripheral (USRP) is an attractive SDR transceiver which can

be used to develop software defined radio applications.

1.2.2 SDR system architecture

The general structure of a Radio Communications Device is illustrated in Figure 1.1. It
is a complicated hardware structure with almost fixed and defined features.

The SDR evolution aims to simplify this structure. Efforts have been devoted mainly to
software side trying to replace some of the hardware with software. The question is then:
Which part of the hardware can be replaced by software? The ideal solution is replacing
almost all the hardware except irreplaceable ones, as antennas and ADC/DAC (Figure
1.2).

Hardware is still required in SDR radio, however it is just limited to receiving and trans-
mitting radio signals. Hence, an SDR system is globally composed of antenna, transmit-

ter/receiver, and a host (PC computer) for running the software.

1.2.3 Benefits and limitations of SDR

Replacing software by hardware leads to reducing the manufacturing cost and the main-

tenance time, also allows developing more flexible systems. Further, using a processor
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Figure 1.2: Ideal structure of SDR [3]

instead of hardware components increases the hardware lifetime [4]. Software re-usability
and portability is also an important benefit as well, since it allows doing tests and simu-
lations of system’s behavior before integrating real-time products [5].

Although they are very advantageous, SDR systems have, unfortunately, some few disad-
vantages, for instance: limitation of the maximum throughput from the USRP to the host
device, power consumption, efficiency and speed of hardware since most of the signal pro-

cessing is being done in the host device. In addition, the use of LNAs, DAC/ADCs limits
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the SDR performances since LNAs suffer from bandwidth restrictions [4], and DAC/ADCs

are limited in dynamic range, sampling rate and bandwidth requirements [5].

1.2.4 Universal software radio peripheral (USRP)

USRP is a widely used SDR platform. It possess various SDR abilities: wide bandwidth
and flexible tunability. USRP connects real-time RF systems to PCs using universal serial
bus (USB) or Ethernet connections. USRPs are programmed through different software,
such as GNU radio, Labview and Simulink (Figure 1.3). The USRP series under National

Instruments’ brand are called NI-USRP and are paired with NI-Labview tool boxes.

Software

/ ..,. - ; .\.‘--\
. Baseband I1Q ' -
\f’ﬂ / Processing

USRP device

Figure 1.3: Communications system based on USRP device

The USRP contains many different components in the core motherboard: analog-to-digital
converters (ADC) and DAC, an FPGA used for decimation, filtering, up/down conver-
sion, and an USB driver for connection with a host device. It provides large bandwidth
capability accommodating many different modular RF front-ends. Figure 1.4 depicts a
block diagram of the NI USRP2921 architecture [6].

NI USRPs have been upgraded to several modern series. USRP RIO is one of the lat-
est versions of those USRPs. It provides an integrated hardware and software solution
for quick prototyping of high-performance wireless communications systems. USRP RIO
platform has two RF transceivers with a reconfigurable LabVIEW FPGA target that in-
corporates DSP coprocessing for high-rate, low-latency applications (Figure 1.5). This
design flow is widely used by researchers to prototype a tremendous range of advanced re-
search applications that include multiple-input-multiple-output (MIMO), spectrum sens-

ing, cognitive radio, beamforming, direction finding, and many others [7].
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1.3 Antenna pattern reconfiguration

Recently, huge amount of researches were addressed to the reconfigurable antennas. This is
motivated by the increasing demand for communications systems which are able to adapt
dynamically their parameters to the system requirements and surrounding environment
[8]. Being able to control the pattern, the antennas will enhance the flexibility once

integrated into SDR front-ends to achieve the aims of future wireless communications.

1.3.1 Pattern reconfigurtion techniques

Three common methods are used, in the literature, for this purpose: parasitic tuning,
element phase shifting and co-located radiating aperture [9].
A) Parasitic tuning:
In this technique, elements are electrically switched or tuned. In [10], pattern recon-
figuration of Yagi patch antenna is demonstrated (Figure 1.6).

Authors in [11] exploited similar tunning approach to achieve pattern reconfiguration
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of a disc patch including ring and eight radially symmetrically distributed microstrip

monopoles. Eight switches allow providing eight patterns covering the horizontal
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Figure 1.7: Parasitic pattern reconfiguration of ring antenna [11]

B) Element phase shifting:
This second approach is based on the integration of phase shifts into array elements.
Hence, a beam steering capability is provided. Various works inspired from this

method and succeeded in pattern reconfiguration issue [12]-[13]. In [12], a beam
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steerable meander line antenna has been discussed and presented as seen in Figure
1.8. The phase shifting mechanism is widely used in signal processing domain, notably

phased arrays and beamforming applications as will be detailed further.
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Figure 1.8: Beam steerable meander line antenna [12]

C) Co-located radiating apertures:
Different radiators are used to produce different patterns, as conducted in [14], where
the pattern reconfiguration is achieved by switching between slotline to CPW feeds

using switches (Figure 1.9). Similarly, authors in [15] followed the same approach to
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Figure 1.9: Pattern reconfiguration in co-located apertures [14]

1.3.2 Discussion

Although, the reported designs and techniques provide effectively pattern reconfiguration

capability, however, they suffer from some drawbacks such as:

e Complexity of structures with requiring extra elements (reflectors and parasitic ele-

ments),

e Lot of lumped components (requiring extra connexions which take considerable space

with more power losses) [9],

e In most cases, the reconfiguration is obtained around a narrow bandwidth.
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1.4 Antenna arrays

1.4.1 Definition

An antenna array is a set of antennas (two or more) used for transmitting or receiving
electromagnetic waves (Figure 1.10). The radiating elements are carefully placed in space
to form an array with desired characteristics, which can be achieved by varying the feed
(amplitude and phase) and position of each element [16]. Signals are then combined to
enhance the performance over that of a single antenna [17], [18]. Antenna arrays are used

to:

Increase the overall directivity and gain,

Provide diversity reception,

Cancel out interferences from a given direction,

Steering capability of the array main beam in the direction of interest,

e Maximize the Signal to Interference Noise Ratio (SINR).

Figure 1.10: Two and four elements patch antenna arrays [19]

1.4.2 Antenna array radiation pattern

In an array of N antenna elements, the phase and amplitude of each element can be
adjusted electrically or mechanically using phase shifters and attenuators (Figure 1.11).
The total radiated field can be obtained by summing up the radiated field from each

element (1.1):
N

E(r,0,¢) = > Eu(Jy) (1.1)

1
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Figure 1.11: N-element antenna array [16]

Since all elements can be individually controlled (amplitude and phase excitation control),
the total radiated field is then controlled to achieve the desired radiation characteristics.
For more convenience, the elements are placed in a specific geometric configuration to

form a well-controlled 1D, 2D or even 3D array (linear, circular, rectangular or elliptical).

1.4.3 Phased (Scanning) Arrays

In antenna array theory, it is demonstrated that the total radiating field can be con-
trolled when varying the element spacing and/or the phase shift between the radiators
[20]. Hence the maximum radiation can be oriented in any direction to form a scanning
array (Figure 1.12). This concept makes the basic principle of electronic scanning phased
array.

Phased arrays are widely used in recent technologies and systems, namely in beam-forming
application, since they allow more flexibility and capabilities. Such systems are based on
varying phase shifts between elements in feeding network (Figure 1.13), hence the com-
ponents providing phase shift agility (known as phase shifters) are very crucial. However,
design of those phase shifters, in practice, is very challenging. Details of this topic will be

discussed later.

1.4.4 Array element mutual coupling

When placing antennas in close proximity, an electromagnetic interaction between them
occurs. This phenomenon is known as mutual coupling. Consequently, current distribu-

tion, input impedance and radiation pattern are seriously affected.
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Figure 1.12: Scanning performance of eight-element array [21]

Feeding network

Figure 1.13: Phased feeding network for eight-antenna array [21]

Several studies of the antenna coupling phenomenon [16], [17], [20], [22] reveal that:
e The coupling strength decreases when spacing increases,
e The parallel configuration couples more than the collinear arrangement,
e The coupling becomes stronger when antennas radiate more,
e The coupling is sensitively related to the radiation characteristics of each radiator,
e The coupling effect depends on the feed of each elements of the array.

The energy interchange between neighboring elements is due to various mechanisms and
rises either by surface current flowing between excited ports or space radiated fields and

surface waves. Indeed, some amount of radiated energy may be received by the adjacent el-
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Element ith

ement (Figure 1.14(a)). In the receiving side, incident energy can undergo a re-scattering,
in all directions, by the array elements (Figure 1.14(b)).

Generally, the coupling phenomenon makes the array design more complex, since it is
difficult to be formulated analytically. However, it should be included in multi-antenna
system study, because it contributes significantly in the overall performances of such

systems.

1.4.5 Applications and challenges of antenna arrays

Antenna arrays are very attractive to several communications systems, radars, mobiles,
satellites, base-stations, etc, due to the advantages they offer. Indeed, high date rate is
one of the most desired objective of next-generation devices to meet the 5G communica-
tions requirements. MIMOs are then attractive candidates to achieve this purpose [24].
However, design of antenna array with desired requirements is still challenging because
of the feeding network complexity (impedance matching, phase shifters, excitations) and
the bandwidth limitation (mainly due to the feeding network). Further, arrays, in most
cases, are subject of electromagnetic mutual coupling which degrades drastically their
performances.

In this work, a particular careful is devoted to two particular challenges, often raised in

antenna array design:
e Phase shifters design,

e Antenna decoupling issue.
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1.5 Phase shifters design

Phase shifters are essential components that are extensively exploited in phased arrays
with electronic beam scanning and phase modulators [25]. Many researchers are interested

to those components and provide a wide range design techniques with different features.

1.5.1 Definition and principle of operation

A phase shifter is a four-port network. it consists of two different circuits: the main
and the reference lines. The phase shift across the main line and the reference lines are
assumed to be ¢, and ¢,, respectively (Figure 1.15). The design requirement of such
device is to provide a proper (stable) differential phase shift between the two lines, and
exhibits small attenuation, over the operating bandwidth [26].

The phase shift value, given by (1.2), depends on the configuration of the phase shifter.
Hence, a simple and primitive phase shifter consists of two transmission line sections with
different lengths, yet this scheme only provides the required phase difference over a very

narrow bandwidth.

Ap = o — r (1.2)

Pm

Port 1 — Main Line ———o Port 2

Port 3 o——— Reference Line —— Port4
¢
Figure 1.15: General phase shifter configuration

1.5.2 Design techniques

Different techniques were developed in recent years and many schemes and configurations
were proposed [27]. Microstrip-coplanar waveguide [28], Schiffman technique [29], loaded
transmission line [26], coupled structure [30]-[33], microstrip-slot transitions [34], [35],
high /low impedance method [36], and split-ring resonator [37] are some of the methods

used in building phase shifters. In the following, selected techniques will be described.
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A) Schiffman technique:

Proposed for the first time in 1958 [38], the Schiffman differential phase shifter is
the most remarkable configuration. It consists of two transmission lines: simple line
which defines the reference and a folded line (symmetrical coupled-line section) with
one end connected, called the C-section network (Figure 1.16 (a)-(b)). A careful
selection of the length of these lines and the degree of coupling, allows producing an
almost constant output phase shift over a broad bandwidth. Figure 1.16 (¢) shows
one realization of this scheme which provides an output phase shift oscillating around
90° within the band 1.5-3 GHz [29].

The major drawback of this method is that the coupling factor is critically dependent
on the gap between the two coupled lines and the dielectric constant of the substrate.
Hence, for designs using the printed circuit board (PCB) fabrication technology, it is
quit hard to obtain a tight coupling for such phase shifter. Moreover, the measured

results of Schiffman’s phase shifter reveal an important phase ripple (+10°) [38].
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Figure 1.16: Shiffman phase shifter (a) Schematic design (b) Prototype (c) 90° Output phase
shift [29]

B) Loaded transmission line:

The basic idea in this configuration is that the main line consists of a transmission

35



CHAPTER 1. MODERN WIRELESS COMMUNICATIONS CHALLENGES

lines (TL) loaded with an open stubs as shown in Figure 1.17. The design can also be
achieved using a multi-section TL connected together in the middle and considered as
open load (Figure 1.18 (a)). This configuration provides the phase shifting function.
When compared with conventional coupled line phase shifter, the structure shows
good performance with simplicity of design and fabrication [26]. However, the band-
width of this type of design decreases with the increasing desired phase shift going
with high phase deviation of about 5° (Figure 1.18).

Z, 5S (Open Stub)

Port 1 ———| —=— Port2
Zm, Bm Zm; 6#1

Port 3 ———— ——=<— Port 4
Zﬂ; 8r

Figure 1.17: Basic architecture of a loaded TL phase shifter [39]
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Figure 1.18: Loaded TL based phase shifter (a) Schematic design (b) Prototype (c) 90° Output
phase shift [40]
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C) Coupled structure:
The configuration is based on parallel coupled lines. The design of Figure 1.19 uses
the coupling technique combined with short-ended stubs and a section of transmission
line as an impedance transformer. The output phase can be adjusted through varying
the coupling factor along with the length and impedance of the short-ended stubs and

transformer [27].
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Figure 1.19: Coupled structure based phase shifter (a) Schematic design (b) 180° Output
phase shift [27]

Another design is that shown in Figure 1.20, where the coupling principle is exploited
as well in both reference and main lines to achieve various differential phases, for

instance 45°, 90° and 135° [31].
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Figure 1.20: Multi-section coupled line phase shifter (a) Configuration design (b) Output
phase shifts [31]

Despite the simplicity of the coupling structure technique, it comes out that it suffers
from some drawbacks: practical limitation considerations as the desired coupling
factor is not certainly realizable, notably when it becomes very tight. In the other
hand, differential phase shift may suffer from relative high ripples (around 8°) as in

Figure 1.19 (b).
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D) Split-ring resonator:

Left-handed (LLH) transmission lines are artificial structures. They exhibit special
behaviour similar to the medium with negative permittivity and permeability [37].
Consequently, backward-wave propagation with phase delay property is produced.
The LH can be realized by transmission line loaded with sub-wavelength resonators
(Split-ring resonators) [41].

Figure 1.21 depicts a phase shifter design based on split- ring resonator method. The
main line is a transmission line loaded with a split-ring resonator in the ground plane
(Figure 1.21 (b)) and the differential phase shift is evaluated by comparison with an
ideal transmission line, considered as a reference line (Figure 1.21 (a)) .

Since the LH property is only occurred in a limited frequency band, the phase shifters

deploying the discussed technique are roughly narrow-bandwidth (Figure 1.21 (c)).
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Figure 1.21: Phase shifter based on split-ring resonator (a) Reference line (b) Main line (c)
255° Differential phase shift [41]

E) More complex designs (Hybrid designs):

Another interesting way for phase shifter design is the hybrid technique. With ap-
propriate linking of different methods, it is possible to exploit their advantages and
come up with a new phase shifter designs.

Authors in [42] have aspired from this idea and proposed a new design as shown
in Figure 1.22. The scheme is based on coupled structures and loaded TL tech-
niques. Indeed, the main line consists of a stepped impedance open stub (a load) and
a coupled-Line. The design provided an output phase shift of 90° with 4+5°, more
than 10 dB return loss and less than 1.1 dB insertion loss, in the frequency band

0.75-2.4GHz (Figure 1.22 (c)).
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Figure 1.22: Phase shifter based on Hybrid technique (a) Schematic design (b) Prototype (c)
90° Differential phase shift [42]

1.5.3 Discussion

When observing the literature designs, we can conclude that diverse and attractive tech-
niques have been proposed, studied and effectively realized. Moreover, the obtained per-
formances are good and applicable in various domains. Nevertheless, many drawbacks

can be outlined:

Complexity of structures,

Limited design possibility, notably when using printed circuit board (PCB) technol-

ogy, due to the extremely small dimensions of some configurations,

High output phase ripples (more than 8°),

Narrow bandwidth,

High insertion loss in some cases (more than 3 dB).

1.6 Antenna decoupling techniques and challenges

1.6.1 Metrics for decoupling performances evaluation

Isolation level is the first metric to evaluate the decoupling between closed antennas.
Generally, the isolation is related to the S-parameters of the array (.5;;) which quantifies

the amount of energy exchanged between the i and the j** radiators. In addition,
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different other metrics may be used to evaluate the coupling effect, such as envelope

correlation coefficient (ECC), diversity gain (DG) and TARC.

A)

B)

C)

Envelope Correlation Coefficient (ECC):

ECC refers to the relationship between signals at the array antenna ports as it mea-
sures the degree of similarity of those signals. It is a necessary metric to evaluate
the system performances and channels correlation in MIMOs. High mutual coupling
leads to high ECC, hence this parameter is expected to be low for better performances.
ECC of less than 0.5 is considered as acceptable value to ensure good diversity [43].
Different methods are developed in the literature to calculate the ECC, using either

S-parameters or radiated fields [44] as expressed in (1.3) and (1.4) respectively.
|551512 + S5, S0

(1= (191> + [521[)) (1 = (|S22|* + [S12[?))

| [ Fi(8,¢) x F5(8,0)d?

- f4f |F1(97s0)|2d9f4f | Fo(6, )|2dS

ECC =

ECC

Where S;; are the scattering parameters of the elements, F;(6, ¢) is the field radiation

pattern of the i*" radiator, and X denotes the Hermitian product.

Diversity Gain (DG):

Diversity gain is important parameter in evaluating multi-radiator systems. It pro-
vides an idea about the reliability of considered system. In contrast to the ECC, DG
is expected to be high for better isolation. DG is directly dependent on the correlation

coefficient as described in (1.5) [45].

DG =10 x \/1— |[ECCP (1.5)

Total Active Reflection Coefficient (TARC):

TARC is defined as the ratio of the square root of the total reflected power and the
total generated power [46]. It is introduced to evaluate the radiation performance and
the bandwidth of multi-port antennas. TARC depends on the impedance matching

and radiation efficiency as expressed in (1.6). For good performances, this parameter
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is desirable to be less than 0dB.

>y bl
TARC = V=21 (1.6)

i—N
Z;:I |ai|?

Where a;, b; and N are incident signal, reflected signal and the number of antennas,

respectively.

1.6.2 Decoupling techniques

We stated before (section 1.4.4) that mutual coupling has serious effects on MIMO sys-
tems, since it changes the antenna characteristics, therefore degrades the whole system
performances. The mutual coupling may be partially calibrated out in the digital domain,
however the use of decoupling techniques by means of physical implementation is more
effective in order to overcome this challenge [47]. Consequently, various methods and
mechanisms were developed to achieve the decoupling purpose. Figure 1.23, summarizes

some popular decoupling techniques available in the literature, and will be discussed in

this section.

[ Mutual Coupling Reduction Techniques ]

—)I Complementary Split ring Resonator (CSRR)

4

Defected Ground Structure (DGS)

—>| Decoupling Networks |

Electromagnetic Bandgap Structures

A 4

>| Neutralization Lines

> Parasitic or slot Elements

Figure 1.23: Summary of some mutual coupling reduction techniques [23]

A) Defected Ground Structure (DGS):
Defected ground structure (DGS) refers to the defects, slots or other shapes integrated
on the ground plane of the array. This emerging technique contributes significantly to
reduce mutual coupling and to the improvement of MIMO parameters (bandwidth,
polarization and gain) [48],[49].
Some recent works used this method [50]-[52] to overcome the coupling issue. In [50],

a periodic S-shaped unit has been placed between two radiating patches to reduce
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B)

Figure 1.24: Mutual coupling reduction using DGS [50]

mutual coupling (Figure 1.24). The etched unit reduces significantly the amount of
current to travel from one port to the other one and confines those currents in limited
ground area. Therefore, High port isolation of about 40 dB is achieved.
Complementary Split-Ring Resonator (CSRR):

Generally, periodic structures of metallic ring, shunt strip or capacitive gap are known
to be complementary split ring resonator (CSRRs). They are often used for filtering
and isolation purposes [53], [54].

Triangular-shaped =======s===cee____
elements

s
-

——— -

L-shaped
stubs

SEsEEEEEEEEEEREREp

Figure 1.25: Mutual coupling reduction using CSRR [55]

In Figure 1.25 are depicted two triangular radiating elements [55]. A CSRR with
L-shaped stubs are introduced in the structure for antenna decoupling. The stubs are
considered as reflectors and the CSRR is an LC-circuit which prevents the currents to

reach antenna ports, hence a considerable improvement in mutual isolation is noticed.
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C)

D)

Neutralization Lines:
The principle of this method is based on creating an opposite coupling (at given fre-
quency) through neutralization lines, performed as metallic slit or lumped element,

which are used to dispatch waves between antennas [56], [57].

l]fol!l’ I POR"_‘?:.
4_|—|\$2
\ 14 —

Monopole 1 Monopole 2

0.3 mm neutralization line width

Monopole 1 Monopole 2

/’—_—\_/_,_

Figure 1.26: Mutual coupling reduction using Neutralization Lines [58]

Authors in [58] inspired from this method to develop a printed neutralization line
linking two short-circuited monopoles (Figure 1.26). Hence, the isolation can be con-

trolled by varying the neutralization line length, position and connecting points.

Parasitic or Slot Elements:

The mutual coupling is reduced by creating two opposite coupling paths [59], [60].
The advantages of this technique are mainly: simplicity of design, compact size and
production flexibility using PCB technology [23].

The example illustrating this concept is depicted in Figure 1.27, where a single radi-
ating patch is shared to form a MIMO antenna [61]. The design comprises two ports
fed through perpendicular meandered microstrip lines. Mutual coupling is reduced
by an open stub (quarter wavelength), a T-shaped slot etched in the centre of the
patch and a small partial ground plane. Furthermore, port currents are driven in
orthogonal directions and leading to a weak coupling magnitude. This mechanism

provides low mutual coupling (-15 dB) between the two ports.
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Figure 1.27: Mutual coupling reduction using Parasitic and slot elements [61]

E) Electromagnetic Band-Gap Structure (EBG):

EBG structure is a periodic arrangement of metallic or dielectric material which
behaves as a high impedance surface. It can be modeled using lumped elements
(capacitors and inductors). Depending on the periodicity of the structure and the
element resonances, multiple band-gaps can be generated. This kind of structures are
able either to block or transmit electromagnetic waves at desired frequency [62].

Generally, for mutual coupling reduction, radiators are surrounded by EBG elements
forming a square ring (called S-EBG configuration). EBG cells may also be arranged
between the antennas (called I-EBG configuration) (Figure 1.28). However, the for-
mer configuration provides highest isolation as it decreases inter-element coupling.

This concept is demonstrated by authors in [63].

S-EBG

Figure 1.28: EBG meshroom for mutual coupling reduction [63]
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F) Decoupling and Matching Networks (DMN):
This technique is extensively exploited in port isolation improvement and antenna
matching. It is based on inserting extra-Transmission-Lines to transform the cross
admittance to a pure imaginary term. The decoupling is then achieved by reactive

lumped components [64].

L
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Figure 1.29: Mutual coupling reduction using DMN [65]

Figure 1.29 illustrates this method, and an isolation of about 28.9dB is achieved [65].
Beside the discussed methods, there exist many other techniques used in the decou-
pling topic, such as Dielectric Resonator Antenna (DRA) [66], reconfigurable antenna

[67] and metamaterials antenna [68].

1.6.3 Discussion

Several decoupling techniques have been proposed and discussed in literature. Most of
authors adopt 17 dB to 20 dB as a required isolation level (threshold of mutual decou-
pling).

Depending on the method, different performances can be obtained such as wide band-
width and low correlation by DGS and CSRR techniques. The neutralization line is also
a simple method leading to isolation improvement. Compact size can be achieved by
parasitic or slot element technique. EBG structures provide lower bandwidth and good
isolation at the cost of complex periodic architectures. Furthermore, decoupling networks
are also adopted in decoupling issue, since they are simple and offer acceptable perfor-

mances. Other methods such as DRA, reconfigurable and metamaterial antennas are
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somehow more complex and require expensive manufacturing tools.

Antenna decoupling is a very sensitive field of research since it is directly related to the
development of next generation communications systems (5G and beyond, MIMO and
massive MIMO). Therefore, a careful study should be devoted to this area in order to
enlighten the mutual coupling phenomenon, understand the techniques of port-isolation

improvement and mitigating the coupling challenge.

1.7 Conclusion

This chapter was devoted essentially to discuss some challenges in modern wireless commu-
nication systems. SDR are found to be very attractive concept in developing such systems,
due to the flexibility and reconfigurability they offer. Consequently, some challenges in
antenna and front-end designs are raised to achieve recent application requirements such
as: antenna pattern reconfiguration and phase shifters design.

Further, multi-antenna systems are discussed as a promising solution for next-generation
wireless systems such as 5G and beyond, in which improved performances are desired for
higher data rate and more compactness. Hence, the implication of MIMO antenna design

is presented and the mutual coupling problem is then deeply investigated.
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Antenna Pattern Reconfiguration

2.1 Introduction

With the rapid development of the advanced and miniaturized wireless communications
systems, need of the dynamic reconfiguration even in frequency or in pattern has become
of important priority. The main reason of this challenge is providing compact wireless
systems capable of adapting their behavior with respect to the environment to ensure
best performances. This is well known in case of cognitive radio applications where the
frequency reconfigurability is the main challenge.

Pattern reconfiguration is another important area of research which allows higher diversity,
increases channel capacity, mitigates multi-path fading and noisy environments, improves
radiation coverage and saves energy by directing signals towards the desired direction,
notably in MIMO systems. A lot of researchers are interested in this idea and resulting
to many different designs providing possibility of pattern reconfiguration [8], [11], [69]-
[82]. Three common methods are used for this purpose: parasitic tuning, element phase
shifting and co-located radiating aperture [9]. However, all the designs reported in these
references suffer from complexity, requiring extra structures, lot of lumped components
and phase shifters which occupy considerable space [14]. In addition, the reconfiguration
is narrow band.

In this chapter, a simple approach is proposed to achieve pattern reconfiguration of UWB
CPW-Fed monopole antenna. The antenna, as designed, is capable of switching between
three different states of its pattern in a wide reconfiguration band without changing size
or form of the monopole. The design is therefore suitable in diversity applications and

may allow enhancing channel capacity.
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2.2 Pattern reconfigurable antenna classification

2.2.1 Shifting the main beam while keeping the pattern shape

Several designs available in the literature about pattern reconfiguration concern the main
beam shift and maintain the initial pattern shape [83]-[85].

Authors in [84] present a reconfigurable parasitic array as seen in Figure 2.1. Switched
parasitic elements are used in each side of the central radiator. Controlling the switch
state allows shifting the maximum radiation into three different directions: -35°, 0°, +35°

(Figure 2.2). The beam steering does not alter the original pattern shape.

J TTT_
;f Fi\ I d
5 JL I JL N

H

Figure 2.1: Reconfigurable microstrip parasitic array [84]

— Meas Co-Polar ; = Meas Co-Polar S Meas Co-Polar
-« Meas Cross-Polar Meas Cross-Polar Meas Cross-Polar
---- Sim Co-Polar : ---- Sim Co-Polar ---- Sim Co-Polar

o081 0081 0081

Figure 2.2: Radiation pattern of the reconfigurable microstrip parasitic array [84]

Another design providing pattern reconfiguration is that of [85]. The pattern of a rect-
angular patch is tuned by combination with two folded dipoles inserted in left and right

side of the central radiator (rectangular patch) (Figure 2.3). Hence, four beam directions
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(Figure 2.4) can be obtained by judicious setting of four switches (A, B, C, D) used as

alternate connection or disconnection between the patch, folded dipoles and the ground.

) -
= -

65 mm

Figure 2.3: Rectangular patch antenna with parasitic folded dipoles [85]

Figure 2.4: Radiation pattern of the reconfigurable patch antenna [85]

2.2.2 Shifting the main beam and changing the beam shape

In this category of reconfigurable antennas, the main beam can be steered to different
directions, however the pattern shape may be changed [86]-[88].

In [86], monopole antenna is combined with dipole antenna and reflector to provide beam
steering capability (Figure 2.5). Depending on the switch states, the proposed antenna
may operate as monopole (omnidirectional pattern) or directional antenna obtained by
combining dipole and reflector (Figure 2.6).

Parasitic microstrip architecture is also proposed in [88] in order to achieve beam steering.
Active and passive elements compose the antenna (Figure 2.7). Switches are used to
activate or deactivate a given parasitic part in order to obtain desired pattern. Thus,
the antenna may radiate omnidirectional or directional patterns (Figure 2.8) with pattern
shape changing. This kind of designs may be interesting in signal detection, positioning

and direction of arrival applications.
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Figure 2.5: Reconfiguration principle and prototype [86]
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Figure 2.6: Radiation pattern of the reconfigurable monopole antenna [86]

Active element

— Parasitic elements

Figure 2.7: Prototype of the parasitic antenna[88]
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Figure 2.8: Radiation pattern of the reconfigurable parasitic antenna [88]

2.2.3 Multiple reconfigurable antenna features

In such antennas, different characteristics may be tuned. Generally, reconfiguration in-
cludes: operating frequency, radiation pattern and polarization. The reconfiguration can
also be individual (one parameter at a time) or multiple (several parameters are tuned
at a time). The choice is basically related to the application requirements such as diver-
sity in MIMO systems, channel capacity improvement, mitigating interferences, spectrum
opportunity and so on.

Several examples are proposed in the literature. In [89], frequency and pattern reconfig-
urable slot antenna is designed (Figure 2.9). The slot is controlled by two switches to
produce three reconfigurable bands: 1.82 GHz, 1.93 GHz and 2.10 GHz (Figure 2.10).
Further, the antenna is capable of controlling the pattern direction by using slits intro-
duced in the ground plane, hence three main beam angle are obtained (-15°; 0°, +15°) as

depicted in Figure 2.11.

Figure 2.9: Frequency and pattern slot reconfigurable antenna[89]
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Figure 2.10: Frequency bands of the slot reconfigurable antennal[89]

Figure 2.11: Pattern of the slot reconfigurable antenna[89]

Truncated monopole antenna is proposed in [90] to achieve pattern and polarization re-
configuration. The antenna is fed through microstrip line and presents compact structure
(Figure 2.12). Two meander lines are excited alternatively by two switches, thus polar-
ization diversity is achieved. Depending on the excited meander line, different radiation
patterns can be obtained (when vertical line is excited, maximum radiation is in  — 2
plane. The horizontal line provides maximum radiation in y — z plane) (Figure 2.13). The

design is suitable in channel capacity improvement of communications systems.

Figure 2.12: Pattern and polarization reconfigurable antenna[90]

In addition to the previous examples, authors in [91] proposed a Rhombic patch antenna
reconfigurable in frequency, pattern and polarization. The architecture is composed of

a rhombus radiator with three excitation lines (Figure 2.14). The antenna operates in
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Figure 2.13: Radiation pattern of the meander antenna|90]

two bands: 5.2 GHz and 5.8 GHz (Figure 2.15) with linear, circular and + 45° slant
polarization. Switches are used to provide reconfiguration and pattern can be steered

toward £ 30° (Figure 2.16).

FR4 >

Patch—>]

DC Blocking capacitor(C)=20pF
RF Choke inductor(L)=33nH
l—Ground

5 Frequency(GHz) 5.5

Figure 2.15: Frequency reconfigurtion of the Rhombic antenna[91]

o4



CHAPTER 2. ANTENNA PATTERN RECONFIGURATION
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Figure 2.16: Pattern reconfigurtion of the Rhombic antenna[91]

2.3 Reconfiguration task implementation

Antenna pattern reconfiguration may be obtained in various possibilities. Changing path
current by switches, insertion of parasitic elements and affecting current behaviour by dif-
ferent loading are some of those possibilities [92]. The question is then, how to implement
practically these methods?
PIN diodes and MEMS are the most used components in reconfiguration task. They are
known to be electronic switches. Many designs use PIN diodes [85], [93], [94] or MEMS
[95], [96] to achieve reconfiguration.
PIN diodes require relatively high voltage (some volts) and they are somewhat power
consuming (can reach 50 mW). Figure 2.17 illustrates an example of PIN diodes (Skyworks
SMP1320-011LF) in two states "ON state” and ”OFF state”. One can notice that even
the diode is ON, it still presents a small resistor effect.
° T
L=1nH 3 —

C;=0.23 pF T § R, =600 Q
R.=075Q = |
o l
a) diode ON b) diode OFF
Figure 2.17: PIN diode model [97]

MEMS switches, however are advantageous. They present lower resistance in ON state,
negligible capacitance, low insertion loss and high isolation with small dimensions. They

are also low power consumption.
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2.4 Proposed approach for reconfiguring the pattern of an UWB

CPW-Fed monopole antenna

2.4.1 Antenna design and configuration

A) Introduced reconfiguration shape and principle of operation
By analyzing the current distribution of a CPW-Fed monopole, we can notice that
this distribution is in its maximum value in areas near the ground plane (Figure 2.18),
this behaviour is owing to the coupling currents between the radiator and the ground
plane. Furthermore, the symmetrical current distribution provides symmetrical pat-

tern of the monopole hence the omnidirectional behavior.

High current distribution

Figure 2.18: Current distribution in the ground plane of a CPW-Fed monopole antenna

To redirect the main beam to one side instead of the two sides, a dis-symmetry of
the radiator current distribution has to be performed; this is done by introducing a
VIVALDI shape (slot) in the ground plane as seen in Figure 2.19. The slot can be
designed by following equations (3.13) while the flare opening rate r is a crucial pa-
rameter which should be carefully studied in order to maintain UWB feature. Since
this shape is UWB, its flare reduces significantly the currents to distribute symmet-
rically in the radiator, then the modified side (open side) contributes weakly in the
far-field radiation. Furthermore, a switch is introduced to allow opening and/or clos-
ing the flare, thus the reconfiguration can be achieved. The proposed approach may

be applicable for different CPW monopoles as will be detailed next.
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Figure 2.19: VIVALDI shape introduced in the ground plane of the monopole antenna

B) First application: Printed stepped rectangular monopole antenna
The first application of our proposition is the stepped rectangular coplanar wave-
guide fed monopole (CPW). The antenna is designed on FR~4 substrate of thickness
1.6 mm, dielectric constant of 4.3 and loss tangent of 0.025. Dimensions of the antenna
are depicted in Figure 2.20, and more details can be found in [98]. The monopole is
UWRB as the operating frequency extends from 3 GHz to more than 11 GHz (Figure
2.21), with omnidirectional radiation (Figure 2.22).

34 mm

36 mm

1.8 mm

4

Figure 2.20: Printed stepped rectangular monopole antenna

The reconfiguration approach is applied to this antenna and the new shape is depicted
in Figure 2.23, where r is set to 0.8 after being optimized by CST Software. Depending

on the presence or absence of conductor, the switches are considered as close or open

respectively.
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Figure 2.21: Reflexion coefficient S1; of the printed stepped rectangular monopole antenna

0

180
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Figure 2.22: Radiation pattern of the printed stepped rectangular monopole antenna

Figure 2.23: Printed stepped rectangular monopole antenna with switched VIVALDI ground
plane shape
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C) Second application: Printed circular disc monopole antenna
This second application concerns a printed circular disc CPW-Fed monopole, designed
on FR-4 substrate of thickness 1.6 mm, dielectric constant of 4.3 and loss tangent of
0.025. Design guidelines follow those reported in [99], with disc radius of 12.5 mm.
The introduced slot is characterized by a flare opening rate r of 0.55. Figure 2.24
depicts the proposed antenna. UWB and omnidirectional radiation are the main

features of the disc monopole as well (Figure 2.25 and Figure 2.26 , respectively).

Figure 2.24: Printed circular disc monopole antenna with switched VIVALDI ground plane
shape

et
)

S11(dB)
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J

=35

1 2 3 4 5 6 74 8 9 10 11 12
Frequency / GHz

Figure 2.25: Reflexion coefficient Si; of the disc monopole antenna
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180
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Figure 2.26: Radiation pattern of the disc monopole antenna

2.4.2 Results and discussions

A) Case 1: Printed stepped rectangular monopole antenna
All simulations are carried out using CST Microwave Studio Software. Switches (PIN
diodes) are supposed to be ideal in first time; this means that the presence (or absence)
of conductor indicates closed/opened state respectively (Figure 2.23).
Figure 2.27 depicts the reflection coefficient Si; of the antenna in its initial form and
with VIVALDI ground plane. It is obvious that the introduced shape does not affect
the impedance matching of the antenna from 2.7 GHz to 7 GHz, hence its wide band

characteristic is still valid.

= S11_Initial_Form
= S311_Vivaldi_Ground

-20

S11(dB)

-25

-30

-35

Frequency(GHz)

Figure 2.27: Reflection coefficient S1; of the printed stepped rectangular monopole antenna
with and without switched VIVALDI ground plane

Further, symmetrical /asymmetrical current distributions in the initial /modified form
of the antenna can be easily distinguished from Figures 2.18 and 2.28, respectively,

as discussed in section (2.4.1).
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Figure 2.28: Asymmetrical current distribution in the modified antenna

Table 2.1: Reconfigured radiation pattern of the stepped rectangular monopole

GHy Initial form Left switch open Right switch open XY plane
5.5

6

6.5

7 P

In Table 2.1 are compared the radiation patterns of the proposed antennas with the
initial ones in the band of reconfiguration. Moreover, 3D pattern and different plane

cuts are shown. We observe that opening a switch in one side shifts the main beam into
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the opposite side, thus we can distinguish three states of the pattern: left side (right
switch open, left one closed), right side and both sides (both switches are closed).
From this, we conclude that effectively, the introduced approach allows shifting the
main beam with respect to the state of the switches.

B) Case 2: Printed circular disc monopole antenna
The same methodology is followed in this second application, and all the results are

depicted in Figure 2.29 and Table 2.2.

e S11_Initial_Form
e S11_Vivaldi_Ground

-20 4

$11(dB)

25 4
-30 4

-35 4

Frequency(GHz)

Figure 2.29: Reflection coefficient S71 of the printed circular disc monopole antenna with and
without switched VIVALDI ground plane

The difference noticed in this case is that the impedance matching is altered in the
lower band: 3.2 GHz-4.5 GHz (Figure 2.29). This may be explained by the fact that
the ground plane contributes significantly in the matching of the radiator (Disc) in

this band. Hence, slotting the ground provides the noticed mismatching.

2.4.3 Experimental considerations

The practical design of such reconfigurable antennas needs a special care since external
components are used (PIN diodes are used as switches). First, 0.3mm-width slots are
introduced in the ground plane to separate the two ports of the switches and to ensure a
voltage difference in between (DC isolation), however RF continuity of the ground plane
has to be guaranteed, hence 100-pF surface-mount RF capacitors are used to bridge the
slots and nearly providing a short circuit (0.6 Ohm). BAR50-02V PIN diodes are used

in this design and their effect is taken into account in the simulations by inserting their
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Table 2.2: Reconfigured radiation pattern of the circular disc monopole

GH Initial form Left switch open Right switch open XY plane
z

Main lobe direction = 65.0 deg.
o

. 330
~

S-parameters provided by the constructor. Figure 2.30 depicts the new practical design in
which slots, capacitors and PIN diodes are clearly shown. Furthermore, the manufactured

prototype is shown in Figure 2.31.

Figure 2.30: Practical considerations in the proposed design
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Figure 2.31: Fabricated prototype

The equipment in-availability constraint allowed us to measure only the reflection param-
eter Sy; by the Network Analyzer at CDTA (Centre de Développement des Technologies
Avancées). The radiation pattern measurements need anechoic chamber which is not in
our possession. Figure 2.32 shows the simulated and measured S;;, taking into account
PIN diodes S-parameters. Since maximum operation frequency of BAR50-02V PIN diodes

is 6 GHz, the measurements are carried out until this maximum frequency.

5 5 ; ;| —— Simulation(switches ON)
E : : —e— Measurement (switches ON)
0 S i| ~—— Simulation(one swicth OFF) e

S11(dB)

-40 . d . d . d : ; . |

Frequency (GHz)

Figure 2.32: S;; simulations and measurements

A small disagreement in simulated S;; parameter is noticed, particularly in case of OFF
switches, this occurs because the impedance matching of a CPW-Fed antenna is tightly
dependent on the shape of the ground plane and its distance to the radiator. To overcome
this difficulty, a careful study of the flare opening rate and switch position need to be per-
formed. A good selection of switches with suitable S parameters is another concerned
component.

In this work, our optimization study with using available BAR50-02V PIN diodes lead
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to the results of Figure 2.32. One can notice that measurements are somehow shifted to
higher frequency since -10 dB measured bandwidth, in case of ON switches (Blue line),
starts from 3GHz instead of 2.5GHz of simulated one (Red line). The same remark is
noticed as well in case of OFF switches as the measured notch is found around 4.2GHz
(Crimson line) and the simulated one is around 3.5GHz (Green line). In addition to the
fabrication process uncertainties, the noticed issues may be explained by the integration
of the PIN diodes with soldered feeding cables in the ground plane, also the permittivity
instability of the cheap substrate (FR-4) may be another important tender of this dis-
agreement. Albeit those discrepancies in the lower band, we can conclude that acceptable

agreement between simulations and measurements is obtained in the reconfiguration band

(4.5 GHz-6 GHz).

2.4.4 Conclusion

A simple pattern reconfiguration approach is presented. It is based on introducing VI-
VALDI shape in the ground plane of CPW-Fed antennas. This idea comes from the UWB
(theoretically infinite bandwidth) principle characteristic of the VIVALDI shape. There-
fore, we believe that this UWB feature allows modifying the radiator current distribution.
Hence, the ability to control the antenna pattern is allowed around a wide band frequency.
This is an advantage when comparing to the literature techniques which, in most cases,
lead to narrow band reconfiguration.

In this chapter, two examples are used to validate our approach; CPW-Fed stepped rect-
angular and CPW-Fed disc monopole antennas. The pattern reconfiguration is achieved
by switching. Furthermore, a prototype is realized and measurements are performed. De-
spite some noticed discrepancies, a reasonable agreement between simulations and mea-
surements has been achieved.

The proposed approach has been published in The 7¢* Seminar On Detection Systems:
Architectures and Technologies (DAT 2017, IEEE indexed).
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Microwave Phase Shifters

3.1 Introduction

Microwave components have become of important priority in diverse modern radiofre-
quency (RF) systems. Antennas, filters, couplers are some examples of those crucial
devices. Phase shifters are also key components in recent technologies dealing with RF
challenges, hence various applications motivate the use of phase shifters as driver devices,
for instance: phased array antennas, beamforming networks, modulators, radars, mea-
surement systems and many other industrial applications.

Design a wideband phase shifter with high performances including: low insertion loss and
stable output phase shift is a very challenging issue. In addition to these requirements,
the device should be compact and easily manufacturable, as the need for different types
of miniaturized structures is growing up as well in order to provide compact and efficient
devices.

Many designs available in the literature [25], [27], [42], [100]-[103] suffer from three main
drawbacks: narrow bandwidth, high phase ripple and complexity of the structure. How-
ever, in some recent works, UWB and low phase ripple are achieved [30], [33], [34]. In
[37], a planar dual frequency phase shifter is described. It exploits the phase-delay char-
acteristics of complementary split-ring resonator to provide 180° phase shift at 2.4 GHz
and 90° phase shift at 5.4 GHz, however the proposed scheme is frequency limited as it
operates only at 2.4 GHz and 5.4 GHz.

In this chapter, new alternatives for phase shifters design are demonstrated. The first
design is based on UWB coupled sections settled to provide 180° output phase shift, the
second one consists of comparing two inverted transitions which leads to frequency inde-

pendent 180° phase shift between them, and the third design is an UWB 45° phase shifter
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based on tapered coupled transitions. All measurements were carried out at CDTA.

3.2 Frequency Independent 180° Phase Shifter Based on UWB

Coupled Sections

A novel Ultra-Wideband (UWB) 180° planar phase shifter is proposed in this first con-
tribution. The design is mainly based on coupled sections which are realized by inserting
slots into the common ground plane of the multilayer circuit. Further, the structure is

theoretically analyzed as a four port network to explain the main characteristics.

3.2.1 Analysis and formulation

The proposed schematic design is depicted in Figure 3.1. It is a multilayer structure in
which two UWB slot-coupled transitions are etched as in [33], and [104]. Input ports
(ports 1, 1) and output ports (ports 2, 2’) are connected through 50 Ohm Microstrip

lines.

Bottom layer

Figure 3.1: Schematic design of the proposed phase shifter

Analysis of this structure can be done by considering the circuit as a juxtaposition of two
four-port devices (two ports in each layer). One of them is taken as a main line in which
two ports (3 and 4) are short-circuited, the other four-port circuit is the reference line
with ports 3’, and 4’ are open-circuit (Figure 3.2 ).

Let us note K as a coupling factor of the elliptical slot transition and a;, b; are input,

output signals at port i respectively. As in [33], [105] and [106]:
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Figure 3.2: Four-Port Network analysis of the proposed design
jKsin(B.l)as + (V1 — K*)ay
(V1 — K*)cos(Bel) + jsin(Bel)
jKsin(Bl)ay + (V1 — K*)as
(V1 — K*)cos(Bel) + jsin(Bel)
by — JKsin(Bl)ay (3.3)

(V1 — K?*)cos(Bel) + jsin(Bel)
(\/ 1— KQ)al

by = 3.4
(V1 — K?)cos(Bel) + jsin(Bel) (34)

Where [ is the physical length of the coupled structure and . is the effective phase
constant in the medium of the coupled structure.

Since ports 3 and 4 are short-circuited, the reflection coefficient b3/as = by/ay = —1, thus:

S = b [ K1+ sin?(Bel))] (3.5)

ar [(v1— K*cos(Bel) + jsin(Bel)]?

g, = _ —2jK(V/'1— K)sin(B.1) (3.6)

ar [(v1— K*cos(Bel) + jsin(Bel)]?

Output phase shift of the transmitted signal (from port 1 to port 2) is given by S

argument in (3.6), as:

Pmaine. — Arg(821)
= —90° — 2arctang{

sin(fPel) } (3.7)
(V1 — K*)cos(Bel)

Same analysis is done to the reference line in which the ports 3’ and 4’ are open-circuit
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(reflection equal to 1). Hence the phase shift is:

3 l
Pref,,., = +90° — 2arctcmg{ sin(B) } (3.8)

(V1 — K*)cos(B.l)

Comparing the phase of reference and main lines (Figure 3.1, Figure 3.2) leads to the

differential phase shift as follows (taken between ports 2 and 27):

ASD = @maincc - Sorefopen (39)

From (3.7), (3.8) and (3.9), we get A = —180°. This phase difference is theoretically

frequency independent.

3.2.2 Phase shifter design and results discussion

In this section, we tend to prove that the proposed idea of 180° phase shifter is applicable.
To achieve this purpose, real measurements have to be performed.

Short-circuited ports in the main line allowing a pure reflection of almost (-1), as discussed
previously, are realized using via holes [107]-[109]. Optimization of dimensions; radius r
and position p of the via hole in the structure (Figure 3.1), is studied using CST Microwave
Studio as a simulation tool.

Figure 3.3 shows the variation of the phase shift (Ay) for different values of the radius
r and the position p. It is observed that the phase shift is considerably affected by the
variation of r and p. Hence, to avoid high Ay ripples, the radius r and the position p

need to be carefully chosen. Details of optimized dimensions are depicted in Figure 3.4.

-170 4 -170 4

-175 4

’g -180 4 )
[e)] o
s s
& 1851 | ——p=0.25 S
—p=0.2
ol —p=0.15
—p=0.1
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(@) (b)

Figure 3.3: Parametric study of the via hole dimensions (a) Output phase shift for different p
(b) Output phase shift for different r

70



CHAPTER 3. MICROWAVE PHASE SHIFTERS

Figure 3.4: Optimized dimensions r, p in (mm) of the via hole

The manufactured prototype, as shown in Figure 3.5, consists of two coupled-microstrip
elliptical transitions etched on Rogers RO4003C (e, = 3.38, h=0.508 mm and loss tan-
gent=0.0027) substrate. The dimensions of the design are initially based on the pro-
cedure reported in [33], then optimized by CST Microwave Studio software. The ports
are connected to 50 Ohm Microstrip transmission lines of width wy obtained using stan-
dard formulas presented in [110], [20]. The final design dimensions (Figure 3.1) are:
wy = 1.2mm,l = 7.1mm,d = 4.75mm, and D = 7.3mm. One can notice the compact-
ness of the structure, since its total size is 25 x 30 x 1mm?3.

Figure 3.6 presents the simulated and experimental amplitude characteristics of the design
(main line). Tt is noticed that simulations and measurements are in good agreement.
Moreover, return loss is more than 10 dB and insertion loss is better than 0.95 dB for

both simulation and measurement results in the frequency band 3-10.2 GHz.

Output phase simulation and measurement results are depicted in Figure 3.7. The simu-
lated differential phase shift is around 180° + 3° and the measured one is 180° + 6° in the
frequency band 1-10.2 GHz. The measured and simulated output phase shift are in line.
Small discrepancies are noticed mainly due to the fabrication process tolerances and the

alignment of the two layers forming the structure.

Figure 3.5: Photograph of the manufactured phase shifter

71



CHAPTER 3. MICROWAVE PHASE SHIFTERS

E

T 20t R ML gl M

[

.

Q

b " 1

g —S11 Simulated

= —O—S“ Measured

= S,, Simulated

o —— S21 Measured
-40 —tt

1 2 3 4 5 6 7 8 9 10 11

Frequency(GHz)

Figure 3.6: Simulated and measured S parameters of the designed phase shifter

= -150 -

g 1 ! ! ! : ! ! ' ! :

@ -160 S e R [ S [N

3 i | 1 1 Simulation

Q 1 | | |

PR (T e R R Ameh po------- —&— Measurement |-

o

T« -180

=

c

% -190

£ ] ] : : : : ' ' ' '

0 200 —
1 2 3 4 5 6 7 8 9 10 11

Frequency (GHz)
Figure 3.7: Simulated and measured output differential phase shift

Therefore, to get frequency independent 180° phase shifter as explained in the theoretical
formulation, we need to guarantee the following three basic conditions: perfect matched
ports (50 Ohm), pure short-circuited ports in the main line, and identical main and ref-
erence lines. All these previous requirements must be valid at any frequency, which is
not easily achievable. We not that the bandwidth achieved by our design meets most of

practical applications requirement, as it extends from 3 to 10.2 GHz.

3.2.3 Summary of the first achievement

An UWB phase shifter is presented. The main idea revealed in this work consists of
comparing two identical structures with short-circuited ports in the main line. This
method provides frequency independent 180° phase shifter. The design is a multilayer
structure which uses slot-coupled transitions leading to the UWB characteristics. Theo-

retical formulations explaining the frequency independence behavior are presented as well.
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The proposed approach is validated after comparing the simulated and measured results.
Measurements reveal that the proposed design achieves a compact 180° phase shifter with
better than 6° phase stability, less than 1dB insertion loss, and better than 10 dB return
loss within the band 3-10.2 GHz.

Compactness, multilayer structure and stable output phase shift across an UWB allow the
proposed device to be a suitable candidate in several modern applications. For instance,

multilayer integrated circuits.

3.3 Novel Flowchart Design of Frequency Independent 180° Phase
Shifters

This second contribution describes the design guidelines for frequency independent 180°
phase shifters. The proposed configuration is based on microstrip slot transition technique.
The frequency independence feature is due to comparing two quasi-identical structures
and the phase inversion (180°) is related to the chosen inverted orientation of the main line
compared to the reference one. The design is very simple, free from via-holes, frequency

independent and highly stable.

3.3.1 Design and analysis
A) Phase shifter architecture

< >

(b)

Figure 3.8: Schematic design of the proposed phase shifters (a) Circular terminated configu-
ration (b) Radial terminated configuration

The schematic design of the proposed phase shifter is depicted in Figure 3.8. It is a
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B)

fully planar device in which the main and reference lines are microstrip slot transition
based technique [35]. The reference line is a direct transition; it consists of two parallel
microstrip lines coupled through the dumbbell slots etched on the ground plane. The
main line however, is an inverted transition; it is identical to the reference line with
inverted orientation of the coupled microstrip lines. For good power transmission,
the microstrip and slotline sections have to be ended with suitable reactive loads,
hence they are virtually short and open circuits terminated (Figure 3.8). Circular,
radial, and rectangular/uniform line or multi-arm lines (stubs) are common used
configurations for such terminations [35], [111].

Principle of operation

The input signals are guided to the output ports through the narrow slot in the
common ground plane. Beside the phase shift introduced by the physical length of
the direct/inverted microstrip slot transition, additional 180° is inserted in the signal
main path due to the chosen orientation of the inverted transition (back-to-back
connection) which allows E-field lines propagate regularly in opposite direction as

depicted in Figure 3.9.

SR

L ;ﬁe‘l(l'.- Lo :
. distribution. 1 T Ak

Figure 3.9: Simulated E-field distribution in the direct/inverted microstrip-slot transition

Moreover, the mechanism of E-field inversion in the main line is detailed as follows:
referring to Figure 3.10 and considering E-field distribution associated with the cou-
pled transition; the input E-field (near the transition) which is in the —y direction
leads to a slotline wave with E-field in the x direction. In the second side (output),
the x-directed E provides an output microstrip E-field lying in +y direction. Thus,
the E-field is inverted from —y to +y, which amounts to 180° inserted phase [112].

Hence a simple comparison between the main and reference lines cancels the intro-
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Figure 3.10: Mechanism of the E-field inversion (a) Inverted transition view (b) E-field evolu-
tion in the slotline [112]

duced common phase shift (due to line length transitions) and only 180° is left as
output differential phase which is frequency independent. This can be formulated

mathematically as follows:

Ay = Phase(Sy3) — Phase(Sa;) (3.10)

Phase(Sy3) = Phase(Sa1) + 180° (3.11)

Where S;; indicates the scattering parameters of the four port device and Phase(Sy3)—
Phase(Ss1) denotes the phase difference between the main line (port 3 and port 4)
and the reference line (port 1 and port 2). Thus from (3.10), and (3.11) we find:

Ayp = 180° (3.12)

3.3.2 Results and discussion

To validate the proposed approach, two prototypes were manufactured. One of them is
microstrip circular terminated and the other is radial ended (Figure 3.8). The designs
follow the guidelines reported in [35], [112], and the final dimensions given in Table 3.1
are optimized using CST Microwave Studio as a simulation tool. Input/output ports are
connected through 50 Ohm microstrip lines of width w; calculated using standard formulas
as in [110]. Rogers RT6010 (thickness =0.64 mm, €, = 10.2, and tangent loss=0.0023) is

used as substrate and a photograph of the final prototypes is shown in Figure 3.11. The
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Table 3.1: Proposed phase shifter parameters

Parameters Signification Value (mm)

R Dumbbell slot radius 2

T Circular short-circuit radius 1.6

Ry Radial short-circuit radius 2.97

s Dumbbell slot width 0.3
wy 50 Ohm feeding line width 0.58

w Width of the device 46.5

L Length of the device 13

Figure 3.11: Manufactured prototypes (a) Top view (circular terminated) (b) Top view (radial
terminated) (c) Bottom view (circular terminated) (d) Bottom view (radial terminated)

total size of 46.5 x 13 x 0.64mm? reveals compactness of the proposed device.

Figure 3.12 depicts the amplitude characteristics of the proposed phase shifters. In the
two varieties, it is observed that return losses are not less than 10 dB in both simula-
tions and measurements within the band 2 GHz to more than 12 GHz. The insertion
losses, however vary from 0.36 dB to 2 dB in simulation and from 0.5 dB to 2.1 dB in
measurements. Hence, small discrepancies between simulations and measurements are
revealed. Manufacturing tolerances and alignment mismatching are some main reasons of
those disagreement. Moreover, residual radiations are directly involved in the insertion
losses increase which can be minimized by introducing a conducting enclosure [29].
Figure 3.13 exposes the simulated and measured output phase shift of the two manufac-
tured devices. Simulations reveal 180° + 3° differential phase shifts and measured ones
oscillate smoothly around 180° with less than +3.6° phase deviation for both prototypes
over the band 2 GHz to more than 12 GHz. Thus, observed results are very close and

highly stable.
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Figure 3.13: Simulated and measured differential phase shift (a) Phase shift of circular con-
figuration (b) Phase shift of radial configuration

Besides the good obtained performances, and in order to get the frequency independent

behavior (as expected in theory), we need to guarantee two basic conditions: pure matched

ports (50 Ohm) and perfect inversion of the main line compared to the reference one.

These requirements must be satisfied at any frequency, which is not easily reachable.

We note that the obtained bandwidth extending from 2 GHz to more than 12 GHz is
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widely satisfactory as it exceeds the UWB (3.1-10.6 GHz) and meets most of practical
applications.

A comparison between the proposed design and some recent phase shifters is shown in
Table 3.2 (A, refers to the guided wavelength evaluated in the central frequency of the
operating bandwidth). Our design demonstrates some advantages as the widest operating

band, simplicity and stability with low phase deviation.

Table 3.2: Comparative study between some recent phase shifters

Phase Bandwidth Insertion

Reference Phase(°) drift (°) (%) loss(dB) Size (\g)
[27] 45 ~ 180 +8 100 <0.6 0.5 x0.3
[26] 90 +9 114 <12 0.81 x 0.54
[30] 90 +4 80 <23 0.75 x 0.15

This work 180 +3.6 144 <2.1 0.89x0.53

3.3.3 Summary of the second achievement

This work is a flowchart for designing highly stable 180° phase shifters in a simple manner.
The proposed methodology is based on comparing two direct and inverted microstrip slot-
transitions considered as reference and main lines respectively. Two configurations were
manufactured and tested. The obtained results demonstrate very high performances as
they provide 180° differential phase with less than +3.6° phase deviation, more than 10
dB return loss and less than 2.1 dB insertion loss in the frequency band extending from
2 GHz to more than 12 GHz which widely exceeds the UWB (3.1 GHz-10.6 GHz). In
addition to the achieved good performances, the device is planar, compact and features
low cost. Moreover, the proposed design is frequency and substrate independent which
allow the device to be very attractive to many and diverse modern applications, such as

multilayer integrated circuits and laminated multichip modules.

3.4 Compact 45° Phase Shifter Based on Coupled Tapered Tran-

sition for UWB Applications

In this section, an UWB phase shifter is proposed, it exploits the double microstrip-slot
transition technique. In addition, wide band transition feature is achieved by using a new
proposed shape which is a tapered stripline since these tapered shapes are well known to

be UWB. The designed phase shifter is a multilayer structure composed of a reference
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line (simple transmission line) and a main line (double tapered microstrip-slot transition).

The device provides 45° stable output phase shift across a wide bandwidth.

3.4.1 Proposed structure and analysis

The schematic design of the proposed structure is shown in Figure 3.14. It consists of
two layers (top and bottom) and a common ground plane in between. The reference line
(transmission line) is etched on the top layer and the main line (double microstrip-slot
transition) is a coupled section realized by inserting a rectangular slot in the common
ground plane of the two layers. The tapered shapes are designed using the following

formulas (3.13)[113]:

y = Clem + CQ
B To — X1
G = Tew (3.13)
C T — xoe™Vt
2 p—

ery2 — ey
Where r is the flare opening rate and (z;,y;) are start and end points of the flare in
(x,y, z) system coordinates (Figure 3.14 (d)).

To ensure a good transition coupling, a careful study of the flare opening rate r is carried
out. Optimization of the design is performed by CST Microwave Studio used as a simu-
lation tool. Input/output ports are connected through 50 Ohm microstrip lines obtained
using formulas presented in [110].

The final selected dimensions (Figure 3.14) are: W=40 mm, L= 20 mm, Wy=1.3 mm,
Wy =8.7 mm, Wy=6.5 mm, L;=7.7 mm, the length of the reference line l,cy =29.1 mm
and r=0.8.

The output phase shift is the difference between the reference line and the main line

phases:

A(P = ©main — Pref (314)

Signal transmission between ports 1 and 2 through the coupled transition is evaluated

using So; parameter given by the following formula [33]:

2jK(v/1 — K?*)sin(B.l)
(V1 = E*)cos(Bl) + jsin(B.0)]?

521 = (315)

Hence, the phase shift of the output signal compared to the input signal can be calculated
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End point af the flare

e Crexp™ + Cs

Start point of the flare

(d)
Figure 3.14: Schematic design of the proposed phase shifter (a) Front view of the whole
structure (b) Top layer (¢) Common ground plane (Middle layer) (d) Bottom layer
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from (3.15) as follows:

Omain = 90° — 2arctang{ (3.16)

sin(f.1) }
(V1 — K*)cos(B.l)

Where K is the coupling factor between the top and bottom patches, [ is the physical
length of the coupled structure and [, is the effective phase constant in the medium of
the coupled structure.

A 50 Ohm microstrip line is assumed as a reference line. The phase shift inserted by a

section of microstrip line of physical length [, is:

Pref = _ﬁreflref
(3.17)

67’6
~360° ¥ L et

Where A, €, and f3,.; are the wavelength, effective dielectric constant and phase constant
of the microstrip transmission line, respectively.

The differential phase shift Ay from (3.15), (3.16) and (3.17) is:

sin(Bel)
(V1 — K*)cos(B.l)

Ap =90° — 2a7’ctang{ } + Breflres (3.18)

3.4.2 Results and discussion

The proposed phase shifter is designed and fabricated on Rogers RT5880 substrate of
thickness h = 0.51mm, ¢, = 2.2 and loss tangent = 0.0027. Figure 3.15 depicts the
manufactured prototype. Measurements are carried out by a four port Network Analyzer.
The simulated and measured amplitude characteristics of the device are presented in
Figure 3.16. It is observed that simulations and measurements are in good agreement,

return loss (Figure 3.16 (a)) is more than 10 dB and insertion loss (Figure 3.16 (b)) is

(@ (b)

Figure 3.15: Manufactured prototype (a) Top view (b) Bottom view
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Figure 3.17: Simulated and measured differential output phase shift

better than 1 dB for both simulations and measurements in the frequency band 3-10.6

GHz.

The simulated and measured output differential phase shift is reported in Figure 3.17. By

observing this result, we can conclude that simulation and measurement are very close
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and provide a quasi-stable phase shift of 45°+5° in the frequency band extending from 3
GHz to more than 11 GHz.

Despite the observed good agreement, it is worthwhile to point out that some discrepancies
between simulations and measurements are noticed. This disagreement is basically due to
some common factors: fabrication process tolerance, difficulty related to the superposition
of top and bottom layers and material characteristics dependent on frequency, notably in

the upper band.

3.4.3 Summary of the third achievement

An UWB phase shifter is presented in this section. By exploiting the principle feature of
tapered shapes, a new UWB coupled transition is designed and integrated to provide a
stable phase shifter. The proposed device is compact and efficient since it allows quasi-
stable output phase shift of 45° with low ripples (less than 5°), return loss of more than
10 dB and less than 1 dB insertion loss across the frequency band 3-10.6 GHz.

Beside its good performances, the component is cheap and easily manufacturable. More-
over, the multilayer characteristic allows the device to be attractive to many and diverse
modern applications as: integrated circuits, butler matrix, beamforming networks, lami-

nated multichip modules (MCMs-L) and many others.

3.5 Conclusion

This chapter was devoted to microwave phase shifters. Due to their importance in several
applications, a deep study was conducted in order to understand and contribute to this
interesting field of research. Consequently, we proposed two novel designs providing fre-
quency independent 180° stable output phase shift. The developed designs are published
in Microwave and Optical Technology Letters (MOTL) Journal. The third contribution
concerns a phase shifter providing 45° phase shift with low insertion loss and relatively
simple architecture. The work is published in The 5" International Conference on Elec-
trical Engineering-Boumerdes (ICEE 2017, IEEE indexed).

We believe that the proposed configurations lead to enhance the design of such compo-

nents and contribute to improve several applications notably in phased arrays challenges.

83



Chapter 4



Chapter 4

Decoupling Mechanism for Strongly

Coupled Antenna Arrays

4.1 Introduction

Miniaturization of systems is still one of the most challenging issues notably in recent
wireless devices (e.g., smartphones). Reaching compactness is being a common point of
interest for researchers and industrials as well. Multiple-input-multiple-output (MIMO)
systems which promise high channel-capacity are extremely concerned with miniaturiza-
tion in current and future technologies, for instance long term evolution (LTE) standard,
5G and beyond [114]-[116]. However, integrating a couple of closely spaced antennas
(less than half wavelength spacing) in a compact device provides high mutual coupling
and leads to a drastic performance degradation of MIMO systems: high information cor-
relation, low data rate, and decrease of radiation efficiency due to the power loss in the
coupled antenna ports [117]-[120].

To tackle this challenge, tremendous efforts were devoted to mitigate the antenna cou-
pling issue, hence various decoupling techniques were developed over the past decade
[121]-[134]. Most of the proposed methods succeeded in the port isolation improvement
at the expense of adding extra-elements which yield to bulky circuits, increase of power
losses and impairment of radiation efficiency [135]. In [56] a suspended line linking two in-
verted F antennas (PIFAs) is used to neutralize the electromagnetic coupling between the
elements. The same approach is applied to a monopole array [58], however, the technique
is still based on tuning process due to the lack of straight design procedure. Forbid-
ding surface wave propagation is the main feature of electromagnetic band gap (EBG)

structures which are exploited to come up with another method for enhancing the port
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isolation of nearby antennas [136], [137], nevertheless more occupied area is needed to ap-
ply this method in practical applications. Authors in [138] and [139] demonstrate another
decoupling configuration based on defected ground structure (DGS) to tackle the isolation
matter of two single-frequency elements (monopoles and patches) and two dual-frequency
patches respectively. Impedance transformation through connecting transmission lines is
also developed and analytical formulas for decoupling two nearby antennas are reported in
[64]. The isolation is achieved by a reactive shunt component which cancels the coupling
signal between elements. The idea is also extended to three element antenna arrays in
[140].

Further, different networks are extensively used to achieve high isolation purpose [65],
[141]-[149]. Among the above, the decoupling and matching networks (DMNs) designed
as lumped-element circuits and even-odd mode analysis is exploited to prove the feasibility
of the technique [141], [142]. Moreover, closed form equations are derived and presented.
The aforementioned idea is an extension of the stub-loaded reactive decoupling network
[65] in which the DMN is fully based on transmission lines (stubs) configuration. Although
the good obtained isolation, the reactive elements require additional power consumption
and lead to more power dissipation caused by their parasitic resistance which is not suit-
able for higher frequency applications as well [118]. Besides, the all-transmission line
scheme provides large size and voluminous circuit.

Many other decoupling networks are presented in the literature. In [149], a dual band
decoupling of two antennas is achieved. The topology is a combination of the reactive
element decoupling method and the eigenmode feed network consisting of a dual-mode
180° hybrid coupler. In [150], a four element dipole array is decoupled by inserting a 3 dB
90° branch-line and rate-race 180° hybrid couplers. However, the practical application of
these techniques is not easy, since it is contradictory with the most important purpose of
the future systems still looking for more and more miniaturization with less complexity.

Most recently, a new decoupling concept is introduced [145]. Mutual coupling of two
L-shaped antennas is canceled by reproducing an opposite coupling to the unwanted one
(superposition of original coupling and designed one which is identical to the original
mutual coupling with opposite phase). The above architecture consists of directional
couplers, transmission line, and parallel resonant circuit. In [151], authors revealed, for

the first time, an innovative decoupling concept called array-antenna decoupling surface

86



CHAPTER 4. DECOUPLING MECHANISM FOR STRONGLY COUPLED ANTENNA
ARRAYS

(ADS) applicable for large-scale array antennas. This method is based on controlling
and canceling the undesirable coupled waves diffracted from a thin surface composed of a
number of small patches located in front of the array. Despite the good obtained results,
the method is still bulky and requires added volume and space. Therefore, its implemen-
tation in the future systems is not quite conceivable.

In this chapter, we investigate a new approach easily and simply applicable for port iso-
lation improvement of two closely spaced and strongly coupled antennas. The developed
mechanism is integrated to a monopole-array of two elements. Further, the feasibility of
this novel architecture is demonstrated through practical application in which 50 Ohm
antenna matching and high port isolation are achieved. In addition to its good perfor-
mances, the proposed concept contributes significantly in the development of miniaturized

devices since it does not require extra reactive components or transmission lines.

4.2 Description of the practical challenge

A general and basic architecture of wireless communicating devices with more than one
radiator is the mutli-antenna system of two monopoles as depicted in Figure 4.1. This
configuration is used as illustrative example in this work, to tackle the mutual coupling

issue.

Antenna 1
Antenna 2
La

Port1 Port 2

Ground plane

v

< »>
< L

w

Figure 4.1: Configuration of the two closely spaced monopoles
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The elements are identical and symmetrically printed on the top layer of a cheap FR-4
substrate (thickness =1 mm, €, = 4.5, and tangent loss=0.02) and closely spaced (0.069\g
center to center spacing), where )\ indicates the free space wavelength evaluated at the
operating frequency of 2.45 GHz. The ground plane is located in the bottom layer of the
substrate. Optimization of the design is carried out by using CST Microwave Studio as
a simulation tool and the final dimensions of the two monopole array are listed in Table
4.1. Antennas are fed from 50 Ohm input ports behind the ground plane.

Table 4.1: Antenna array parameters

Symbol Signification Value (mm)
L, Length of the monopole 21
D Center to center antenna spacing 8.5
w Width of the ground plane 22
L Length of the ground plane 22.5

Before integrating our decoupling mechanism, it is crucial to analyze the general behavior
of the array. Figure 4.2 depicts the simulated and measured reflection coefficients (Si1,
Sao) and the transmission coefficient (Sz;) of the coupled antennas. Measurements were
carried out at CDTA. It is noticed that the two monopoles are well matched (less than
-18dB reflection coefficient) and strongly coupled (about -4 dB measured transmission

coefficient) around the operating frequency of 2.45 GHz.

Simulated_S11
—+*— Simulated_S22
Simulated_S21
—e— Measured_S11
—v— Measured_S22
—=— Measured_S21

S-parameters (dB)

. - - =
1,0 1,5 2,0 2,5 3,0 3,5 4,0

Frequency (GHz)

Figure 4.2: Simulated and measured S-parameters of the coupled antenna array

Further, current distribution at 2.45 GHz is shown in Figure 4.3 as well. It is found that
a considerable amount of current is flowing between the two antenna ports. This rolling
current favors extensively the creation of high mutual coupling between the radiators.

From the above considerations, an important question naturally arises: how is possible
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Figure 4.3: Current distribution of the two coupled monopoles at 2.45 GHz (a) port 1 excited
(b) port 2 excited

to improve the port isolation between the nearby strongly coupled antennas in this kind
of most used architectures, under constraints of keeping the compactness and avoiding
complexity and bulk?

In the next section, we investigate, in details, the proposed decoupling concept as an

answer to the raised question.

4.3 Decoupling concept

The proposed decoupling concept is based on expelling the flowing currents between the
two antennas. To achieve this purpose, a tapered slot is etched on the ground plane of the
array as seen in Figure 4.4. The tapered slot allows extracting currents and ejects them
outside similarly to the VIVALDI antenna operation principle (traveling wave) [152], [153].
Consequently, ground-currents are forbidden from flowing transversally (from one antenna
to the other), thus the currents follow the tapered slot in the longitudinal direction.

The design of those tapered slots is conducted by the exponential equations (3.13) pre-
sented in [113].

For good current extraction, a careful study of r (flare opening rate), R (radius of the
circular slotline cavity), and s (position of the circular slotline in the ground plane) is
required. The tapered slot design follows the guidelines reported in [113] and optimiza-
tion is performed by CST Microwave Studio (Figure 4.8(b)). The final slot-parameters
are depicted in Table 4.2.
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Figure 4.4: Tapered slot etched on the array ground plane

Table 4.2: Tapered slot parameters

Symbol Signification Value
R Radius of the circular slotline cavity 0.7 mm
r Flare opening rate 0.55
S Circular slotline cavity position 1 mm

Beside the simplicity of the proposed mechanism, one can notice that the developed archi-
tecture is highly suitable to be integrated in compact devices where the allocated volume

for antennas is strictly limited.

4.4 Results and discussion

The validation of the proposed decoupling mechanism is tackled in this current section.
Further, practical study is conducted and compared to theory in order to find out adjust-
ments if required.

The practical example mentioned above (monopole array of two elements) is prototyped
and tested (Figure 4.5). We note that slotting the ground plane of the array provides a
small shift in the center frequency, hence antenna impedance matching can be readjusted
by a simple L-section network, with a series inductor of 3.74 nH and a shunt capacitor of
1.5 pF (Figure 4.5(a)). This matching network allows pulling back the matched frequency
to 2.45 GHz as required.
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@ (b)

Figure 4.5: Photograph of the prototyped design (a) top view with L-C impedance matching
(b) bottom view

4.4.1 S-parameters analysis

Figure 4.6 depicts the simulated and measured S-parameters of the decoupled antenna

array (simulations are carried out by CST Microwave Studio).

P —— Simulated_S21
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1,0 15 2,0 25 3,0 35 4,0 1,0 1,5 2,0 2,5 3,0 3,5 4,0
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4.6: Simulated and measured S-parameters of the decoupled antenna array (a) reflection
coefficients (b) transmission coefficients

From Figure 4.6(a), it can be observed that a good impedance matching for both monopoles
is achieved at 2.45 GHz (less than -20 dB reflection coefficient). Simultaneously, high port
isolation is noticed at the same operating frequency with measured peak of around 40 dB
(Figure 4.6(b)). Hence, an isolation improvement of about 36 dB is achieved (difference
between Sy; of decoupled monopoles (Figure 4.6(b)) and Sy of coupled ones (Figure 4.2)).
Furthermore, simulations and measurements agree quite well in matching-decoupling pro-

cess with small discrepancies, mainly frequency shift, due to hand-manufacturing and
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measurement setup tolerances.

In order to check and confirm the operation principle of our mechanism, current distribu-
tion of decoupled monopole array is simulated (at 2.45 GHz) and presented in Figure 4.7.
After comparison between current distributions of coupled and decoupled arrays shown in
Figure 4.3 and Figure 4.7, respectively, it is obvious that currents are effectively expelled
and forbidden from transition between the two antennas as expected. Thus, decoupling

concept is well validated.

pelled current

#

b £

™

Figure 4.7: Current distribution of the decoupled monopoles at 2.45 GHz (a) port 1 excited
(b) port 2 excited

4.4.2 Equivalent circuit analysis

The decoupling mechanism can be also enlightened on the base of equivalent circuits.
Indeed, a parallel LC band stop behavior (S,; response) is quite close to the response of
our proposed decoupling structure. Further, the similarities are demonstrated through
comparative study conducted between the band stop filter and our structure. Figure 4.8
shows the behavior of both circuits after parametric study; tuning of r, R and s of our
design and L tuning of the resonator (for 2.45 GHz operating frequency, L = 10nH, and
C' = 0.422pF, calculated using standard equation of filters). When analyzing the results
(for example, tuning of r), the operating frequency of the design (S3; response) shifts
to lower frequencies similarly when increasing L of the parallel resonator (Figure 4.8(a)).
Hence, the proposed decoupling technique exhibits a band stop effect as the electrical

circuit detailed above.
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Figure 4.8: Parametric study (a) behavior of parallel LC band stop circuit with L tuning (b)
behavior of the proposed design with r, R and s tuning
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4.4.3 Radiation pattern analysis

The radiation patterns of both coupled and decoupled arrays are carefully investigated and
evaluated by simulation and measurement at 2.45 GHz, as illustrated in Figure 4.9 and
Figure 4.10 respectively, where the 2-D figures are the simulated and measured normalized

far-field radiation patterns.

Simulation

y 50 . —e— Measurement
zt—bx '

300

60

120

180

Figure 4.9: Simulated and measured 2-D radiation patterns of the coupled antenna array (one
port is excited) at 2.45 GHz in xy-plane

Measurements are carried out in anechoic chamber of USTHB University (Figure 4.11)
with alternate excitation of the antenna ports (i.e., as one port is excited the second one
is 50 Ohm load terminated) (Figure 4.11(b)).

Before decoupling (Figure 4.9), it is seen that radiation pattern is similar to that of
the traditional monopole with some deteriorations and tilt of the main beam owing to
the coupling introduced by the closely spaced antennas. After decoupling (Figure 4.10),
it is observed that radiation patterns are symmetrical with respect to the array-center
plane (yz). Moreover, patterns become more directional and point either in +z or —x
direction according to the excitation port. Hence, complementary diversity radiation is
obtained, which is fairly suitable in MIMO applications to mitigate the multipath effects,
this because the null of one antenna is covered by the radiation pattern of the second one.
Further, acceptable agreement between simulations and measurements is noticed.
Moreover, it is to be highlighted that after decoupling, a significant improvement is ob-
tained as the total efficiency of the monopole array jumps from 49.3% (before decoupling)
to 81.7% as the decoupled mechanism is introduced and the peak gain of the decoupled

array is 1.9 dBi.
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Figure 4.10: Simulated and measured radiation pattern of the decoupled antenna array at 2.45
GHz, in the xy-plane (top) and zz-plane (bottom)
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Figure 4.11: Setup of antenna pattern measurements (a) front view (b) side view

4.4.4 Envelope Correlation Coefficient (ECC)

Envelope Correlation Coefficient (ECC) is another key parameter for evaluating the di-
versity performance of MIMO systems, since the diversity cannot be effectively reached
unless the radiation patterns are uncorrelated. An ECC of less than 0.5 can be a rule of
thumb for MIMO antenna design [154].

Either S-parameters [44] or radiation patterns [155] can be used to derive this factor as

reported in equations (1.3), and (1.4), respectively.
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Figure 4.12: Envelope Correlation Coefficient (ECC) evaluated from S-parameters

The ECC of the decoupled monopole array is evaluated using S-parameters (Figure 4.12).
It is noticed that the introduced decoupling approach reduces significantly the correlation
of the monopole array since the ECC drops to the around of 0.06 at 2.45 GHz. This
ECC decrease outcomes to higher channel capacity and demonstrates the good diversity

performance of the array.

4.4.5 Comparative study

The advantages of the proposed approach are demonstrated through comparative study

with recent works as detailed in Table 4.3.

Although good performances are obtained in considered references, however to the detri-
ment of size (more antenna spacing) and adding external devices (transmission lines,
metamaterial resonators and lumped reactive networks) which critically limit their ap-
plications, notably when the occupied area is considerable. Hence, one can notice the
superiority of the proposed design on the other works since high isolation and low ECC
are obtained by using a simple tunable design integrated easily and directly between ex-
tremely closed antennas (0.069), center to center antenna spacing) while keeping compact

size of the scheme.

We note that the developed design exhibits low profile with miniaturized overall size
of 0.18\g x 0.35Ag x 0.008)\g. Further, our approach has also the added merit of low

complexity with clear design guidelines.
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Table 4.3: Comparative study

References [138] [123] [144] [127] Proposed
OV‘E;?EI)Size 25x40x 32.5 50x100x0.8 80x120x0.8 50x 100 x 1 22x43.5x 1
Antenna
spacing 0.093 0.18 0.11 0.32 0.069
(o)
Operating
frequency 2.53 2.64 0.74 2.42 2.45
(GHz)
Isolation
(dB) 21.8 37.6 25 37 40
.Isolation
lmprove- 15.9 16 19 27 36
ment
(dB)
Max ECC - - 0.05 0.3 0.06
Metam?terifl Transmission DGS+ DGS
Approach DGS re;;on}? or?i line + LC lumped R,L, (tapered
l_)ia?lgﬁ network C slot)

4.5 Evaluation of the proposed decoupling mechanism through

array signal processing

In this section, the decoupling capability of the proposed antenna design is demonstrated
through an array signal processing application. For this purpose, the decoupled monopole
array is integrated in a two antenna receiver testbed (USRP RIO2942R of NI, available
at CDTA) as seen in Figure 4.13. This system is practically evaluated by quantifying
the mutual coupling matrix (MCM) through correlation measurement of transmitted and

received signals at 2.45 GHz.

Figure 4.13: Testbed of two transmitters (located in known positions: 6; and 6;) and USRP-
RIO receiver with decoupled printed monopoles
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Considering the direction of arrival (DOA) application in which the narrowband baseband

model of signals is given by:

X(t) = A(6)S(t) + N(1) (4.1)

Where X(t) is the received signal vector, S(t) is transmitted signals, N(t) is an Additive
White Gaussian Noise (AWGN) vector, and A(f) is a matrix defining the impact of the
receiving array (array response) on the incoming signal. Hence, the matrix A(6) comprises
the angles of arrival (source location).

The signal model given by (4.1) is an ideal model in which receiving antennas are con-
sidered perfectly decoupled. However, when considering the case of coupled array which

often happens in practice, the matrix A can be written as follows:

A(0) = CD(9) (4.2)

Where C' is the MCM matrix, and D(0) is the decoupled array matrix which defines the
angle location of each source, hence columns of D(#) are directly related to source angles
as written in (4.3) and (4.4). If the antenna mutual coupling is negligible, then the matrix

C is diagonal and indicates the gain and phase of the receiving array elements [156].

1 1 o 1
e w1 e~ w2 o e~ ier
D(9) = ' ' ' (4.3)
efi(Mfl)Wl efi(Mfl)SOQ . efi(Mfl)QpP
with:
d .
O = 27rxsm(9k) (4.4)

Where, P and M are the number of sources and receivers, respectively. X is the free space
wavelength, d is the antenna spacing, and 6, is the position (angle) of the k' source.

We used a 2 x 2 MIMO testbed of two different sources (transmitters) located in known
positions (angles 61, 05) and a receiving array with our decoupled monopoles (Figure 4.13).
We note that, since source positions are known, D(6) is then a well-defined 2 x 2 matrix

and we tend to evaluate the MCM matrix C.
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The correlation matrix is defined as:
Rys = Elx(t)s(t)"] (4.5)

With E(.) is the expectation operator and (.)¥ is the conjugate transpose.
Under suitable assumption (transmitted signals S and noise N are independent and

uncorrelated), it can be demonstrated, from (4.1), (4.2) and (4.5), that:
C=R,R]D" (4.6)

Where R, is the correlation matrix of received and transmitted signals and R is the
covariance matrix of transmitted signal S.

The testbed depicted in Figure 4.13 allows measuring transmitted and received signals
which are processed through computer codes developed with LABVIEW software. Then,

covariance matrices can be estimated with the following equations:

RCCS = . Zz 1 ':EZ
RSS = . Zz 1 SZ

Where n refers to the number of samples and (.)* is the conjugate operator.
In order to get reliable and comparative results, first we used two standard decoupled
monopoles (more than half wavelength spacing between monopoles) (Figure 4.14). In the

second time, we integrated our decoupled monopoles in the same test-bed.

The evaluation of the decoupling mechanism can be achieved through comparing the off-

diagonal entries and the diagonal ones of the MCM matrix (C). As explained before, a

Figure 4.14: Testbed of two transmitters (located in known positions: 6; and 6;) and USRP-
RIO receiver with conventional decoupled monopoles
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diagonal MCM means perfect decoupling array. Hence, a simple criterion of validation

can be formulated as follows:
Z |szj
Criterion = 2 (4.8)

Where Cj; are the entries of the MCM matrix.

Three decoupling criteria were evaluated for three different arrays: two conventional de-
coupled monopoles, two closely spaced printed monopoles without decoupling mechanism,
and our proposed decoupled array. The obtained results are depicted in Table 4.4. It is
worthwhile to point out that this criterion is a relative evaluation depending on the signal
to noise ratio, test conditions, type of the array and other phenomenons which may arise,
hence the procedure may provide only a hint in decoupling study.

Table 4.4: Isolation criterion of three different monopole arrays

Array Criterion (dB)
Two printed monopoles without decoupling mechanism -5.3
Conventional decoupled monopoles -21.6
Proposed decoupled array -17.9

From Table 4.4, it is noticed that the isolation criterion of our proposed array is close to
that of the conventional decoupled monopoles. On the other hand, both criteria are much
smaller than that of the printed monopoles without decoupling mechanism. The small
value of the criterion means that off-diagonal entries of the MCM matrix are negligible
compared to the diagonal ones, hence the MCM matrix can be considered quasi-diagonal
and the antenna array is decoupled. Consequently, we can conclude on the effectiveness of
the proposed decoupling technique which contributes significantly in MIMO performance
enhancement notably in signal processing applications, for instance: direction of arrivals

and source separation.

4.6 Conclusion

In this chapter, we propose a novel decoupling mechanism of closely spaced antennas. The
concept is based on extracting coupled currents through a tapered slot. The principle of
operation is validated through simulations and measurements applied to a monopole array
of two strongly coupled elements, used as proof of concept. Hence a set of parameters
confirm the effectiveness of the proposed method, for instance: an isolation of about 40

dB is achieved, a radiation pattern diversity is demonstrated as well, and the ECC drops
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significantly to 0.06 which is highly suitable for MIMO applications. The decoupling
method is further checked through signal measurement realized with a 2 x 2 MIMO sys-
tem. The testbed comprises two transmitters and an USRP-RIO receiver which integrates
the proposed decoupled array. Achieved results are consistent with aforementioned elec-
tromagnetic conclusions and the decoupling concept is effective.

In addition to the good obtained performances, the proposed technique is highly compact,
simple and easily integrated into closely spaced antennas, since it does not require any
extra-reactive components, no additional space, and no direct-contact between the anten-
nas is needed as well. Moreover, the proposed decoupling concept may be extensible to
large arrays of more than two elements, this hypothesis will be a subject of investigation
in further works.

This decoupling mechanism is very motivating to diverse mutli-element communicating
systems requiring miniaturization, such as MIMO and massive MIMO architectures, no-
tably for current and future advances as the case of LTE standard, five generation (5G)
technology and beyond.

The present contribution is published in IEEE Transactions on Antennas and Propagation

(TAP) journal.
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”The brain imagination is an infinite set of darkrooms, more one lightens rooms more he is visionary in the life”

General Conclusion

During this research work, different aspects of wireless communications systems have
been discussed. Modern challenges are then introduced and some solutions are proposed
as well.

The thesis starts with SDR as important concept promising more radio flexibility and
higher performances. However, achieving desired requirements needs to overcome several
technical difficulties and challenges in system design, particularly antenna and some mi-
crowave devices.

Hence, antenna pattern reconfiguration is exposed. The topic is highly interesting in
fading and interference combat since it allows steering the main beam of the radiator in
desired directions. Further, proposed solution is discussed. Thus, simple pattern reconfig-
uration approach of an Ultra Wide Band monopole antenna is presented. By inserting a
VIVALDI shape in the CPW ground plane, the pattern reconfiguration is achieved with-
out changing the original size and form of the monopole. Only two switches were used, and
the main beam is controlled depending on the state of these switches. Therefore, in the
band of reconfiguration, the antenna radiates in three different directions (two directive
states and one omnidirectional state). Switches were inserted in specific locations so that
to eliminate currents to distribute and to radiate from that side, hence the main pattern
is shifted in the other side. Obtained results confirm the effectiveness of the technique.
The proposed approach can be applied to different CPW-Fed monopoles, consequently,
it may be suitable for domains where dynamic pattern reconfiguration is needed such as
tracking, cognitive radio, etc.

Muti-element systems (MIMOs) are also very promising architectures in the improve-
ment of recent wireless systems. The use of antenna arrays is then highlighted and some
technical drawbacks are discussed. Phased arrays are extensively needed in diverse ap-

plications such as beamforming, however the technique is based on phase shifted antenna
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feeding. Phase shifters are then found to be crucial devices in such systems. Three dif-
ferent designs are proposed in this field. The first one concerns a frequency independent
180° planar phase shifter Based on UWB Coupled Sections. In order to obtain good
performances, two basic considerations are derived from mathematical analysis. First,
we consider the structure in which the main and reference lines are identical, then we
consider the structure when two ports in the main line are short-circuited. By doing this,
theoretical calculations provide frequency independent differential phase shift equal to
180°. Hence, the proposed design is mainly based on coupled sections which are realized
by inserting slots into the common ground plane of the multilayer circuit. Two identical
structures, leading to discard parameters depending on frequency, especially the coupling
factor, which disturbs greatly the output phase, are introduced in the design. In order to
get 180° phase difference shift, via holes are used to perform a short circuit in one of the
two coupled sections. The second proposed configuration provides also a novel flowchart
design of frequency independent 180° phase shifters. It is based on microstrip slot tran-
sition technique as well. The frequency independence feature is due to comparing two
quasi-identical structures and the phase inversion (180°) is related to the chosen inverted
orientation of the main line compared to the reference one. Another design based on
coupled transitions is also proposed, it provides a compact 45° phase shifter. Further,
interesting results are obtained.

MIMOs suffer also from element coupling phenomenon. This is a hot topic requiring ef-
ficient solutions to keep high performances. The coupling problem have been massively
treated and lot of methods were developed in the literature. In the light of aforemen-
tioned challenge, a novel antenna decoupling approach is investigated. The introduced
new concept is based on expelling the currents flowing between the closely spaced anten-
nas through a tapered slot etched on the array ground plane. The proposed method is free
from extra-reactive components and transmission lines. Further, there is no direct contact
between the array elements. Although they are closely spaced and strongly coupled, the
developed technique allows a high improvement in port isolation. Obtained results are
very attractive and high decoupling is achieved with good impedance matching. More-
over, a radiation diversity is obtained. This pattern diversity is still an important purpose
of multiple-input-multiple-output (MIMO) communications systems since it allows reduc-

ing the channel correlation and consequently, increases the communications data rate. In
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addition to its efficient port isolation, the most attractive features of the proposed de-
coupling technique are simplicity and ease of implementation in diverse miniaturized and
compact multi-antenna wireless devices.

As a future work, the proposed solutions may be upgraded. For instance, the pattern
reconfiguration of monopoles can be improved using hybrid methods by adding reflectors
to achieve higher directivity. The developed approaches of phase shifters can be exploited
to achieve different output phase shifts independently from frequency or at least with
UWB features. Finally, the decoupling mechanism may be extended to more than two

radiators in order to provide significant contribution in massive MIMO topic.
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