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Abstract

In the aerospace field, the use of compact, low cost and lightweight devices

is essential. Printed antenna technology meets these criteria due to its ease of

integration into modern wireless systems as satellite communication, mobile

communication or RFID systems. Moreover, the implementation of various

functions such as localization, communication, and navigation necessitates

placing multiple printed antennas on a limited space. All these constraints

need specific requirements in terms of frequency and radiation characteristics.

One conceivable solution is the use of microstrip wideband or multiband an-

tenna backed with artificial reflectors. This solution overcomes aerodynamic

constraints by reducing the thickness of directive antennas and eliminating

the need of quarter-wavelength distance between the antenna and its reflec-

tor. The objective of this thesis is to propose novel antenna structures based

on wideband and multiband artificial reflectors which is a crucial challenge.

The first study concentrates on designing artificial reflectors for wideband

antennas, with a specific focus on achieving a stable gain in the whole target

band, reducing significantly the antenna thickness and enhancing the front-

to-back ratio. The first prototype propose a directive low profile bowtie

antenna backed with a novel AMC reflector for aerospace C-band applica-

tions. It allows a stable gain with a variation of only 0.85 dB over a wide

impedance bandwidth of 50% (3.94–6.61 GHz) while maintaining a low pro-

file of 0.084λL (λL is the wavelength at 3.94 GHz). The second structure is

dedicated to UHF-RFID applications, where the AMC allowed a reduction

of 45% of the antenna profile height while maintianing high gain and a front-

to-back ratio of more than 5 dB and 24 dB, respectively, across the entire

UHF-RFID band. The second study proposes the design of two prototypes

using multiband artificial reflectors. A trap-loaded pyramidal antenna backed

with a triband artificial magnetic conductor is designed for GNSS system.

The triband AMC reflector has been proposed to replace the bulky metal-

lic cutoff open-ended waveguide used in a previous version of the pyramidal



antenna. Indeed, a significant reduction in the overall antenna size by 37%,

37% and 67% along x, y, and z-axes, respectively, is achieved while main-

taining similar performances. Finally, a dual-band antenna associated with a

dual-band AMC reflector for 5G systems is proposed for gain enhancement.

The proposed structure exhibits a broadside gains of 6.83 dB and 5.20 dB at

the operating frequencies of 3.40 GHz and 6.10 GHz, respectively. The pro-

posed Antenna structures have been simulated using CST Microwave Studio

software, fabricated, and measured, confirming their proper operation.

Keywords: Bowtie antenna, gain stability, pyramidal antenna, multi-

band antenna , triband AMC reflector, UHF-RFID U-slot antenna, wideband

antenna, , wideband AMC reflector.



Résumé

Dans le domaine aérospatial, l’utilisation de dispositifs de télécommunica-

tions légers, peu encombrants et de faible coût est primordiale. La technologie

des antennes imprimées permet de répondre à ces critères grâce à leur facilité

d’intégration dans divers systèmes modernes sans fil tels que les communi-

cations satellitaires, communication mobile ou RFID. D’autre part, la mise

en œuvre de nombreuses fonctions telles que la localisation, les communica-

tions et la navigation se traduit par une nécessité d’implanter de nombreuses

antennes imprimées sur des dispositifs à espace limité. L’ensemble de ces

contraintes nécessite des besoins spécifiques en termes de bande passante et

d’efficacité de rayonnement. L’objectif de ce travail de thèse de doctorat est

de pallier à ces contraintes, par la conception de nouvelles structures d’an-

tennes compactes large-bandes et multi-bandes associées à des réflecteurs

artificiels, ce qui est un véritable chalenge.

Dans un premier temps, la conception d’un réflecteur artificiel large bande as-

socié à une antenne bowtie a permis d’avoir un gain stable avec une variation

de 0.85 dB (variant entre 5.9 et 6.75 dB) sur une largeur de bande relative

de 50% (3,94 - 6,61 GHz), en présentant une épaisseur de 0.084λL (avec λL

la longueur d’onde correspondante à 3.94 GHz). Ensuite, la conception d’un

AMC (Artificiel Magnétique Conducator) large bande pour les applications

RFID (860-960 MHz) a permis la réduction de 45% de l’épaisseur de l’an-

tenne initiale avec un gain élevé et un rapport avant-arrière de plus de 5

dB,24 dB sur l’ensemble de la bande UHF-RFID.

D’autre part, une réflectrice artificielle tri-bande a été proposée pour rempla-

cer le guide d’onde d’une antenne pyramidale, pour les systèmes GNSS. Le

guide d’onde a été utilisé initialement pour éliminer le rayonnement arrière.

Une réduction significative de la taille globale de l’antenne de 37%, 37% et

67% le long des axes x, y et z est obtenue, tout en maintenant des per-

formances similaires. Enfin, une antenne bi-bande associée à un réflecteur

AMC bi-bande pour les systèmes 5G à été conçue afin d’améliorer les gains.

Cette structure présente un gain de 6.83 dB et de 5.20 dB aux fréquences

de fonctionnement de 3.40 GHz et 6.10 GHz, respectivement. Les prototypes



d’antennes ont été simulés avec le logiciel CST Micro ave Studio, réalisés et

mesurés confirmant ainsi leur bon fonctionnement.

Mots clés : Antenne large bande, stabilité du gain, antenne pyramidale,

antenne U-slot UHF-RFID, antenne à large bande, antenne multi-bande,

réflecteur AMC large bande, réflecteur AMC tri-bande, trappes, réflecteur

AMC à fentes.
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General introduction

In an era defined by rapid technological evolution and growing demands in aerospace
communications, the design of antennas capable of operating across a wide frequency
band with multifunction capabilities has emerged as an essential research area. The
aerospace domain, encompassing satellite communications and unmanned aerial vehi-
cles (UAVs), requires antennas that can efficiently transmit and receive signals while
adhering to strict performance criteria related to bandwidth and radiation efficiency
within a confined space. One of the potential solutions lies in the use of wideband or
multiband antennas with artificial magnetic reflector (AMC) technology. The AMC is
a periodic structure commonly positioned behind the antenna to serve as a reflector.
This structure helps overcome aerodynamic constraints by reducing the thickness of
directive antennas and eliminating the need for a quarter-wavelength distance between
the antenna and its reflector. In addition, a good radiation efficiency is preserved since
the reflection coefficient of the structure is equal to +1. However, the major drawback
of these materials is their "narrowband" operation. Unlike a conventional single-band
AMC reflector, which typically feature only one zero-phase in the reflection coefficient,
multiband AMC reflector require two or more zero phases. Therefore, achieving desir-
able performance across multiple operating bands is quite a challenging task.
The current research aims to introduce innovative AMC structures for miniaturizing
and enhancing the performance of wideband and multiband antenna solutions. These
solutions are not limited to the aerospace sector but also extend to the field of telecom-
munications. Indeed, modern wireless systems such as 5G and RFID systems require
compact wideband and multiband antennas with improved characteristics, making the
task particularly challenging. Several contributions have been explored in this thesis,
which can be categorized into two main parts, focusing on the investigation of wideband
and multiband antennas based on AMC reflectors. The aim is to enhance gain stability,
achieve low profile and miniaturization, and reduce backward radiation. Through this
exploration, four antenna prototypes based on AMC reflectors have been developed.
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General introduction

The first part is dedicated to examine the efficacy of wideband AMC surfaces when
employed as reflectors for wideband antennas, with a specific focus on their potential
advantages in stabilizing gain, reducing the antenna profile height and enhancing the
front-to-back ratio. Therefore, two antenna prototypes have been proposed, the first
prototype is a directive low profile bowtie antenna backed with a novel AMC reflector
for aerospace C-band applications. By integrating the AMC surfaces as reflector, a sta-
ble gain is achieved with a low gain variation of only 0.85 dB across a wide impedance
bandwidth of 50% (3.94 – 6.61 GHz). The second prototype is dedicated to achieving
a low profile UHF-RFID reader antenna with high front-to-back ratio using an original
slotted AMC reflector. The AMC allowed a reduction of 45% the antenna thickness
compared to the initial design without AMC reflector while maintaining high gain and
a front-to-back ratio of more than 24 dB across the entire UHF-RFID band.

The second part is dedicated to introducing the potential of multiband AMC reflec-
tors when employed as reflectors for multiband antennas, focusing on their advantages
in miniaturization, reducing backward radiation, and enhancing gain across multiple
operating bands. Therefore, two multiband antenna prototypes have been proposed.
In the first prototype, a trap-loaded pyramidal antenna backed with a triband artificial
magnetic conductor is designed for GNSS system (GPS/GALILEO/MicroSat). The
triband AMC reflector serves as an alternative solution to the bulky metallic cutoff
open-ended waveguide used in a previous version of the pyramidal antenna. Significant
reduction in the overall antenna along the x, y, and z-axes are achieved while main-
taining reduced backward radiation across the three operating frequencies (1.197 GHz,
1.575 GHz, 2.245 GHz) intended for GPS/GALILEO/MicroSat. Additionally, in the
second prototype, a dual band slotted monopole antenna associated with dual band
artificial magnetic conductor (AMC) reflector-based SRR structures is presented for
5G application (sub 6 GHz (n78)-sub7 GHz (n96)). The AMC reflector is loaded on
the back of the antenna structure to enhance gain. The proposed configuration exhibits
enhanced directional gain across the two operating frequency, affirming the effectiveness
of the AMC reflector in enhancing gain across multiple bands.

Throughout this work, various forms of AMC surfaces have been proposed to meet
our objectives. The selection of these AMC shapes is based on the surface current
methodology, which plays a significant role in explaining the degradation of antenna
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General introduction

performance. Additionally, several parametric studies and optimizations have been
conducted to achieve our desired performance. The antenna prototypes have been sim-
ulated using CST Microwave Studio software, fabricated, and measured, confirming
their proper operation. Finally, the obtained results were compared to similar pub-
lished works, demonstrating the highly attractive performance of the AMC reflector
across various applications.

This thesis is organized as follows: the first chapter introduces wideband and multi-
band microstrip antenna designs. It covers a basic knowledge of microstrip antenna
design, including characteristics, feeding techniques, and the most effective methods to
achieve wideband and multiband behavior. Additionally, it provides an overview of the
most useful wideband and multiband antennas in aerospace applications. The second
chapter introduces artificial reflectors. Firstly, it highlights the limitation of conven-
tional reflectors then reflectors based on artificial materials are presented as solution.
This section includes definitions and the analytical and numerical methods. It also
provides an overview of wideband and multiband antennas based on these artificial ma-
terials. The third and fourth chapter are devoted to highlight the contribution of AMC
to enhance the performances wideband and multiband antenna, focusing on enhancing
specific key features including: bandwidth and gain enhcmenents, gain stabilization,
achieving low profile and miniaturization and reducing the backward radiation.
Finally, a conclusion is provided at the end of this thesis, summarizing the main results
obtained and offers insights into future research directions.
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Chapter 1

Microstrip wideband and multiband
antennas

1.1 Introduction

Progress in frequency band multiplication has generated a growing need for multi-
band and wideband antennas. These antennas have gained widespread usage across
various applications, particularly in aerospace applications, owing to their versatility,
conserving space by combining multiple antennas into one, cost-effectiveness, and ease
of integration. However the requirement and the diversity of characteristics of differ-
ent antenna frequency band such as radiation pattern shapes, polarization type, and
required bandwidth, pose a significant challenge in designing these antennas.
This chapter places particular emphasis on wideband and multiband antennas . Ini-
tially, wideband antennas are presented, exploring their types and applications within
the aerospace domain. Subsequently, our focus shifts to multiband antennas. Finally,
we draw conclusions through a comparative analysis, selecting the most pertinent tech-
niques for acquiring required antennas.

1.2 Microstrip wideband antenna

Microstrip Antenna (MSA) consists of a radiating patch on one side of a dielectric
substrate and a ground plane on the other side. Figure 1.1 illustrates the top and side
view of a rectangular MSA . These antennas are often referred to as patch antennas,
their radiating elements and feed lines are typically printed on the dielectric substrate.
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The radiating patch can take various shapes, including square, rectangular, thin strip
(dipole), circular, elliptical, triangular, or any other configuration, as depicted in Figure
1.2. Among these shapes, square, rectangular, dipole (strip), and circular configurations
are the most common due to their ease of analysis and fabrication, as well as their
favorable radiation characteristics, particularly low cross-polarization radiation. [1, 2].

Figure 1.1: MSA configuration [1].

Figure 1.2: Various shapes of microstrip patch antenna [2].

The concept of the MSA was initially proposed by Deschamps in 1953 [3]. However,
practical antennas based on this concept were developed by Munson [4, 5] and Howell
[6] in the 1970s. They feature several important advantages including [7]:

• Low profile: their thickness is typically less than 0.03 λ0 (λ0 is the guided wavelength
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in free space) which making it very suitable for applications where space is limited or
where a low profile antenna is desired.
• Light weight: they are typically constructed from perfectly electrically conducting
(PEC) foil attached to a dielectric substrate.
• Low cost: they are commonly fabricated using inexpensive printed circuit techniques.
• Ease of integrate: it can be integrated into a printed-circuit board (PCB) alongside
other planar circuits.
• Versatility: microstrip patch antennas offer versatility in terms of impedance, reso-
nant frequency, radiation pattern, polarization, and operating mode. This versatility is
achieved through various design parameters such as shape and feeding arrangement.
Microstrip antennas have attracted much attention from researchers and engineers due
to their advantages. They are highly suitable for numerous applications where size,
weight, cost, performance, ease of installation are required including: aircraft, space-
craft, satellite, and missile applications, radio-frequency identification (RFID), multi-
ple input multiple-output (MIMO) systems, vehicle collision avoidance system, satellite
communications, surveillance systems, direction founding, radar systems, remote sens-
ing, biological imaging, guidance [1]:
• In missile technology, MSAs serve as telemetry and communication antennas, offering
the advantage of being thin and conformal, thus meeting strict design requirements.
• Radar altimeters utilize compact arrays of microstrip radiators, benefiting from the
efficient and compact nature of MSAs.
• Aircraft applications often rely on MSAs for antennas in telephone and satellite com-
munications systems (GPS receiver), where their lightweight and low profile design are
advantageous. MSAs are integral components in satellite imaging systems, providing
reliable and efficient performance in space applications. Smart weapon systems also can
benefit from the thin profile of MSAs, enabling their integration into weapon platforms
without compromising performance. Despite their advantages, they are constrained by
several limitations like: low gain and poor impedance bandwidth. Narrow impedance
and radiation bandwidths are the main drawbacks of microstrip patch antennas, caused
by frequency-dependent efficiency, radiation direction, or polarization characteristics
and restrict their applications. However, significant efforts have been dedicated to de-
veloping broadband techniques to overcome narrow bandwidth limitations and enhance
their performances which is the emphasis of of section 1.4.
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1.3 Feeding methods

Microstrip antennas employ various feeding techniques to deliver power to the ra-
diating patch. They can be excited through direct methods such as a coaxial probe
or a microstrip line. Alternatively, indirect excitation methods involve electromagnetic
coupling or aperture coupling in which the metallic contact between the feed line and
the patch is not required. Figure 1.3 illustrates the four most popular techniques used
to feed the micrpostrip antenna [2].
Figure 1.3(a), shows a patch antenna excited by microstip line. This line can be etched
on the same substrate, so the total structure remains planar. In addition, it is easy
to fabricate, simple to model. The main drawback of this technique is that as the
substrate thickness increases, certain undesirable effects can occur. Specifically, sur-
face waves and spurious feed radiation tend to increase with thicker substrates. These
phenomena contribute to limitations in the antenna’s bandwidth, which is typically
constrained to a narrow range, often between 2% and 5%.
The coaxial or probe feed is shown in Figure 1.3(b). In this feeding technique, the in-
ner conductor of the coaxial cable is connected to the radiation patch, while the outer
conductor is linked to the ground plane. Coaxial probe feeds offer several advantages,
including ease of fabrication and matching, as well as minimal spurious radiation. How-
ever, they also exhibit limitations such as: narrow bandwidth and increased complexity
in modeling, particularly for thicker substrates. Both microstrip feed line and coaxial
probe feeding methods exhibit asymmetries, leading to the generation of higher-order
modes that result in cross-polarized radiation. To address these challenges, non-contact
aperture-coupling feeds are employed (see Figure 1.3(c) and Figure 1.3(d)).
Figure 1.3(c), illustrates the third technique used to feed the microstrip antenna. In
this method, power is coupled to the radiating patch through electromagnetic coupling
between the feed line and the patch. The feed line is positioned between the patch and
the ground plane, which are separated by two dielectric substrates. The proximity cou-
pling method offers the largest bandwidth among the feeding techniques for microstrip
antennas, reaching up to 13%.
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(a) (b)

(c)

(d)

Figure 1.3: Feeding techniques of microstrip antenna [1], (a) Microstip line, (b) Probe
feed, (c) The proximity-coupled feed, (d) Aperture-coupled feed

It is easy to model and exhibits low levels of unwanted radiation. However, its fab-
rication process is more complex compared to other feeding techniques. Additionally,
proper alignment of the two layers is necessary, which results in an overall increase in
the thickness of the antenna. Another method for indirectly exciting a patch utilizes
aperture coupling. In the aperture-coupled microstrip antenna configuration, the field
is transferred from the microstrip line feed to the radiating patch through a small aper-
ture or slot cut in the ground plane. This configuration is depicted in Figure 1.3(d).
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Typically, the coupling aperture is positioned centrally under the patch, which pro-
motes lower cross-polarization owing to the symmetry of the setup. one disadvantage
of the aperture-coupled MSA configuration is the complexity of fabrication compared
to other feeding techniques. Aligning the coupling aperture accurately with respect to
the radiating patch requires precision manufacturing processes, increasing the cost and
complexity of production. Moreover, the design of aperture-coupled MSAs may be sen-
sitive to substrate thickness and dielectric properties, making optimization challenging
[2].

1.4 Broadband techniques for microstrip antenna

The operation of an antenna within a frequency band typically involves a reasonable
matching of the antenna for all frequencies within the band. This matching is defined
by a reflection coefficient or a Voltage Standing Wave Ratio (VSWR) at the antenna
input that is lower than a specified value. (commonly: -10 dB, -15 dB, or -20 dB for the
reflection coefficient, and 2, 1.5, 1.2 for the VSWR). The antenna bandwidth (matching
bandwidth) is the ability of the antenna to extract from a generator or transmit to a
receiver a maximum amount of energy. It can be expressed either relatively (1.1) or
absolutely (1.2):

BW = 2(fmax − fmin)
(fmax + fmin) (1.1)

BW = fmax

fmin

: 1 (1.2)

Where, fmax and fmin are the upper and lower transmitted frequencies at -10 dB . An
antenna can be considered "wideband" when it covers at least 5% of the bandwidth or
an octave, depending on the criteria chosen. The development of wideband antennas
traces its origins to the 1940s, marking a significant evolution in antenna technology.
Since then, multiples categories of printed wideband antennas have explored, each of-
fering unique advantages and applications.
Multiple broadband techniques have been developed to broaden the impedance band-
width of microstrip antenna such as: shapes radiators, inserting matching network,
using suspended plate antenna, using slotting and notching antenna and using para-
sitic elements.
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1.4.1 Shape radiator

Radiator shape can affect the antenna input characteristics and frequency band.
Broadband performance can be achieved through gradual geometrical modifications like:
frequency independent antennas and progressive transition antennas or using monopole
antennas [7].

a Frequency independent antennas

Frequency independent antennas are wideband antennas whose geometry is defined
by angles and are considered to have infinite dimensions. Their operation is based on
the principle that if all dimensions of the structure are modified by a factor K, only
the resonance frequency will be shifted by the same factor. They are characterized by
presenting a radiation pattern, input impedance, and polarization virtually unchanged
over an almost infinite frequency band. As an example of this class of antennas, two
major groups can be noted: equiangular antennas (such as the logarithmic spiral an-
tenna, Archimedes antenna) and log-periodic antennas [8], as it is shown in Figure 1.4
.

(a) (b) (c)

Figure 1.4: Equiangular antenna types: (a) Log-spiral antenna, (b) Archimedes spiral
antenna, (c) log perioidc antenna (circular log-periodic antenna)[8].

b Antennas with progressive transition

They typically consist of a line that matches the antenna’s feeding system, followed
by a transition section compared to an impedance transformer. This transition section
raises the structure’s characteristic impedance to that of free space. The flared shape
of this transition creates a radiation aperture that matches the impedance of free space.
Its design aims to minimize reflections at the structure’s end [8].
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Figure 1.5: Tapered slot antenna types [8].

Tapered Slot Antennas (TSA) are planar structures that feature a transition starting
from a printed line or waveguide. They were first introduced in 1974 by Lewis and
Gibson with the Vivaldi antenna. Typically, they consist of a line with slot widening
gradually until reaching a final discontinuity, following a specific profile. Therefore,
the Vivaldi antenna, also known as the ETSA (Exponentially Tapered Slot Antenna),
features an exponential or elliptical transition profile and is known for its low cross-
polarization. However, other types of transitions have been studied as it is illustrated
in Figure 1.5 , such as: Antipodal Vivaldi antenna , the linearly tapered slot antenna
(LTSA), broken line tapered slot antenna (BLTSA), or exponentially tapered slot an-
tenna with a constant width (CWSA).

c Elementary antennas

The antennas referred to as "elementary" are essentially an advancement from basic
dipoles or monopoles, whose characteristics are widely known in electromagnetic com-
munity. This category of antennas is undoubtedly employed in communications due to
their ability to maintain the desirable characteristics of an omnidirectional radiation
as well as relatively compact structures. In this category, we can mention monopoles
antennas which can take various shapes [8], such as: circular, elliptical, triangular,
trapezoidal, rectangular and bowtie antenna which we will be particularly interested
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in chapter 3. Bowtie antenna, also known as the butterfly antenna, is a planar version
of the finite biconical antenna. It is a symmetric and simple structure compared to
the infinite biconical antenna. The main advantages of this antenna are its lightweight
design, low cost due to its geometric simplicity, and compact size [8].
Bowtie antennas provide notable advantages over monopole antennas, particularly in
terms of bandwidth and gain. They typically offer wider bandwidth and higher gain,
especially in applications requiring broader frequency coverage. This versatility makes
bowtie antennas well-suited for various applications .
The basic bowtie antenna geometry is defined based on three main parameters, (see
Figure 1.6):

• α is the escape angle for a butterfly antenna formed by two triangles.

• H is the height of the triangles.

• L is the length of the equal sides of the isosceles triangle.

Figure 1.6: Bowtie antenna geometry.

Its input impedance primarily depends upon the flaring angle and the relative band-
width can exceed 100%. The radiation pattern is similar to a dipole radiation; it is
omnidirectional in the plane perpendicular to the antenna with a gain ranging from 0
to 3 dB. The bowtie antenna is a symmetrical (balanced) antenna which requires the
use of balanced feeding, leading to the use of balun to adapt the antenna to the feeding
system. Different type of wideband balun are suggested including: marched balun [9]
, tapered balun [10] and microstrip to CPS (CoPlanar Symmetrical) transition balun
[11]. This latter will be detailed in the next section.
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1.4.2 Insert matching network

An impedance matching network can be introduced to realize good matching between
a radiator having frequency-dependent impedance and a feed structure with a constant
characteristic impedance. This naturally leads to a broader bandwidth. In microstrip
patch antennas, there are two common approaches (see Figure 1.7). One involves adding
a separate matching network without changing the radiator.

Figure 1.7: Impedance matching networks without modifying the radiators [7]

The other method is to integrate a matching network directly into the radiator by cre-
ating slots or notches. Both methods involve inserting an impedance matching network,
either lossy or lossless, between the antenna and the feeding structure. This directly
enhances the impedance bandwidth of the antenna.This approach is widely employed
across different antenna applications [7]. The impedance network can be implemented
in various configurations, depicted in Figure 1.7. In Figure 1.7(a) and Figure 1.7(b),
the matching network and the feeding strip can be incorporated on the same plane,
or separately as shown in Figure 1.7(c). The matching network can be a quarter-
wavelength impedance transformer, tuning stubs, active components, or their variants,
as illustrated in Figure 1.8(a) and Figure 1.8(b). Adding an on-patch matching net-
work, which involves creating a slot or notch on the radiating patch, effectively forms
an inset on the patch.

13



Chapter 1: Microstrip wideband and multiband antennas 

 

 
(a) (b) 

 

(c) (d) 

 

Figure 1.8: Components used in impedance matching networks [7].

This configuration helps in transferring the higher impedance at the radiating edge of
the patch to the lower 50 ohm characteristic impedance of the feeding structure [7].
In Figure 1.8(c) and Figure 1.8(d), various inset-fed patches are depicted, featuring
striplines as feeding structures. For the bowtie antenna, an impedance matching net-
work like: wideband balun (balanced-unbalanced) is necessary to convert the balanced
transmission line to unbalanced, minimizing signal reflections. The chosen balun for the
proposed bowtie design in Chapter 3 is a microstrip to CPS (CoPlanar Symmetrical)
transition balun. This method is extensively described in [11] and will be elaborated
upon here. Figure 1.9 shows electric field lines at various sections along the transition.
In a microstrip line, the electric field lines terminate perpendicularly to the substrate
ground, as demonstrated in section A’-A. In a coplanar strip (CPS), the electric field
lines are concentrated across the two conductive strips, as indicated in D’-D. By grad-
ually modifying the ground plane of the transition (between sections B’-B and C’-C),
the electric field lines of the microstrip line transform into CPS as the signal propagates
along the transition. It is reported in [11], that to optimally match the characteristic
impedances between the microstrip line and the coplanar strip, the ground plane width
of the transition is gradually reduced until it aligns with the width of the coplanar strip
line containing vias. Therefore, the characteristic impedance of the transition becomes
very close to that of the coplanar strip.
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(a)

(b)

Figure 1.9: Balun transition concept, (a) Transition structure from microstrip to CPS,
(b) Side view of each section [11].

1.4.3 Using suspended plate antenna

The bandwidth of the Microstrip Antenna (MSA) generally expands as the substrate
thickness increases and the dielectric constant of the substrate decreases. With a thick
substrate and low dielectric constant, a bandwidth ranging from 5% to 10% can be
attained. However, it’s important to note that, further increases in substrate thickness
may lead to decreased efficiency of the MSA and higher levels of cross polarization due
to the surface wave propagation [1]. Reducing the permittivity of the substrate offers
a practical means to suppress surface waves in antenna designs. By utilizing materials
with lower permittivity or incorporating air-filled substrates like foam, engineers can
effectively minimize the propagation of surface waves. Foam substrates, with their rela-
tive permittivity hovering around 1.07, prove particularly advantageous in this regard.
Moreover, the use of air as a substrate further eliminates the surface wave, providing a
medium with minimal dielectric properties. This approaches is called, suspended plate
antenna. By adjusting the dimensions and geometry of the main radiator, as well as the
spacing between this radiator and the ground plane, a broadband impedance matching
and radiation characteristics can be achieved,as it is illustrated in Figure 1.10.

15



Chapter 1: Microstrip wideband and multiband antennas

Figure 1.10: MSA suspended in air [1].

1.4.4 Slotting the main radiator

Additional approach used to improve the impedance bandwidth of microstrip patch
antenna is by slotting the main radiator (patch). Introducing one slot or multiple slots
of various shapes on the radiating plate can significantly introduce additional resonant
modes, thereby broadening the antenna’s bandwidth. Figure 1.11 illustrates a single-
layered single-element Suspended Plate Antenna (SPA) presented by Huynh and Lee
in 1995 [12]. The antenna design features a long U-shaped slot symmetrically cut from
the radiating plate. This slot serves a crucial role in offsetting the significant input
inductance resulting from the long probe. As a result, the SPA achieves an impressive
impedance bandwidth ranging between 10% and 40% using only a single layer and
without the need for any parasitic elements. This innovative approach highlights the
effectiveness of slot-based modifications in enhancing the performance of SPA designs,
allowing for broader frequency coverage and improved overall efficiency.

(a) (b)

Figure 1.11: Slotting the main radiator with u-slot shape [1], (a) Top view, (b) side
view.
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1.4.5 Using parasitic elements

An effective method to enhance the input impedance bandwidth of microstrip patch
antennas involves introducing additional radiating patches positioned in close proximity
to the main radiator. These supplementary patches, known as parasitic patches, excited
through electromagnetic coupling with the main patch. As indicated in Figure 1.12,
parasitic patches can be situated in the same plane as the main patch or stacked above it.
When placed in the same plane, they interact with the main patch to alter its radiation
pattern and the impedance. Alternatively, stacking the parasitic patches above the main
patch allows for more intricate control over the antenna’s characteristics, such as beam
shaping and polarization. By exploiting electromagnetic coupling between the main
patch and parasitic patches, antennas can achieve desired performance enhancements
without significantly increasing their complexity.

(a)

(b)

Figure 1.12: Parasitic element approach for enhancing the impedance bandwidth of
MSA [1], (a) Co-planar coupling scheme, (b) Stacked coupling scheme.
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1.5 Multiband antennas

Multiple applications like: aerospace applications necessitate the employment of
multiple antennas onboard systems and the use of multiple frequency bands. These
requirements emphasize the importance of devices capable of covering multiple bands
simultaneously, thereby reducing the total number of antennas onboard. For antennas,
these devices are known as multiband antennas. A multiband antenna is an antenna
that operates in two or more frequency bands with reasonably similar performance
across these bands. Several techniques have been employed to achieve multiband be-
havior, including the use of multiple radiating elements, PIFA (Planar Inverted-F An-
tenna) types, fractal geometries, and trap-loading techniques. Each of these techniques
has its own strengths and weaknesses points, which will be discussed in the next section.

1.5.1 Combining multiple radiating elements

The most classic technique for obtaining multiband antennas is the combination
of two or more single band radiating elements (resonators). Each element create their
own resonance frequency, resulting in multiband behavior. These single band elements
can be of the same type [13, 14] or different from each other[15, 16] (see Figure 1.13).
Further, there is multiple techniques to place the radiating element, especially for the
case of printed antenna, it can be placed in two different ways: either these elements
are juxtaposed in the same plane [17] , or they are stacked on top of each other[18, 19,
20, 21].

(a) (b)

Figure 1.13: Parasitic elements configurations, (a) Same type of parasitic elements [13]
,(b) Different types of parasitic elements [15].
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The elements constituting these multiband antennas can be fed in two different ways:
direct feeding through an excitation port (active elements) or feeding through electro-
magnetic coupling with a neighboring radiating element that is directly fed (parasitic
or passive elements). This techniques gives advantages like : good efficiency with uni-
form radiation across the entire covered bandwidth but it also exhibits some limitations
including :bulky structures with complexity in positioning of the various radiating ele-
ments.

1.5.2 Planar Inverted-F Antenna (PIFA)

The Planar Inverted-F Antenna (PIFA) is a compact antenna with simple profile
used for realizing multiband antennas. The PIFA antenna is achieved by placing a
short circuit (plane, wire, or tab-type) between the half-wave resonator and the ground
plane. It finds wide applications in wireless communication devices such as mobile
phones [22, 23, 24]. However, a major drawback of these antennas is their narrow band-
width [25]. Moreover, PIFA antennas are complex, and their volumetric (3-dimensional)
configuration makes their fabrication difficult and costly [26]

Figure 1.14: Basic Planar Inverted-F Antenna (PIFA) [22].

An elementary PIFA antenna, like the one shown in Figure 1.14, is single band. To
achieve the multiband behavior, several techniques can be used, including: modification
of the radiating element (triangles [27], meanders [28] ), addition of short circuits [29],
addition of parasitic resonators [30], insertion of slots in the radiating element [31] and
using of localized or distributed capacitive/inductive loading [32].
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1.5.3 Fractal antennas

Fractal geometry is an extension of Euclidean geometry. Its introduction has pro-
vided antenna designers with an opportunity to explore new antenna configurations.
The antennas may exhibit fractal-like shapes due to iterative processes (infinite itera-
tion).

(a) (b) (c)

Figure 1.15: Fractal antenna geometries,(a) Sierpinski triangle antenna [33], (b) Sier-
pinski carpet antenna [34], (c) Square curve fractal antenna [37].

Several fractal geometries have been employed for the design of multiband antennas
including: Sierpinski triangle antenna [33] (Figure 1.15(a)), Sierpinski carpet antenna
[34] (Figure 1.15(b)), triangular and circular fractal antenna [35, 36] and square curve
fractal antenna [37] (Figure 1.15(c)). The authors of these geometries attribute the
property of resonating at multiple frequencies of these structures to their self-similarity.
The main advantage of these structures is that are compact structures that can be used
for miniaturization but they also suffer from limitation including: The lack of design
rules, the control of the resonance frequencies.

1.5.4 Trap-loaded antennas

One of the oldest concepts for achieving multiband wire antennas involves integrating
discrete loads (capacitor and/or indicator) into a wire antenna, typically a dipole. These
loads are commonly referred to as "traps". The development of this concept occurs in
two stages: first, the resonant antenna at the low frequency is designed, then the
loads are introduced at specific locations to achieve the desired high resonance. This
concept was patented in 1941 [38] and widely used for obtaining multiband antennas
[39]. Figure 1.16 shows a dual band antenna based on this concept. The low frequency of
this antenna corresponds to the total length of the dipole 2(l1+l2). The high frequency
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corresponds to the length of the dipole limited by the loads 2l1. These loads have little
effect on the position of the low frequency and on the characteristics of the dipole at this
frequency. At the high frequency, these loads cut off the current that no longer flows on
the outer lines (of length l2): these lines do not disturb either the position of the high
frequency or the characteristics of the antenna at this frequency. The positions of these
loads can be calculated simply in the case of a monopole or straight dipole. Moreover,
the use of traps with a high quality factor systematically reduces the bandwidths of
the antenna. For this reason, these multiband antenna architectures have often been
reserved for low frequency systems.

Figure 1.16: Trap-loaded dipole antenna [38].

The motivation for such an approach is very advantage of these trap structures to
resonate at multiple frequencies while maintaining the same electromagnetic character-
istics. Moreover, the sizing of these antennas is relatively straightforward since each
operating frequency is directly linked to the corresponding resonator. To achieve dual
band operation, traps have been used in a quadrifilar helix antenna for GPS naviga-
tion systems [40], in fractal antennas such as the Sierpinski triangle [41]. Recently, even
triple-band operation has been achieved by placing traps on an inverted L-type antenna
for GPS applications [42].

1.6 Wideband and multiband antennas for aerospace
applications

In aerospace applications, both wideband and multiband antennas play crucial role
in enabling reliable communication links, radar systems, navigation,surveillance capa-
bilities for aircraft and other critical functions. The choice between wideband and
multiband antennas depends on factors such as the specific frequency bands of interest,
system requirements, antenna size and weight constraints, and the desired trade-offs
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between bandwidth, efficiency, and performance in each frequency band.
For aerospace communication, different satellite bands can be used [43] :

• L-Band (1-2 GHz) is used on aircacfrt often satellite communications (SATCOM),
including cockpit communications, air traffic control, and passenger connectivity.

• C-Band (4-8 GHz) are utilized for SATCOM systems in aircraft, primarily for
data communications and broadband internet access.

• Ku-Band (12-18 GHz) is commonly used for in-flight connectivity (IFC) services
on aircraft, offering higher data transfer rates compared to L-Band and C-Band
systems. Ku-Band satellite systems are extensively deployed for providing broad-
band internet access to passengers and crew members during flight.

• X-Band (8-12 GHz) is less commonly used in commercial aviation. However, it
may be utilized in specific military or government applications for secure commu-
nications or specialized data links.

A non-exhaustive list of antennas used in aerospace is presented in this section. Figure
1.17, shows a photograph of the S-band micro strip-patch antenna utilized at Surrey
Satellite Technology (SSTL) [44]. This antenna features a circular microstrip patch in
size of 82 x 82 x 20 mm, which is fed by a 50 Ω probe feed located at the bottom. It
is capable of operating within a tunable frequency range spanning from 2.0 to 2.5 GHz
With a maximum gain of approximately 6.5 dB, either left-hand or right-hand circular
polarization are employed .

Figure 1.17: S-band antenna used for satellite communication [44].

The GPS antennas used on aircraft typically consist of one or more circular patch
antenna elements. These patch antennas are generally limited in their power handling
capability, typically around 5 W, and are primarily used as receive antennas. Circular
polarization is achieved with these patch antennas by feeding them at a specific point,
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allowing for optimal performance in various aerospace applications [45, 46].
Figure 1.18 shows the patch-excited cup antenna developed at Rüstungs Unternehmen
Aktiengesellschaft RUAG Aerospace Sweden [45]. It consists of two patches placed in
circular cup. To obtain a stable antenna covering two GPS frequency bands (Ll, L2).
Moreover, the patch can be employed in RADALT radar altimeter as it is depicted in
Figure 1.19. It measures altitude above the terrain presently beneath an aircraft or
spacecraft, UAV [47] .

Figure 1.18: GPS circular patch antenna at RUAG Aerospace Sweden [45].

Figure 1.19: Radar altimeter [47].

Furthermore, patch array antenna also can be employed on board an aircraft. It consists
of multiple patch elements arranged in an array configuration. This array design allows
for increased signal reception compared to single patch antennas, as multiple elements
can capture signals from different satellites,simultaneously. This helps improve the
overall reception quality and accuracy of the GPS system onboard the aircraft. This is
mean that the array of patch antennas creates a narrower beam. In the case of military
aircraft, it employs null steering. Null steering involves forming the beam pattern
in such a way that there is a null (a region of minimal radiation) in the direction
of an unwanted interfering or jamming signal. These specialized antennas are known
as Controlled Radiation Pattern Antennas (CRPA). As it is shown in Figure 1.20,
a typical CRPA configuration consists of seven-element arrays, with a central patch
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surrounded by six elements arranged symmetrically around it. This arrangement allows
for precise control over the radiation pattern of the antenna. By adjusting the phase
and amplitude of the signals fed to each element, the antenna system can create nulls
in specific directions while maintaining high gain in the desired direction [46].

Figure 1.20: GPS CRPA method [45].

Spiral antennas are compact, can cover a broad frequency range, and provide circular
polarization. They’re useful in various fields, particularly in GNSS applications where
right-hand circularly polarized (RHCP) antennas are preferred. Moreover they’re also
valuable in defense industries for sensing tasks like ESM (Electronic Support Measures).
Typically, airborne spiral antennas are typically unidirectional and are often imple-
mented on printed circuit boards (PCBs) backed by a cavity with radiation-absorbing
material to absorb back radiation. This design configuration helps to enhance the
antenna’s directivity and radiation efficiency by minimizing unwanted radiation in di-
rections other than the desired direction of propagation. The cavity behind the PCB
serves to prevent reflections and interference, while the radiation-absorbing material
helps to absorb any radiation that may be emitted in undesirable directions, thus im-
proving the antenna’s performance and effectiveness in airborne applications[46] but
present a bulky structure .

1.7 Conclusion

In conclusion, wideband and multiband antennas offer versatile and efficient solu-
tions for a variety of communication and data transmission applications especially for
aerospace applications. Their ability to operate over a broad range of frequencies makes
them particularly suitable for environments where spectrum availability is limited or
fluctuating. Additionally, their design often allows for reduced overall system complex-
ity, providing cost and deployment ease benefits.
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Chapter 2

Antenna reflectors based on
artificial materials

2.1 Introduction

In the context of electromagnetic compatibility, it’s crucial to ensure that different
electronic systems and antennas operating in close proximity do not interfere with each
other. Therefore, antennas should be designed to minimize interference and maintain-
ing stable performances. Reflectors are common solution which allows the antenna to
radiate in only one half-space, focusing its radiation in one specific direction which
minimizes interferences with neighboring systems.
The first part of this chapter describes conventional reflectors and their limitations.
To mitigate these issues, special types of reflectors based on artificial materials are de-
scribed, and their main analytical and numerical methods are synthesized in order to
reuse or adapt them to our problem. The second part presents an overview of wideband
and multiband antennas using artificial materials as reflector.

2.2 Conventional reflectors

The association of radiating element with a reflector leads to interactions between
incident and reflected fields. These phenomena can be described by involving the con-
cept of surface impedance and the theory of images, leading to an efficient approach to
solving electromagnetic problems involving conductors. It is particularly useful when
analyzing the behavior of electromagnetic fields at the interface of different media, such
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as when waves encounter a conductive or dielectric surface. In our case, electric and
magnetic conductor are considered to better understand the behavior of electromag-
netic waves in vicinity of reflectors. They are denoted by the acronyms PEC (Perfect
Electric Conductor), PMC (Perfect Magnetic Conductor). Surface impedance is par-
ticularly relevant at the boundary or surface of a material. It describes the relationship
between the tangential components of the electric and magnetic fields (Equation 2.1).
For a plane wave, the reflection coefficient of the electric field is given by Equation 2.2,
where η is the impedance of free space.

ZS = ET

HT

(2.1)

Γ = ZS − η

ZS + η
(2.2)

Figure 2.1, illustrates the theory of image concept, in this scenario, the original sources
of current are positioned at a distance h from the reflecting plane. In order to simplify
the analysis of how real currents interact with reflecting surfaces, an image currents are
introduced on the other side of the surface, creating an equivalent problem (without
reflecting surfaces) that is easier to solve.

Figure 2.1: Theory of image concept in proximity to PEC and PMC.

2.2.1 Antenna in proximity to an absorbing cavity

An antenna in proximity to an absorbing cavity typically refers to the placement of an
antenna close to or near a cavity that is designed to absorb or attenuate electromagnetic
waves. It is one of the traditional way that employed to maximize the absorption of the
antenna backward radiation and the interferences between front and back radiation.
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The radiating element is then placed above a cavity constructed with high dielectric
loss or conductive properties. These materials are often carbon-loaded or designed
to have a high loss tangent. When electromagnetic waves encounter these materials,
they induce currents within the materials, and these induced currents result in energy
dissipation in the form of heat. By dissipating the energy in this way, the absorbing
materials effectively absorb and attenuate the electromagnetic waves, preventing them
from reflecting back towards the antenna or scattering in undesired directions. In the
same time this solution suffer from several drawbacks like: large structure, complex
design and integration, high cost [48].

2.2.2 Antenna over PEC reflector

The second solution aims to redirect a portion of the radiation in the opposite di-
rection and block or reduce the transmission of electromagnetic waves on the other side
of the ground plane using a PEC reflector. Figure 2.2, illustrates the behavior of radi-
ating element when it is placed in proximity of PEC reflector. Despite the advantages
of the PEC ground plane, it has a significant drawback, which is the cancellation of
the antenna’s current with the image current produced by the PEC ground plane. This
cancellation deteriorates the antenna’s impedance matching and its radiation. One way
to avoid this phase shift of π between the original current and its image is to space the
antenna from its metal reflector at a height equal to λ/4 as it is illustrated in Figure 2.2.
In this way, two in-phase waves can be obtained; therefore, the antenna performances
could be enhanced. The main drawback of this method is that it would results in large
structures, especially at low frequency [48].

Figure 2.2: Antenna over PEC and PMC reflector.
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2.2.3 Antenna over PMC reflector

In contrast to PEC, PMC generates an image current in phase with the real current
when a horizontal antenna is placed above it therefore the reflected wave will be in
phase with the incident wave, generating a constructive interference. Consequently,
the optimal quarter-wavelength distance is no longer necessary and the antenna can be
placed very close to the reflector plane, significantly reducing the overall thickness of
the antenna structure. Unlike metals, the PMC don’t naturally exist. However, recent
studies have shown that it is possible to synthesize, within a restricted frequency band,
these characteristics[48].

2.3 Artificial materials-based reflectors

In recent years, there has been a growing interest in so-called "artificial" materials".
They are the result of continued research initiated on periodic structures [49] and exhibit
remarkable properties. By the end of 1990s, Pendry introduced two structures with
novel characteristics. The first, composed of a network of metallic wires, exhibits a
negative permittivity [50]. The second, made up of split-ring resonators, demonstrates
negative permeability [51] . In the early 2000s, Smith, combined the two aforementioned
structures and experimentally verified the concept of a material with negative index
[52], whose theoretical existence had been suggested by Veselago in 1964 [53]. These
studies paved the way for new devices such as "perfect lenses" [54] and "invisibility
cloaks" for stealth applications [55]. These materials are collectively referred to as
"metamaterials" due to their innovative nature. This relatively recent field of research,
spanning multiple disciplines of electromagnetism, is divided into several sub classes of
materials, each with its own acronym. This section is dedicated to presenting artificial
materials used as reflector planes for antennas.

2.3.1 Artificial Magnetic Conductor

Recent research has demonstrated the possibility of synthesizing PMC property
within a specific frequency range. These materials are denoted by the acronyms AMC
(Artificial Magnetic conductor). It is an artificial material created by periodic metallic
arrangements printed on a metal-backed substrate without shorting pins (via). The
AMC surfaces is characterized by distinctive property which the in-phase reflection
properties [56]. This property allows the AMC to reflect the incident wave with zero

28



Chapter 2: Antenna reflectors based on artificial materials

degree in its resonant frequency. It is represented graphically by phase diagram [57],
as shown in Figure 2.3. The phase diagram characterizes the phase difference between
the incident and reflected electric fields at the surface of this reflector. The reflection
phase generated by this surface is given by equation (2.3):

Φ = Im

[
ln
(

ZS − η

ZS + η

)]
(2.3)

Where:

• ZS is the surface impedance (Equation 2.5).

• η =
√

ϵ0/µ0 is the impedance of free space.

Figure 2.3: Radiating element placed over the AMC reflector.

The AMC surface behaves as a PEC at low frequencies (ϕ = π), then as PMC at a
frequency where ϕ = 0, and to a PEC at high frequencies (ϕ = -π). This transition is
illustrated in the phase diagram [56] (see Figure 2.4). Within a specific frequency range,
the structure demonstrates nearly zero phase shift, ranging from –90° (Fl) to +90° (Fh),
and known as the AMC in-phase bandwidth. Within this bandwidth, the AMC surface
effectively produces reflected waves aligned in the same direction as the original incident
wave, as depicted in Figure 2.3. Consequently, these reflected waves constructively
interfere with the source wave, increasing the antenna’s radiation efficiency and gain
[57].
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Figure 2.4: Typical reflection phase diagram of AMC [57].

2.3.2 Electromagnetic Band Gap (EBG)

Electromagnetic Band Gap (EBG) structures are commonly formed through the sys-
tematic placement of dielectric materials and metallic conductors in a periodic manner.
Broadly, these structures can be classified into three categories based on their geo-
metric arrangements: three-dimensional volumetric structures, two-dimensional planar
surfaces, and one-dimensional structures, as illustrated in Figure 2.5. These struc-
tures show a fascinating characteristics, particularly the presence of band gap feature.
This indicates their capability to impede the propagation of specific frequency bands of
electromagnetic waves (surface wave propagation). Its concept arise from the optical
domain where phonetic band gap (PBG) can forbid light in specific directions. In 1980
Yablonovitch [58], has manufactured the first periodic structure by cylindrical holes
drilled in dielectric material which prove the existence of the band gap structure. Later
in 1990, Sievnipiper [56] realized the first 2D planer EBG mushroom.
The frequency band gap property of the EBG structures is determined by graphical rep-
resentation called dispersion diagram. The plot of this dispersion diagram determines
the set of modes that the structure can support. It represents the evolution of the wave
vector k as a function of frequency in a given propagation direction. To calculate the
dispersion diagram of the EBG structure, the Brillouin zone is used in order to simplify
the calculation. When the EBG structures elements are periodic arranged in a square
lattice, then the Brillouin zone is square.
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(a) (b) (c)

Figure 2.5: Dimensionality of EBG structures [57], (a) 3D-EBG, (b) 2D-EBG, (c) 1D-
EBG.

Figure 2.6 presents an illustrative example of a numerically computed dispersion dia-
gram [56]. It is evident from the diagram that the stop band region lies between the
TM and TE modes. This signifies that within this frequency range, no surface waves
can propagate in the EBG structure, indicating the presence of a band gap.

Figure 2.6: Illustration of band gap feature [56].

2.3.3 Sievnipiper EBG mushroom.

An EBG mushroom is artificial material comprises metal patches arranged on the
surface of a substrate in a two-dimensional lattice, with each patch separated by a
gap. Additionally, each patch is linked to the ground through vias. This structure
is introduced by Sievnipiper in 1990 [56], as it is illustrated in Figure 2.7. It is an
illustration of a structure exhibiting both AMC and EBG characteristics.
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Figure 2.7: EBG mushroom [56].

The AMC behavior (in-phase reflection) arises from the periodic arrangement of metallic
patches while the EBG behavior or the band gap feature is linked to the presence of
vias, which are equivalent to a network of metallic wires within the dielectric [56]. In the
case where the structure does not contain vias, a dielectric overlaying a metallic plane,
the wave has a cutoff frequency given by expression (2.4). The TM mode corresponds
to even values of n, while the TE mode corresponds to odd values of n. The TM0 mode
has a cutoff frequency of zero and always propagates.

fc = nc

4h
√

ϵr − 1 (2.4)

Where:

• c is the Speed of Light

• h and ϵr are thickness and relative permittivity of the substrate.

If the structure contains vias, current flows through the via, creating an electrical
connection with the ground plane. The structure through which the wave propagates is
likened to an equivalent parallel LC circuit with surface impedance given by Equation
(2.5):

ZS = jωL

1 − LCω2 (2.5)

When the frequency f is lower than the resonant frequency f0, ZS is inductive and
only the TM mode can propagate. Conversely, if f is higher than f0, ZS is capacitive
and only the TE mode propagates. There exists a band, around f0, in which wave
propagation is prohibited which is define as the band gap feature, as shown in Figure
2.6.
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2.4 Circuit models

2.4.1 Analytical model

The analytical approach allows for a more straightforward resolution of a problem by
simplifying equations. This involves making certain assumptions that lead to favoring
certain data over others. Analytical modeling also allows for a better understanding
of the underlying physical phenomena and a relatively quick prediction of the overall
behavior of a system. In the literature, most analytical models are based on the theory
of effective media [56]. This theory enables the description of physical mechanisms
using localized elements. For this, it is necessary to consider that the dimensions of the
structure are small compared to the wavelength.

a Lumped element model

The lumped element model is the most basic representation, characterizes metasur-
face as an LC resonant circuit. The operational mechanism of metasuarface structures
can be described by employing an effective medium model that employs equivalent
lumped LC components [59], illustrated in Figure 2.8. The capacitor is a consequence
of the gap between the patches, while the inductor arises from the current flowing along
adjacent patches. The impedance of a parallel resonant LC circuit is determined by
Equation 2.5, while the resonances frequency is calculated by Equation 2.6:

ω0 = 1√
LC

(2.6)

The specific values of inductor (L) and capacitor (C) are determined by the metasuar-
face geometry as depicted in Figure 2.9, where, patch width W , gap width g, substrate
thickness h, dielectric constant ϵr, and vias radius r.
The derivation of the capacitor can be given by the fringing capacitance between the
two neighboring metal patches (gap). Ultimately, it is provided by the following Equa-
tion 2.7:

C = Wϵ0(1 + ϵr) cosh −1
(

W + g

g

)
(2.7)
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The value of the inductor is derived from the current loop consisting of the vias and
metal sheets. It is expressed by Equation 2.8, it mainly relies on the structure’s thickness
and permeability.

L = µ.h (2.8)

By substituting Equation (2.7) and (2.8) into (2.5) and (2.6), one can calculate the
surface impedance and resonant frequency. The main drawback of this model is that
the result are not accuracy due to the simplified estimation of L and C.

(a)

(b)

Figure 2.8: Geometry of mushroom structure , (a) Top view, (b) Cross view [59].
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(a)

(b)

Figure 2.9: Lumped element models of EBG structure, (a) EBG cell geometry, (b) LC

model [59].

b Transmission line model

Another widely used technique for analyzing metasurafce structures is the periodic
transmission line method [60]. The transmission line model of metasurafce structures
is presented, with ZP representing the impedance for each periodic element, and XC

denoting the coupling capacitor as depicted in Figure 2.10.

Figure 2.10: Transmission line model [59].
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The impedance ZP of each element is determined using the well-known transmission
line formula (Equation 2.9):

ZP = Z0
Z1 + jZ0 tan(βu)
Z0 + jZ1 tan(βu) (2.9)

Where, Z0 represents the characteristic impedance, and βu stands for the phase constant
of the transmission line. The coupling capacitor XC between the elements is also
calculated using Equation 2.7. Once the impedance of the resonator (ZP ) and the
coupling capacitor (XC) are determined, the structure can be regarded as a transmission
line periodically loaded with a lumped impedance Z. The value of Z is derived from
the parallel connection of ZP and XC .

2.4.2 Numerical methods

Numerical modeling generally allows for more precise results than analytical mod-
eling. Indeed, electromagnetic simulation methods take into account the interactions
of waves with the metal-dielectric medium, leakage modes, and periodicity. However,
they can result in quite long calculation times depending on the type of simulation .
The objective of this paragraph is to briefly present the numerical methods involved
in this thesis. In the design phase, the use of electromagnetic simulators is crucial for
reducing costs associated with prototyping and measurements. The simulation results
presented in this thesis were obtained using CST Microwave Studio (CST MWS).
CST Microwave Studio uses the Finite Integration Technique (FIT), introduced by
Weiland in 1977 [61]. It is one of the temporal methods generally well-suited for wide-
band problems. It involves a spatial-temporal discretization of Maxwell’s equations in
an integral formulation. The computational domain is decomposed into cubic elemen-
tal cells. The FIT is a generalization of the Finite-Difference Time-Domain method
(FDTD) [62], one of the most useful numerical methods used to simulate the behavior
of electromagnetic fields. It straightforwardly discretizes Maxwell’s equations in both
time and space domains. The method was first proposed in a seminal 1966 paper by
Kane Yee. The FDTD acronym, in turn, was coined later by Taflove in the 1980s
[62, 63]. The resolution of the equations is done in a cartesian discretization, which can
characterize up to two distinct materials in the same grid cell, offering a considerable
advantage over FDTD methods. This allows for a reduction in the overall number of
cells required for equivalent precision.
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a Reflection phase diagram:

The metasurfaces provide a significant reflection phase response when it react like
AMC. Equation 2.3, represents the reflection phase generated by the High Impedance
Surface (Φ) when an incident wave is directed perpendicular to its surface. As the
surface impedance (ZS) tends towards infinity (Equation 2.5), the reflection phase of
the surface approaches zero. At this condition the metasurface structure, react like
AMC surfaces (no shorting pin) [56]. The reflection coefficient can be calculated using
CST simulation software with periodic boundary conditions (see Figure 2.11).
This involves positioning a single unit cell within a radiating box with PEC and PMC
walls. The unit cell is then exposed to a normally incident wave for analysis [57].
The AMC show its unique characteristic within a limited bandwidth (the in-phase
bandwidth) ranging from - 90° (lower frequency) to +90° (higher frequency), as it is
shown in Figure.2.12. It is required to resonate at the center frequency where the
reflection phase is zero-degree.

Figure 2.11: The applied boundary condition around AMC unit cell.

Figure 2.12: Reflection phase responses [56].
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b Dispersion diagram

Dispersion diagrams is graphical representation that illustrates how the wavenumber
(usually denoted as "k") of waves varies with frequency within a specific guiding struc-
ture. The wavenumber (k) represents the spatial frequency of waves in a given medium
or structure, how many wave cycles occur per unit length. It is defined as: (Equation
2.10 ):

k = 2π

λ
(2.10)

Where:

• k is the wavenumber.

• λ is the wavelength of the wave.

Figure 2.13: FDTD simulated dispersion diagram of the mushroom-like EBG structure
[57].

The wave number in EBG structures is usually difficult to express explicitly and has
to be obtained by solving the eigenvalue equation [57]. Eigenmode solvers in CST
Microwave Studio are used to calculate the eigenfrequencies and corresponding field
distributions of the EBG structure. By analyzing the eigenmodes, the dispersion di-
agram can be constructed to identify the bandgaps and propagation characteristics.
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Since EBG structures are periodic, simulating them using traditional FDTD models
can be computationally intensive and require extensive memory storage. However, by
employing Periodic Boundary Conditions (PBCs), only a single cell of the EBG struc-
ture needs to be computed in the FDTD simulations. PBCs are applied on all four
sides of the cell to model an infinite periodic replication. This approach offers several
benefits: it significantly reduces the computational cost as only one unit cell is simu-
lated; optimizes memory usage and reduce the simulation time [57].
In particular, several information can be extracted from the dispersion diagram (see
Figure 2.13) for EBG mushroom structure proved in [56, 57]:

• The highlighted electromagnetic band gap (EBG) area, marked in grey, exists at
a frequency range situated below the first-order TE (Transverse Electric) surface
mode and above the first-order TM (Transverse Magnetic) mode.

• At lower frequencies, the surface impedance exhibits inductive characteristics,
leading to the support of a fundamental TM (Transverse Magnetic) mode.

• At higher frequencies, the surface impedance exhibits capacitive characteristics,
leading to the support of a fundamental TE (Transverse electric) mode.

2.5 State-of-the-art of wideband and multiband an-
tennas based on artificial material reflectors

2.5.1 AMC reflectors-based wideband antennas

Various approaches have been proposed to enhance the performances of wideband
antenna. Some research results on wideband dipoles backed by AMC reflectors have
been reported, a simple dipole with EBG reflector is presented in [64]. However, the
directional wideband dipole antenna backed by EBG structure shows 37% of a relative
bandwidth and a low profile height of only 0.038λ0. A printed bowtie antenna backed
by fractal wideband AMC reflector is investigated in [65], for gain enhancement. As
shown in Figure 2.14. The AMC is consisted of 6 × 9 fractal shaped unit cells made of
multiple big and small circles with ± 90° reflection phase band of 1.1–3.03 GHz. The
radiating configuration shows 16.7% of a relative bandwidth with a gain enhancement
of 4 dB and a gain variation of 2 dB.

39



Chapter 2: Antenna reflectors based on artificial materials

(a)

(b) (c)

Figure 2.14: Bowtie antenna loaded with fractal shaped AMC reflector for gain en-
hancement [65], (a) Top antenna view, (b) Top AMC view, (c) The overall antenna
structure.

Moreover, a wideband dual polarized antenna loaded with wideband AMC reflector is
described in [66]. It is composed of four printed dipoles used as radiating elements to
obtain both vertical and horizontal polarization as seen in Figure 2.15(a). The results
indicate that the proposed design can reach 40% of impedance bandwidth with a gain
variation of 2 dB and a low profile of 0.085 λ0. Furthermore, a coplanar waveguide fed
antenna with an AMC is investigated in [67] (see Figure.2.15(b)) to achieve directional
radiation patterns with a gain variation of 2.85 dB over 36.7% of relative impedance
bandwidth. Besides, authors in [68, 69, 70] have reported that size, number and ar-
rangement of unit cells affect the antenna performances and showed that it exists a
certain configurations of AMC, for which optimal directive gain is obtained.
In [71], it has been demonstrated that the radiation pattern degradation is mainly
caused by the presence of destructive surface waves in the AMC reflector. A hybrid
AMC reflector composed of both PEC/AMC was then proposed to eliminate the main
lobe-splitting drawback of planar diamond antenna,as presented in Figure 2.16 (a).
However, a wide impedance bandwidth of 46% (4.2 - 8.1 GHz) with a stable gain of
fluctuation of 3 dB can be obtained by using the hybrid AMC rather than the uniformed
AMC reflector.
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(a)

(b)

Figure 2.15: Wideband antennas over AMC reflectors in: (a) [66], (b) [67].

(a)

(b) (c)

Figure 2.16: Wideband antennas loaded withh various AMC reflectors in: (a) [71], (b)
[72], (c) [73].
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Similar approaches has been developed in [72, 73] where a wideband antenna-based
hybrid AMC reflector is investigated for gain enhancements. The two AMC arrays
are depicted in Figure 2.16(b) and Figure 2.16(c). It is reported that two antenna
structures show a wide impedance bandwidth of 39%, 44% with a stable gain of 2 dB
gain variation, respectively. In [74], an AMC reflector with six metallic walls are used
to stabilize the radiation pattern of dipole antenna, as it is illustrated in Figure 2.17.
The antenna consists of a pair of crossed-dipoles loaded on a wideband hybrid AMC
reflector. The results indicate that the proposed configuration could achieve a stable
gain variation of 0.85 dB while maintaining a reduced thickness (reduced from 36 mm
to 18 mm) by using the AMC reflector.

Figure 2.17: Crossed-dipole backed with wideband hybrid AMC reflector [74].

Another approach has been proposed in [75, 76] (see Figure 2.18). A non-periodic AMC
reflector is suggested to mitigate the main beam splitting in the broadside direction of a
dual dipole antenna. 3 dB gain bandwidth can be achieved for both structure compared
to the uniform AMC reflector.

Figure 2.18: Dual dipole antenna over the non-periodic AMC reflector [76].
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In [77], a wideband low profile CPW fed monopole antenna is investigated using wide-
band fractal AMC reflector. The AMC reflector of size 30 mm ×30 mm is placed at
a distance of 2 mm (see Figure 2.19 ) to the CPW fed monopole antenna in order to
achieve wideband characteristics. It is reported that, by adopting the fractal geome-
tries, the AMC in-phase bandwidth is extended to 5.1–7.4 GHz (36.5%). After the
inclusion of the AMC reflector a wide impedance bandwidth could be achieved 4.7-8
GHz (52%) with a unidirectional gain of enhancement of 4 dB compared to the original
structure without AMC reflector.

Figure 2.19: CPW fed monopole antenna over the wideband fractal AMC reflector [77].

Figure 2.20: Hybrid fractal monopole antenna loaded with wideband AMC reflector
[78].
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A hybrid fractal monopole antenna loaded with a wideband AMC is investigated in
[78] for hybrid wireless cellular networks. The main intuition of this work is to improve
the wideband performances with reduced size. A compact AMC reflector of 3×3 AMC
unit cells is loaded at 11.75 mm from the antenna structure, as depicted in Figure
2.20. The proposed radiating configuration could exhibit a wide relative impedance
bandwidth of 61.68% (3.7–7.0 GHz) with a high gain value between 8 and 13.8 dB. In
[79], a broadband low profile circular polarized antenna (cross dipole) baked with AMC
reflector is investigated to achieve broadband characteristics (see Figure 2.21(a)). The
antenna has a low profile of 0.12 λ0 at the center frequency of 1.78 GHz. The results
indicate that the suggested design show a wide impedance bandwidth ranging from 1.19
to 2.37 GHz which corresponding to a relative bandwidth of (66.3%), with an enhanced
gain of 6 dB. As depicted in Figure 2.21(b), a low profile wideband slot antenna loaded
with a wideband AMC reflector of size 40 mm ×50 mm, situated at a distance of 5 mm
is investigated in [80]. It has a wide impedance bandwidth of 5.06 - 7.92 GHz (44.07%)
with a peak gain of almost 8 dB. In [81] an EBG reflector is loaded behind a wideband
dual polarized antenna for gain enhancement (see Figure 2.22). The average broadside
gain is enhanced to 8.03 dB on a relative impedance bandwidth of 43%.

(a) (b)

Figure 2.21: Wideband antennas over AMC reflector designs in: (a) [79], (b) [80].

A low profile printed slot antenna backed by an AMC reflector is proposed in [82] for
bandwidth enhancement. Firstly, the antenna is introduced without AMC surfaces
then a broadband AMC surfaces is introduced behind the antenna as reflector. The
proposed configuration is depicted in Figure 2.25. The printed slot antenna over the
AMC reflector exhibits a wide impedance bandwidth of almost 70% ranging from 6.63
to 13.70 GHz then whose without AMC reflector of 20% (9-10 GHz).
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Figure 2.22: Dual polarized antenna based on wideband AMC reflector [81].

(a)

(b) (c)

Figure 2.23: Low profile printed slot antenna backed by AMC reflector [82]: (a) The
overall structure, (b) Top antenna, (c) Top AMC.

Inserting EBG/AMC cells around the antenna structure can also be explored for gain
enhancement. In [83, 84] an metasuface structure is used to boost the gain of a mi-
crostrip patch antenna using different configuration: by loading the metasuface struc-
ture below and around the microstrip patch antenna (see Figure 2.24). The gain is
enhanced to 5.67 and 10.32 dB for the two configurations, respectively, this enhance-
ment resulting from the surface wave suppressing.
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(a) (b)

Figure 2.24: Patch antenna with metasurfces structure: (a) Metasurface around the
patch [83], (b) Metasurface below the patch [84].

The main performances of the previous researches works presented in the state of the
art are listed in Table 2.1.

Table 2.1: Wideband antennas based on artificial materials

Ref Overall size dimension(λ0) Frequency Bandwidth Max
(width × length × height) band(GHz) (%) gain(dB)

[64] 0.66 λ0×0.66 λ0×0.0386 λ0 1.7-2.5 38 8
[65] 0.11 λ0×0.47 λ0×0.15 λ0 1.64-1.94 16.7 6.5
[66] 0.1075 λ0×0.1075 λ0×0.085 λ0 1.6-2.4 40 12
[67] 0.86 λ0 ×0.57 λ0×0.061 λ0 5.01–7.35 36.7 6.5
[71] 1.22 λ0 ×1.22 λ0×0.11λ0 4.2–6.7 63 7.9
[72] 1.1 λ0 × 1.1 λ0×0.09 λ0 5.78-8.6 39.2 6
[73] 0.48 λ0 ×0.48 λ0×0.10 λ0 5.93-9.28 44 6
[74] 0.79 λ0×0.79 λ0×0.10 λ0 1.67-2.98 56 8.5
[76] 0.6 λ0×0.6 λ0×0.12 λ0 4.7-8 52 8.5
[77] 0.8 λ0 ×0.8 λ0×0.26 λ0 3.7–7 61.68 8.5
[78] 1.49 λ0 ×1.49 λ0×0.12 λ0 1.19–2.37 66.3 8.5
[80] 0.68 λ0×1.08 λ0×0.12 λ0 5.06-7.92 44 8.5

λ0 : is the wavelength at the center frequency.
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It can be noted that, despite the narrow bandwidth of AMC surfaces, several researchers
have successfully achieved wideband performance. However, it can also be observed
that, despite the implementation of AMC reflectors, some studies have not succeeded
in enhancing antenna bandwidth or achieving a compact size with stable gain across
their wide bandwidth. The AMC has still demonstrated its effectiveness not only in
wideband antennas but also in multiband antennas, enhancing antenna performance
across multiple operating bands simultaneously. This will be briefly discussed next.

2.5.2 AMC reflectors-based multiband antennas

Contrarily to the conventional single wideband band AMC with one zero-phase in
the reflection coefficient, multiband AMC can provide two or more zeros-phase, thereby
multiple operation bands can be achieved. A metamaterials inspired antenna for air-
borne application is investigated in [85] (see Figure 2.25). The antenna design is based
on the approaches of CRLH-TL (Composite right-left handed material). The antenna
geometry provide an LC circuit derived from the rectangular patch, the semicircular
patch and the gap inserted between them. By the inclusion on AMC reflector, a unidi-
rectional enhanced gain can be achieved of 6.46 and 7.12 dB centred at 3.27 and 5.11
GHz over an extended bandwidth of 12.23% and 21.96%.

Figure 2.25: Metamaterials inspired antenna loaded with dual band AMC reflector [85].

In [86], a low profile dual band dual polarized antenna array over an AMC reflector
is presented for gain enhancement (see Figure 2.26(a)). The proposed combination
exhibits a high peak gain values of 10 and 13 dB over an impedance bandwidth of
13.8% (2.44–2.80 GHz) and 6% (4.75–5.03 GHz),covering the sub-6 GHz applications
respectively,
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(a) (b)

Figure 2.26: Dual band antennas loaded with the designed AMC reflectors in: (a) [86],
(b) [87].

In [87], a dual–wideband antenna circularly polarized antenna loaded AMC reflector is
developed as shown in Figure 2.26(b). The proposed antenna exhibits a compact size
of 0.64 λL × 0.64 λL × 0.16 λL at 2.4 GHz with two broadband bandwidth of 40%
(2–3 GHz) and 49.5% (3.8–6.3 GHz) with an average gain of 6.6,7.4 dB for the lower
and upper bands, respectively. Moreover, in [88], a dual band coplanar patch antenna
operates at 2.45 and 5.1–5.8 GHz, loaded with metasurface reflector is developed for
wearable application. The uni-planar metasurface ground plane ofof 3×3 of slotted
square ring patch, as illustrated in Figure 2.27(a). The simulated and measured results
show that the gain of the proposed radiating design could enhanced by 3 dB over the
two working band of 3%, 25% relative impedance bandwidth centred at 2.45, 5.7 GHz,
respectively.

(a) (b)

Figure 2.27: Dual band antennas loaded with the designed AMC reflectors in: (a) [88],
(b) [89].
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Further, a low profile uni-planar dual band trapezoidal CPW-fed monopole antenna
combined with metasurface ground is investigated in [89] for bandwidth enhancement(see
Figure 2.27(b)). The radiating structure has low profile of 0.04λL at 2.45 GHz with
a peak gain of 2, 5.54 dB over a bandwidth of 391, 578 MHz which corresponding to
9.61% and 17, 67%, respectively. In [90], a dual band microstrip antenna loaded with
6×6 modified SRR (Split Ring Resonator) unit cells is proposed for 2.4 GHz WLAN
and 8.2 GHz ITU band applications. The microstrip antenna exhibits two resonances
frequency generated by the ground plane and the three U-shaped strips. As shown
in Figure 2.28, a modified SRR structure is loaded as AMC reflector to enhance the
antenna performances (gain and bandwidth). The two operating bands are upgraded
by 16% and 6%, respectively. In addition, the gain is increased by 3.63 dB and 1 dB
at 2.36, 8.45 GHz, respectively.

(a) (b)

Figure 2.28: The dual band microstrip antenna over the triple band SRR AMC re-
flector [90]: (a) Top and bottom view antenna, (b) The overall combined structure
(antenna+AMC).

The AMC still proving its efficiency in the gain enhancement, and the backward radi-
ation reduction in diverse applications. Hence, it is a great challenge to enhance the
gain across multiple operating bands, simultaneously. As illustrated in Figure 2.29(a),
a quad band wearable antennas based on triband AMC reflector with three zeros-in the
reflection phase is proposed for gain enhancement and SAR reduction in [91]. The gain
can reach more than 5 dB across the four working band (3.5, 5.8, 7.5 and 8.08 GHz),
with a reduced SAR of 0.50 after employing the AMC surface. The same approach is
utilized in [92], where a triple band wearable antenna loaded with triband AMC reflec-
tor is investigated (see Figure 2.29(b)). The antenna has lightweight and low profile of
0.048 λL at 2.4 GHz with high gain values of 4.8, 5.1, and 6.2 dB across the triple band
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ISM (2.28–2.51)GHz, (5.2–6 GHz) and at WiMAX band (3.5-4GHz),respectively,

(a) (b)

Figure 2.29: Triple band antennas over triple band AMC reflector designs in : (a) [91],
(b) [92].

In [93, 94], a gain enhancement of compact multiband antennas using triband AMC
reflectors is proposed for WLAN /WIMAX applications. In [93] , a gain enhancement
by amounts of 4.93, 5.92, 5.54 and 4.95 dB is acheived at the frequencies of 2.45, 3.5,
4.6 and 5.8 GHz, respectively. A triple band operation is achieved by using AMC
reflectors (see Figure 2.30(a)). In [94], a triband antenna associated with dual band
AMC reflector is proposed for Wireless Body Area Networks (WBAN), as shown in
Figure 2.30(b). 4×4 AMC unit cell array is used at distances of 0.139 λL (2.45 GHz)
from the antenna structure to enhance the gain of the triple band antenna and reduce
the SAR by 90%. The antenna shows a maximum peak gain values of 4.69, 10.54, 7.45
dB centred at 2.45, 4.1, 6.5 GHz, respectively.

(a) (b)

Figure 2.30: Gain enhancement of multiband antennas over the triband AMC reflectors
for WLAN /WIMAX applications presented in : (a) [93] , (b) [94].
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Another CPW fed triband antenna over triband AMC is investigated in [95] for wearable
application. An AMC reflector of 4×5 three concentric nested octagonal rings unit cell
is used for gain enhancement and SAR reduction as it depicted in Figure 2.31. After
incorporating the triple band AMC reflector, the antenna shows a reduced SAR of 99.8%
with a gain enhancements of 3.4, 1.8, and 4 dB centred at 1.85 GHz (1.34–1.67 GHz)
, 2.45 GHz (2.33–2.47 GHz) and 3.5 GHz,(3.55–3.7 GHz) to cover WLAN/WIMAX
application.

Figure 2.31: CPW fed triband antenna over the triband AMC reflector [95].

In [96], The dual band operation is achieved by engraving a circular ring, circular slots
in the CPW fed patch antenna while the third operating band can be generated by em-
bedding to antenna substrate a mushroom type composed of square metal patches with
shorting pin (see Figure 2.32). The proposed configuration shows an omnidirectional
radiation pattern with appreciable gains over the three operating band in the range of
530 MHz (2.28–2.81 GHz), 470 MHz (3.29–3.76 GHz) and 1250 MHz (4.87–6.12 GHz)
which can cover all the 2.4/5.2/5.8 GHz WLAN bands and 2.5/3.5/5.5 GHz WiMAX
bands,respectively.

Figure 2.32: CPW fed patch antenna with metasuface structure [96].
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Another method to improve the antenna bandwidth and especially the gain by using an
AMC reflector made of CSRR (Complementary Split Ring Resonator) shaped unit cells
and characterized with three zeros-phase in the reflection coefficient [97]. The antenna
is constructed by various ring in order to obtain the multifrequency behavior at 2.4,
4.2, 5.8 GHz as seen in figure 2.33. The suggested radiating configuration shows a
three wide impedance bandwidths ranging from 2.2-2.49, 2.94-4.96, and 5.41-6.62 GHz,
which cover WLAN/ WMAX frequency with gain enhancements by amount of 4.22 ,
4.42, 3.46 dB, at three desired resonant frequencies, respectively.

Figure 2.33: Multiband antenna over the CSRR AMC reflector [97].

Further approach has been investigated in [98] by designing a wideband/multiband
antenna simultaneously (see Figure 2.34 and Figure 2.35). A wideband bowtie antenna
is associated with dual band AMC reflector to generate a triple band behavior with and
enhanced performances for the European standards of 4G/5G and Wi-Fi 2.4/5/6E. The
proposed configuration(see Figure 2.34) shows enhanced peak gains of 8, 9.1, and 10.5
dB over a triple band in the range of 2.4–2.7 GHz, 3.4–3.8 GHz, and 5.17–6.45 GHz,
respectively.

Figure 2.34: Wideband bowtie antenna associated with dual band AMC reflector [98].
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In [99], another wideband/multiband planar inverted-F antenna (PIFA) over an meta-
surface ground plane is proposed for wireless communication applications (see Figure
2.35). The aim of this work is to achieve wideband /multiband characteristics with a
reduced size. The combination of the antenna and the metasurface together generates a
band stop from 1.8 to 3.2 GHz, therefore, two operating bandwidths could be achieved
the first one at 1.3 GHz with narrow bandwidth while the second is extended from 2.8
to 6.5 GHz with a size reduction of 27% .

 

Figure 2.35: Combination of multiband PIFA antenna with EBG structure [99].

The main performances of the previous works presented in the state of the art are
listed in Table 2.2.The use of AMC reflectors in multiband antennas has proven effec-
tive in enhancing antenna gain across multiple frequency bands, all while preserving
a compact design. This improvement makes AMC-reflector-based multiband antennas
well-suited for applications that require efficient performance across diverse frequencies
within space-constrained environments.
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Table 2.2: Multiband antennas based on artificial materials

Ref Overall size dimension(λL) Frequency Bandwidth Max
(width × length × height) (GHz) (%) Gain(dB)

[85] 0.23 λL× 0.30 λL×0.016λL 3.27, 5.11 12.23, 21.96 6.46, 7
[86] 1.04 λL×1.04λL×0.065λL 2.62, 4.89 13.8, 6 10, 13.7
[87] 0.64λL×0.64λL×0.16λL 2.05, 5.05 40, 49.5 6.6, 7.4
[88] 0.98λL×0.98λL×0.04λL 2.45, 5.7 3, 25 /
[89] 0.8λL×0.64λL×0.008λL 2.45, 6 17.67, 9.61 2, 5.8
[93] 0.7λL× 0.7λL×0.01 λL 3.5, 5.8, / 7.53, 9.08,

7.5, 8.08 8.18, 7.65
[94] 0.72λL×0.72λL×0.048λL 2.4, 3.5, / 4.8, 5.1,

5.8 6.2
[95] 0.73λL×0.73λL×0.21 λL 2.45, 3.5, 14.8, 38.4, 5.4, 7,

5.8 5.3 6.4
[96] 0.34λL×0.18λL×0.008λL 2.54, 3.52, 5.2, 3.3, /

5.8 5.6
[98] 1.28λL×1.14λL×0.12 λL 2.41, 3.4, 34, 4.9, 8, 9,

5.8 7.7 10.5
[99] 0.19λL×0.095 λL×0.38 λL 1.3, 3 40, 79.5 6.2, 5.6

λL : is the wavelength at the lowest resonant frequency.

2.6 Conclusion

In this chapter, the distinctive properties of EBG and AMC surfaces have been
explored. EBG structures are characterized by two primary features: their ability to
create frequency band gaps that prevent surface wave propagation, and their in-phase
reflection capability when functioning as an AMC, allowing zero-degree reflection of
incident waves at the resonance frequency. These unique features make EBG and
AMC surfaces optimal for enhancing antenna performances. A comprehensive review
of wideband and multiband antenna designs based on artificial materials has been
conducted, focusing on the specific performance improvements achievable through the
incorporation of these artificial materials. In the next chapter, we will propose the
design of multiple wideband and multiband antennas utilizing novel AMC reflectors.
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AMC reflectors-based wideband
antennas

3.1 Introduction

This chapter proposes two solutions aimed at enhancing the performance of wide-
band antennas. These solutions leverage AMC reflectors and target two specific appli-
cations: enhancing gain stabilization and front-to-back ratio (F/B), as well as reducing
the antenna profile height. In pursuit of these objectives, several designs of AMC unit
cells will be presented. A comprehensive parametric study will be conducted to justify
the selection of these designs. Subsequently, all prototypes will be measured and com-
pared to simulated results to validate their effectiveness. Furthermore, the obtained
results will be compared to existing published work to demonstrate the superiority of
the proposed solutions.

3.2 Application I: Gain stability improvement of a
wideband antenna using AMC reflector

3.2.1 Antenna geometry

The proposed structure is composed of bowtie antenna, as shown in Figure 3.1(a).
The bowtie antenna has been slightly modified by bending the edges of both triangles
to provide better impedance matching in the operating band, especially at the lower
frequencies.
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(a) (b)

Figure 3.1: Antenna geometry, (a) Top view , (b) Bottom views .

The impact of these edge modifications will be discussed in detail in the upcoming
section. The bowtie antenna is printed on a Roger RT885 dielectric layer in size of
(75×81.5) mm2 with thickness of 1.57 mm, relative permittivity of 2.2 and loss tangent
of 0.009. In order to feed the antenna with an asymmetric feed line, a balun is employed.
This balun consists of two transmission lines: microstrip line (MCS), coplanar stripline
(CPS) printed on the same substrate. The 50 Ω SMA connector (coaxial) is mounted
on the edge of the antenna substrate with its central pin connected to microstrip line
(MCS). Additionally, 8 vias are incorporated on the right side of the CPS line to es-
tablish an electrical connection between the CPS line and the ground plane located
on the backside of the dielectric layer. In order to achieve wideband characteristics, a
progressive transition is inserted on the bottom of the antenna substrate, as shown in
Figure 3.1(b). The dimensions are listed in Table 3.1. This configuration was previ-
ously explored in [100], where the antenna exhibited omnidirectional radiation with a
maximum realized gain variation of 9 dB across a relative impedance bandwidth of 46%
(4.08–6.4 GHz). The objective of the following study is to achieve a directive, stable
gain (broadside gain variation less than 1 dB) over the widest possible bandwidth in C
band. Initially, by employing a standard square patch AMC reflector.
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Table 3.1: Dimensions of the designed bowtie antenna and its feeding system.

Parameter Ls Ws Lp Wp XRad Lcps Wcps

Value (mm) 75 81.50 25.80 17.5 3.5 19.95 0.3
Parameter Lmcs Lm Wmcs Wm Lt Lk Wk

Value (mm) 12 12 3.77 19.25 17.29 17.29 9.90

3.2.2 Bowtie antenna loaded with standard square patch (SSP)
AMC reflector

The overall antenna structure is consisted of two dielectric substrates, separated by
an airgap layer, as depicted in Figure 3.2(a). The upper dielectric layer consists of the
bowtie antenna with dimensions of 75× 81.5 mm2, while the bottom layer compromises
5×8 arrangement of SSP unit cells with total dimensions of 68.9 × 42.8 mm2, as
shown in Figure 3.2(b). In order to maintain the balun’s characteristics (prevent the
performances degradation), particularly its operating bandwidth, no unit cell has been
placed behind it.
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Figure 3.2: Geometry of the proposed bowtie antenna with 5×8 SSP unit cell AMC
reflector, (a) Side view, (b) Top view of the AMC reflector.
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The air layer is sustained by four plastic bolts with nuts, resulting in a total thickness
of 6.77 mm (0.089 λL, where λL is the wavelength at the lowest frequency 3.74 GHz).
The proposed AMC unit cell is shown in Figure 3.3(a), it consists of simple square
patch, printed on a 3.2 mm-thickness FR4 substrate layer with a permittivity of 4.3
and a loss tangent of 0.025. The dimensions of the suggested unit cell are listed in
Table 3.2. In order to investigate the unique feature of the AMC surface (in-phase
reflection), the proposed unit cell is surrounded by PEC boundary in the direction of
the electric field (E-field) and PMC boundary in the direction of the magnetic field
(H-field). Additionally, a wave excitation introduced through an upper wave port, as
shown in Figure 3.3(b). The AMC unit cell is designed and simulated using CST
microwave studio software and its reflection phase characteristics is depicted in Figure
3.3(c). The SSP AMC unit cell operates within in-phase bandwidth (where reflection
phases range between - 90° and + 90°), ranging from 4.55 to 8 GHz, corresponding a
relative bandwidth of 54%.
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Figure 3.3: SSP unit cell, (a) Its geometry, (b) Its electromagnetic model, (c) Simulated
reflection phase response.
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Table 3.2: Dimensions of the designed SSP AMC unit cell.

Parameter LAMC WAMC g

Value (mm) 9.4 8 0.7

 

(a)
 

(b)

Figure 3.4: Effect of the air layer thickness on the antenna characteristics, (a) Reflection
coefficient, (b) Broadside gain.

A parametric study is conducted in order to investigate the effect of the air layer on
the antenna performances, thus, two parameters are investigated the reflection coeffi-
cient and the broadside gain (Theta = phi = 0°), as illustrated in Figure 3.4. When
adjusting this thickness within the range of 0.5 to 2.5 mm, it becomes evident that the
proximity between the AMC reflector and the bowtie antenna has a notable impact
on impedance matching and the variation in broadside gain. From Figure 3.4(a), it is
clearly noticeable that as the air layer thickness (Hair) decreases, there is a mismatch
occurring within the frequency range of 5.6–6.0 GHz. This mismatch results in a nar-
rower input impedance bandwidth. Thus, for Hair ≤ 1.5 mm, a relative impedance
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bandwidth of 39% is reached, while it expands to 57% for Hair ≥ 2 mm. Furthermore,
for all investigated values Hair, the broadside gain remains relatively steady within the
frequency range of 3.74–6 GHz. However, there is a significant drop from 0 dB to -5
dB at 6.5 GHz when Hair is set at 2.5 mm and 0.5 mm, respectively. However, taking
into account the large gap (Hair) between the two substrates tends produce a bulky
antenna structure. As a result, an optimal air layer thickness (Hair) of 2 mm is chosen
to ensure both impedance matching and stable broadside gain across a broad frequency
range.
Figure 3.5 Depicts the Simulated reflection coefficient and broadside gain of the opti-
mized configuration bowtie antenna separated by 2 mm air layer from 5× 8 SSP unit
cells AMC reflector. The results reveal that the proposed configuration functions effec-
tively in the frequency range of 3.74 to 6.75 GHz, where the reflection coefficient remains
below -10 dB (| S11 | ≤ -10 dB) which represents a relative bandwidth of 57.38%. The
broadside gain varies between 4 and 8 dB within the operating band of 4–6 GHz, but
experiences a significant drop to -0.93 dB at 6.5 GHz. This results in an unstable gain
within the operating band of 3.74–6.75 GHz, characterized by an approximate 8 dB
variation in gain.

 

Figure 3.5: Simulated reflection coefficient and broadside gain of the optimized bowtie
antenna with 5×8 SSP unit cell AMC reflector.
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Figure 3.6: Simulated surface current distribution on the SSP AMC reflector at: 4 , 4.5
, 5.25, 6, 6.5 GHz.

To further understand the structure behavior, we examined the surface current distri-
bution on the AMC reflector at five specific frequencies: 4 GHz, 4.5 GHz, 5.25 GHz, 6
GHz, and 6.5 GHz, as it is depicted in Figure 3.6.
At the first three frequencies, the current is primarily concentrated within a limited
surface area positioned directly beneath the radiating bowtie antenna. Conversely, at
6 and 6.5 GHz, the current distribution on the AMC reflector extends across a broader
surface area. This variation in the current distribution affects the behavior of the AMC,
leading to destructive interference. This interference phenomenon can provide an expla-
nation for the decrease in the observed broadside gain at 6.5 GHz. In order to enhance
the stability of gain, two AMC unit cells shapes are introduced and investigated in the
following section.

3.2.3 Proposed unit cell investigations

To enhance the gain at 6.5 GHz, two unit cell shapes have been developed. These de-
signs involve modifying the standard patch unit cell without disrupting the impedance
matching. This is achieved by altering the edges of the proposed unit cell, creating
octagonal and cross-shaped configurations, as illustrated in Figure 3.7. Both unit cells
are printed on a 3.2 mm-thickness FR4 substrate layer with a permittivity of 4.3 and a
loss tangent of 0.025. Their dimensions are summarized in Table 3.3.
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The simulated reflection characteristics of both AMC unit cells are depicted in Figure
3.8. It can be seen that both unit cells operate within an in-phase bandwidth, (where
reflection phases range between -90° and +90°), ranging from 4.81 to 6.84 GHz for
the octagonal unit cell and from 4.41 to 6.17 GHz for the cross-shaped unit cell. This
corresponds to a relative bandwidth of 34.8% and 33%, respectively.
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Figure 3.7: The proposed AMC unit cell geometries, (a) Octagonal AMC unit cell, (b)
Cross-shaped AMC unit cell.

Table 3.3: Dimensions of the designed octagonal and cross-shaped AMC unit cells.

Parameter LAMC WAMC g a b a1 b1

Value (mm) 9.4 8 0.7 1 1.5 2.25 2.25

 

Figure 3.8: Simulated reflection phase responses of both octagonal and cross-shaped
AMC unit cells.
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a Bowtie antenna loaded with the octagonal AMC reflector

The bowtie antenna is, now, loaded with 5×8 octagonal unit cells AMC reflector,
with an air layer of 2 mm, as illustrated in Figure 3.9. The effect of a and b parame-
ters (see Figure 3.7(a)) on the antenna reflection coefficient and the broadside gain is
investigated in Figure 3.10 and Figure 3.11, respectively.

 

 

 

Bowtie 

antenna  

 Octogonal 

AMC refelctor 

Figure 3.9: Bowtie antenna over the octagonal AMC reflector.

 
(a) 

(b) 
 

Figure 3.10: Effect of a parameter on the combined bowtie antenna with the AMC
reflector performances, (a) Reflection coefficient, (b) Broadside gain.
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It can be observed from Figure 3.10, that the effect of a parameter is less significant
on the antenna impedance matching, as the values of this parameter increased. Across
all investigated cases, as a increases, the gain remains stable over a frequency band
ranging from 4 to 6 GHz. However, at 6.5 GHz, a dip in the broadside gain is observed,
resulting in high gain variations of 5.13 dB, 5.17 dB, and 4.35 dB for the three cases of
a = 1.5 mm, a = 2.5 mm, and a = 3.5 mm, respectively.
In addition, from Figure 3.11, it can obviously seen that for b = 3.5 mm, the impedance
matching is deteriorate, especially in the frequency band of 4.55-4.80 GHz, therefore
this case will not be considered in gain investigation. Furthermore, setting b to 1.5
and 2.5 mm leads to high gain variations of 5.16 dB and 4.35 dB, respectively, over the
targeted bandwidth (4-6.5 GHz).
Finally, the combination of a = 3.5 mm and b = 2.5 mm is chosen as the optimal
parameter configuration for gain stability.
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 Figure 3.11: Effect of b parameter on the combined bowtie antenna with the AMC
reflector performances, (a) Reflection coefficient, (b) Broadside gain.
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The simulated performances (reflection coefficient, broadside gain) of the final opti-
mized bowtie antenna over the octagonal AMC reflector is illustrated in Figure 3.12.
The proposed combined configuration exhibits a wide impedance bandwidth ranging
from 3.86 GHz to 6.5 GHz, which corresponding to 50% relative bandwidth. Despite
maintaining stable gain across the frequency band of 3.86-6 GHz, a notable decrease
in gain is observed, particularly at 6.5 GHz, resulting in a high gain variation of 4.35
dB. It is worth to underline that this configuration exhibits an improvement in the
broadside gain at this frequency compared to the SSP AMC reflector. Specifically, the
gain increases from -0.93 dB to 2.34 dB, marking a gain enhancement of 3.27 dB.

 

 

 

  

 

(a) 

 

(b) 

 
Figure 3.12: Simulated characteristics of the bowtie antenna over the octagonal AMC
reflector, (a) Reflection coefficient, (b) Broadside gain (in comparison to the SSP AMC
reflector).
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In addition, the radiation pattern of the proposed configuration is also depicted in Fig-
ure 3.13 for two main cuts (E-plane and H-plane) at 4, 5, 6, 6.5 GHz, respectively. It
can obviously seen that the bowtie antenna loaded with the octagonal AMC reflector
demonstrates a unidirectional radiation pattern with high gain of 7.26 ,6.78 and 6.61
dB at the three frequencies 4,5 and 6 GHz, respectively . However, at the frequency of
6.5 GHz, the maximum gain is 3 dB. Furthermore, surfaces current distribution on the
octagonal-based AMC reflector is given in Figure 3.14, at 4, 4.5, 5.25, 6, and 6.5 GHz.
It can be noticed that the surface current has significantly reduced compared to those
observed in the case of SSP-based AMC reflector (see Figure 3.6). This current config-
uration fails to meet our specifications, specifically the requirement for a gain variation
of less than 1 dB across the desired frequency band of 4-6.5 GHz. Consequently, we are
exploring the use of a cross-shaped AMC reflector.

 

 
 

         4 GHz 5 GHz 

 

 

        6 GHz 6.5 GHz 

Figure 3.13: Simulated radiation pattern (in gain) of the bowtie antenna over the
octagonal AMC reflector.
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4 GHz 4.5 GHz 5.25 GHz 

  

 

6 GHz 6.5 GHz  
 

Figure 3.14: Simulated surface current distribution on the octagonal AMC reflector at
4 , 4.5 , 5.25, 6, 6.5 GHz..

b Bowtie antenna loaded with the cross-shaped AMC

The bowtie antenna is loaded with 5×8 cross-shaped unit cells AMC reflector, with
an air layer of 2 mm, as illustrated in Figure 3.15. The effect of a1 nd b1 parameters
(see Figure 3.7(b)) on the antenna reflection coefficient and the broadside gain is inves-
tigated in Figure 3.17 and Figure 3.18, respectively. It is observed that as a1 parameter
increases, the impedance matching tends to deteriorate.
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Figure 3.15: Bowtie antenna loaded with the cross-shaped AMC reflector.
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(a)

 

(b)

Figure 3.16: The fabricated antenna prototypes, (a) The assembly, (b) AMC reflector.
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Figure 3.17: Effect of a1 parameter on the combined bowtie antenna with the cross-
shaped AMC reflector characteristics, (a) Reflection coefficient,(b) Broadside gain.

For a1 = 3 mm, the impedance matching tends to deteriorate. Therefore, this particular
case is excluded from the gain investigation. For a1 = 1.75 mm and a1 = 2.25 mm,
the gain remains stable across the frequency band of 4-6 GHz. However, at 6.5 GHz, it
decreases significantly to 1.95 dB and 2.41 dB, resulting in a high gain variation of 4.82
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dB and 4.64 dB, respectively, across the band of interest (4-6.5 GHz). Furthermore,
as b1 parameter increase, no significant effect is observed on the antenna reflection
coefficient and broadside gain. In conclusion, a1 = 2.25 mm and b1 = 2.25 mm are
selected as the optimal parameters for gain stabilization. The bowtie antenna backed
by the cross-shaped AMC reflector is fabricated and assembled, as shown in Figure
3.16. Its final optimised dimensions are give in Table 3.4.
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Figure 3.18: Effect of a1 parameter on the combined bowtie antenna with the octagonal
AMC reflector characteristics, (a) Reflection coefficient, (b) Broadside gain.
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Table 3.4: Dimensions of the designed bowtie antenna loaded with the cross-shaped
AMC reflector.

Parameter Ls Ws Lp Wp XRad Lcps Wcps Hair LAMC WAMC

Value (mm) 75 81.50 25.80 17.5 3.5 19.95 0.3 2 9.4 8
Parameter Lmcs Lm Wmcs Wm Lt Lk Wk a1 b1 g

Value (mm) 12 12 3.77 19.25 17.29 17.29 9.90 2.25 2.25 0.7
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Figure 3.19: Simulated and measured characteristics of the proposed bowtie antenna
over the cross-shaped AMC reflector, (a) Reflection coefficient, (b) Broadside gain.

The reflection coefficient is measured using an Agilent N5224 vector network analyzer
in CDTA (Centre de Développement des Technologies Avancées, Algeria) and plotted in
Figure 3.19 (a). The measured impedance bandwidth for | S11 | ≤ −10 dB, is ranging
from 3.85 to 6.5 GHz, which corresponds to a wide relative impedance bandwidth
of 51%. A good agreement between simulation and measurement results is observed
except a slight shifts in the frequency band of 6.25-6.5 GHz, which can be explained
by the measurement errors. In addition, simulated and measured broadside gain of the
fabricated prototype versus frequency is shown in Figure 3.19 (b). It can be observed
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that the measured gain agrees well in 4.5-6 GHz band with the simulated one except
at 4 GHz , it decrease to 5.16 dB at 4 GHz , which leads to 2.4 dB gain variation.
This discrepancy can be explained by the antenna support in the anechoic chamber.
The simulated and measured radiation patterns in E and H planes at 4, 5 and 6 GHz,
are compared in Figure 3.20. For both planes and all frequencies, a relatively good
agreement is obtained between simulation and measurement results. The fabricated
structure exhibits unidirectional radiation patterns with measured maximum realized
gains of 5.16, 6.8 and 7.5 dB at 4, 5, and 6 GHz, respectively.
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YZ-plane (φ=90°) 4 GHz XZ-plane (φ=0°) 

 

 

YZ-plane (φ=90°)  5 GHz XZ-plane (φ=0°) 

 

 

YZ-plane (φ=90°)  6 GHz XZ-plane (φ=0°) 

 

 

YZ-plane (φ=90°)    6.5 GHz XZ-plane (φ=0°) 

 

Figure 3.20: Simulated and measured radiation pattern (in gain) of the bowtie antenna
over the cross-shaped AMC reflector.

3.2.4 Parametric study on bowtie antenna loaded with the
Modified Cross Shape AMC reflector

a Modified Cross Shaped Unit cell

To enhance the gain stabilization, the main idea is to reduce the surface current
circulation on the AMC reflector by reducing the AMC unit cell surface area. Conse-
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quently, the couple (a1, b1) have been increased significantly to reduce the cross-shaped
unit cell surface. As observed in Figure 3.21, simultaneously increasing a1 and b1 causes
the operating band to shift towards higher frequencies. Specifically, when (a1, b1) are
increased from (2.25, 2.25) mm to (3.55 , 3.65) mm, the in-phase reflection is shifted
from 5.9 to 7.16 GHz with operating frequency band ranging from 4.9 to 7 GHz and
from 6 to 8.28 GHz, respectively.

 

Figure 3.21: Impact of the cross-shaped AMC unit cell parameters on the reflection
phase response.

To restore the operating band towards the target frequency band (3 to 7 GHz), two
conducting T strips are added to the structure, as shown in Figure 3.22. This novel unit
cell is printed on a 3.2 mm-thickness FR4 substrate layer with a permittivity of 4.3 and
a loss tangent of 0.025 and its dimensions are summarized in Table 3.4. A comparison
between the reflection phase of the cross-shaped unit cell and Modified Cross shaped
(MCS) unit cell is depicted in Figure 3.23. The MCS unit cell exhibits an in-phase
reflection at 5.25 GHz with an operating frequency band ranging from 4.95 to 6 GHz.
It corresponds to a relative bandwidth of 19%.
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Figure 3.22: Modified Cross Shaped unit cell geometry.

Table 3.5: Dimensions of the proposed MCS unit cell.

Parameter WAMC g c d e f h k b3

Value (mm) 8 0.7 3 0.75 0.53 2 1.5 0.7 0.9

 

Figure 3.23: Simulated reflection phase response of the developed MCS unit cell.

b Bowtie antenna loaded with the Modified Cross Shape AMC reflector

The proposed MCS AMC reflector is illustrated in Figure 3.24. Figure 3.25 and
Figure 3.26 illustrate the simulated reflection coefficient and the broadside gain for
different dimensions of the MCS unit cell, specifically denoted as c, e, f and h. It is
important to highlight that the antenna impedance matching is not affected by the
variation of these parameters. In addition the parameters selected for investigation
have been chosen due to their significant impact on the antenna gain.
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Figure 3.24: Bowtie antenna over the MCS AMC reflector.

 

(a) 

 
(b) 

 

Figure 3.25: Simulated broadside gain of the bowtie antenna over the proposed AMC
reflector for different modified cross shape (MCS) unit cell dimension variations, (a) c

parameter ,(b) e parameter.
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From Figure 3.25(a), it’s evident that when the parameter c is set to 2.75 mm and 3.25
mm, the antenna exhibits unstable gain behavior over the target frequency band, with
gain variations of 2.07 dB and 1.68 dB, respectively.
However, when c is set to 3 mm, the antenna achieves a relatively stable gain with a
low gain variation of 0.85 dB. From Figure 3.25(b), the parameter e is varied from 0.25
mm to 0.75 mm in increments of 0.25 mm. When e is set to either 0.25 mm or 0.75
mm, the broadside gain becomes unstable with gain variations of 2.39 dB and 1.93 dB,
respectively. Conversely, when e is equal to 0.5 mm, a stable gain is achieved with a
minimal gain variation of 0.85 dB.

 

       (a) 
 

        (b) 
 

Figure 3.26: Simulated broadside gain of the bowtie antenna over the proposed AMC
reflector for different modified cross shape (MCS) unit cell dimension variations, (a) f

parameter, (b) h parameter.
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The impact of f parameter is examined in Figure 3.26(a). When f is set to 1 mm and
3 mm, a gain variations of 2 dB and 1.96 dB are achieved, respectively. However, when
f is set to 2 mm, the gain becomes more stable, exhibiting a variation of only 0.85 dB.
Figure 3.26(b) shows the influence of parameter h, which represents the location of the
conducting T strip, on the antenna’s broadside gain. This parameter is varied from 1
mm to 2 mm with a step size of 0.5 mm. The most stable gain across a wide frequency
range is achieved when h is set to 1.5 mm.
The final optimized dimensions of the proposed bowtie antenna loaded with MCS AMC
reflector are listed in Table 3.6.

Table 3.6: Dimensions of the designed bowtie antenna loaded with the MCS AMC
reflector.

Parameter Ls Ws Lp Wp XRad Lcps Wcps Lmcs

Value (mm) 75 81.50 25.80 17.5 3.5 19.95 0.3 12
Parameter Lm Wmcs Wm Lt Lk Wk Hair LAMC

Value (mm) 12 3.77 19.25 17.29 9.90 17.29 2 9.4
Parameter WAMC b3 c d e f h k

Value (mm) 8 0.5 0.3 0.75 0.5 2 1.5 0.7

 

Figure 3.27: Simulated reflection coefficient and broadside gain of the proposed bowtie
antenna over the MCS AMC reflector.
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4 GHz 5 GHz 

 

 

6 GHz 6.5 GHz 

 

Figure 3.28: Simulated radiation pattern (in gain) of the proposed bowtie antenna over
the MCS AMC reflector.

The final characteristics (reflection coefficient, realized gain and radiation pattern) of
the optimized bowtie antenna over the MCS AMC reflector, are illustrated in Figure
3.27 and Figure 3.28. The proposed combined structure demonstrates a wide impedance
bandwidth ranging from 3.9 GHz to 6.5 GHz, corresponding to a relative bandwidth of
50% with a stable gain of 0.85 dB gain variation. Moreover, this configuration exhibits
an improvement in the broadside gain at 6.5 GHz compared to the SSP AMC reflector.
The gain increases from -0.93 dB to 5.72 dB, Marking a notable gain enhancement
of approximately 6.65 dB. In addition, the radiation pattern of the proposed bowtie
antenna backed by the MCS AMC reflector is illustrated in Figure 3.28 for the E-plane
and H-plane at 4, 5, 6, and 6.5 GHz, respectively. It can obviously observed that the
final proposed structure demonstrates a unidirectional radiation pattern with high gain
of 6.84, 6 and 6.38 dB and 5.74 dB at 4, 5, 6, and 6.5 GHz, respectively.
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Table 3.7: Comparison of optimized bowtie antenna over the three selected AMC re-
flectors

The bowtie antenna over Relative bandwidth Gain variation
the proposed AMC reflector (%) (dB)

Octagonal AMC (3.86-6.5) 51% 4.35
Cross-shaped AMC (3.85-6.5) 51.2% 4.64

MCS AMC (3.9-6.5) 50% 0.85

   

4 GHz 4.5 GHz 5.25 GHz 
   

6 GHz 6.5 GHz 

 

   

   

   

  

 

 

  

   

   

  

 

  

Figure 3.29: Simulated surface current distribution on the MCS AMC reflector at 4 ,
4.5 , 5.25, 6, 6.5 GHz.

The surface current distributions on the MCS AMC reflector is depicted in Figure 3.29,
at frequencies of 4 GHz, 4.5 GHz, 5.25 GHz, 6 GHz, and 6.5 GHz. It can obviously seen
that the currents have been decreased. This reduction can be explained by the smaller
surface area of the AMC reflector achieved by MCS cells, primarily strip structures. As
a result, the circulation of surface currents is reduced, leading to a notable improvement
in gain, particularly at 6.5 GHz (by almost 6.65 dB). The MCS AMC reflector demon-
strates the desired performance characteristics, stable gain over a broad frequency band
when compared to other AMC reflectors, fulfilling our specifications as shown in Table
3.7. In the next section a parametric study will be carried out to investigate the impact
of different dimension on the antenna performances like: air thickness layer, number of
the AMC unit cells, and the shape of the bowtie antenna edges.
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3.2.5 Key design parameter investigations

a Air layer thickness

The influence of the air layer thickness (Hair) on the reflection coefficient and the
broadside gain stability of the proposed configuration is displayed in Figure 3.30. The
study focuses on varying the air layer thickness within the range of 1 to 3 mm.

 
           (a) 

 

         (b) 
 

Figure 3.30: Effect of the air layer thickness on the performances of the bowtie antenna
loaded with the selected MCS AMC reflector, (a) Reflection coefficient, (b) Broadside
gain.
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It can be noted from Figure 3.30(a), that the effect of Hair on the antenna impedance
matching is less significant when compared to its effect on the broadside gain stability.
As illustrated in Figure 3.30(b), a high gain variation of more than 1 dB is observed
when Hair = 1 mm and Hair = 3 mm. In contrast ,when Hair is set to 2 mm, the
gain remains relatively stable, with a variation of only 0.85 dB. This occurs across
a wide relative bandwidth of 50% (3.94-6.61 GHz). By selecting Hair = 2 mm, the
antenna demonstrates consistent and stable performance in terms of broadside gain,
with minimal variation, making it an ideal choice for gain stability.

b AMC unit cell numbers

A parametric study is carried out in order to investigate the effect of the number of
AMC unit cells on the reflection coefficient and the broadside gain, as shown in Figure
3.31.

 

(a) 

(b) 

Figure 3.31: Evaluated antenna performances for different AMC unit cell numbers, (a)
Reflection coefficient, (b) Broadside gain.
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It is worth pointing out that no unit cell is inserted behind the balun to avoid dete-
riorating the wideband performance. Therefore, 5×7, 5×8, and 5×9 AMC unit cell
arrangements are used instead of the 8×8 AMC unit cell arrangement. It can be ob-
served that the impedance matching of the antenna is less sensitive to changes when
the number of unit cells increases along the x-axis, whereas variations in gain stability
are more significantly impacted. In particular, for the 5×7 and 5×9 AMC unit cell
arrangements, the antenna’s gain remains relatively stable with a gain variation of 1
dB. Conversely, the 5×8 AMC unit cell arrangement demonstrates superior stability
with only a 0.85 dB gain variation, indicating a more consistent performance.
Finally, the 5×8 AMC unit cell arrangement emerges as the optimal tradeoff between
input impedance bandwidth (50%) and gain stability, signifying its suitability as the
preferred arrangement for the proposed antenna design.

c Bowtie antenna bending edges

When a traditional bowtie antenna (Triangular bowtie antenna) (with XRad = 0
mm) is positioned over an AMC reflector as it is depicted in Figure 3.32(a), it leads to a
degradation in overall performance in terms of impedance matching and gain stability.
To address this issue, a slight modification is proposed in Figure 3.32(b), by bending
the edges of the two triangles of the bowtie antenna, this parameter, known as XRad .

  

   (a)                              (b) 

 

XRad 

Figure 3.32: Edges forms of the bowtie antenna, (a) Triangular bowtie antenna, (b)
Bended-edges bowtie antenna.

A comparison between the conventional bowtie antenna and this modified version is
presented in Figure 3.33. It can be observed that, for XRad = 3.5 mm, the impedance
bandwidth improves by 5%, and the variation in broadside gain decreases from 1.62 dB
to 0.85 dB.
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Figure 3.33: Effect of bowtie antenna bending edges on its reflection coefficient and
broadside gain.

3.2.6 Measurement results and discussions

The bowtie antenna, with the proposed AMC reflector (see Figure 3.34 and Figure
3.35), has been manufactured and assembled as illustrated in Figure 3.36. The reflection
coefficient has been measured using an Agilent N5224 vector network analyzer and
presented in Figure 3.38(a). The measured impedance bandwidth (| S11 | ≤ −10 dB),
covers a range of frequencies, extending from 3.9 GHz to 6.61 GHz, constituting a
relative impedance bandwidth of 50%. The simulated and measured results shows a
good agreement. It is worth noting that a minor increase is observed in the higher
frequency from 6.25 to 6.5 GHz, This slight discrepancy is attributed to fabrication
inaccuracies during the manufacturing process.

  

(a)    (b) 

 

 
Figure 3.34: The fabricated bowtie antenna, (a) Top view, (b) Bottom view.
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 Figure 3.35: The fabricated MCS AMC reflector, (a) Top view, (b) Bottom view.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.36: The fabricated assembly.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.37: The measurement setup in anchoic chamber.
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Figure 3.38: Simulated and measured antenna performances, (a) Reflection coefficient,
(b) Broadside gain.

The radiation pattern measurements of the fabricated prototype antenna, loaded with
MCS AMC reflectors were carried out in a standard anechoic chamber in LCIS labora-
tory in France, as it is shown in Figure 3.37. The dimensions of the anechoic chamber
are (3 × 4 × 2.5)m3. Figure 3.38(b), illustrates the simulated and measured broadside
gain of the fabricated antenna over the proposed AMC reflector. The measured gain
closely matches the simulated results. The gain is quasi stable over a wide impedance
bandwidth (3.9–6.5 GHz). The observed gain variation is approximately 1.5 dB, slightly
exceeding 0.85 dB gain variations predicted by the simulation. A small difference is
noticed at 4.5 GHz, where the measured broadside gain decreases steeply from 6.61
to 5.10 dB (about 1.5 dB) which is probably due to the measurement errors. It’s im-
portant to highlight that the radiation pattern measurements were conducted using a
10° theta step, consequently, the realized gain could not be correctly measured at this
frequency. A comparison between simulated and measured radiation patterns of the
fabricated prototypes is illustrated in Figure 3.39.
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YZ-plane (φ=90°)  5 GHz XZ-plane (φ=0°) 

 

 

YZ-plane (φ=90°)  6 GHz XZ-plane (φ=0°) 

  

YZ-plane (φ=90°)  6.5 GHz XZ-plane (φ=0°) 

 

Figure 3.39: Simulated and measured radiation patterns (in gain) of the proposed
antenna over the MCS AMC reflector.
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The measurements are performed in both the E and H planes at the frequencies of 4, 5, 6,
and 6.5 GHz. It is quite visible that, there is a strong agreement between the simulation
and the measurement results. The fabricated structure back by the proposed AMC
reflector shows unidirectional radiation pattern with a stable gain variation through
the whole band of interest. The measured maximum realized gains are 5.9 dB, 5.19 dB,
6.18 dB, and 5.46 dB at 4 GHz, 5 GHz, 6 GHz and 6.5 GHz, respectively. Finally, the
compact wideband bowtie antenna designed over the MCS AMC reflector is compared
to other recently published antenna structures in the literature (presented in chapter
2). This comparison is summarized in Table 3.8, considers various criteria including
structure thickness, relative frequency bandwidth, maximum gain, and gain variation.

Table 3.8: Comparison between the proposed antenna and other similar reported works

Reference Thickness Relative Max gain Gain
(λL) bandwidth (% ) (dB) variation(dB)

[65] 0.14 16.7 6.35 2
[66] 0.080 40 11 2
[67] 0.050 36.7 6.80 2.58
[71] 0.077 46 7.90 3
[72] 0.070 44 6 2
[73] 0.070 39 6 2
[74] 0.10 54 8.5 0.85
[76] 0.11 30 9 1.5

The proposed antenna over 0.084 50 6.52 0.85
the MCS AMC reflector

The proposed antenna backed by the MCS AMC reflector demonstrates highly attrac-
tive characteristics. It offers an extensive relative bandwidth of 50% while maintaining
an exceptionally low gain variation of only 0.85 dB. Although the structure presented in
[74], exhibits relatively similar performance in terms of bandwidth and gain variation,
it remains thicker when compared to the proposed antenna configuration. Additionally
it becomes evident that the antenna with the MCS AMC reflector exhibits a marginally
more stable gain over a wide impedance bandwidth of 50% compared to other proposed
work in the literature. Consequently, the presented antenna emerges as a competitive
candidate for C-band applications.
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3.3 Application II: Low profile UHF-RFID reader
antenna with high front-to-back ratio

The probe-fed U-slot patch antenna of size 200 × 200 × 30 mm3, is shown in
Figure 3.40, while its dimensions are given in Table 3.9. The radiating element and
the ground plane are printed separately on two FR4 substrates, each with a thickness
of 1.6 mm, a relative permittivity of 4.4 and loss tangent of 0.025. A 26.8 mm thick
air layer is inserted between the two substrates in order to improve its impedance
bandwidth (covering the full UHF-RFID band) while four small plastic supports are
used to maintain the required air layer thickness. The U-slot patch antenna is fed by
coaxial probe, which is extended from the center of the 200 × 200 mm2 ground plane
to the center of the U-slot patch antenna. The main specifications of this application
are given in Table 3.10. The proposed antenna has been manufactured [101], as shown
in Figure 3.41(a) and its reflection coefficient measurement is plotted in Figure 3.41(b).
The probe-fed U-slot patch antenna exhibits a measured input impedance bandwidth
(|S11| ≤ -10 dB) of 182 MHz, ranging from 794 to 976 MHz, corresponding to a relative
bandwidth of approximately 20.5%. However, the introduction of a 26.8 mm air layer
between the antenna and its ground plane, results in a thick structure.
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Figure 3.40: Probe fed U-slot patch antenna geometry, (a) Top view, (b) Bottom view.
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(a) (b) 

 Figure 3.41: The probe-fed U-slot patch antenna, (a) The fabricated prototype [101],
(b) Measured reflection coefficient.

Table 3.9: Dimensions of the probe-fed U-slot patch antenna.

Parameter Lg Wg Lp Wp LS Ws a b

Value (mm) 200 200 120 164 80 45 10 17.9

Table 3.10: Specifications of the proposed work.

Performances Specifications
Frequencey band (860-960 MHz) for

RFID antenna Reader
Gain > 5 dB

Radiation pattern Unidirectional
F/B > 15 dB

In addition, in this type of application, it is worth achieving a high front-to-back ratio
(F/B). To address this drawbacks, a slotted AMC reflector is proposed, aiming to reduce
the antenna thickness and improve its F/B ratio (> 20 dB).
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3.3.1 The probe-fed U-slot patch antenna over the slotted
AMC reflector

The suggested AMC geometry is illustrated in Figure 3.42(a). It is designed based
on a full square patch slotted by a square metal pad with four connecting branches [102].
The proposed unit cell is printed FR4 substrate of 3.2 thickness,relative permittivity of
4.3 and a loss tangent of 0.025. The dimensions of the AMC unit cell are provided in
Table 3.11. It is worth to note that, the main purpose of slotting the AMC surface is
to increase the equivalent inductance. Thus, the resonance frequency reduces.
The simulated reflection phase response depicted in Figure 3.43, reveals that the in-
phase reflection bandwidth(±90°) of the proposed slotted AMC unit cell design is rang-
ing from 893 MHz to 920 MHz (highlighted in grey), with a resonance frequency oc-
curring at 910 MHz. In response to the limitations presented in the previous section
(thick structure with a moderate F/B ratio), we present an innovative solution incor-
porating an AMC reflector with the U-slot patch antenna, as it is shown in Figure 3.44.
The overall antenna structure is consisted of two dielectric substrates, separated by an
airgap layer of 10 mm, as depicted in Figure 3.44(a).

Figure 3.42: Slotted AMC unit cell geometry.

Table 3.11: Dimensions of the slotted AMC unit cell.

Parameter LAMC2 WAMC2 WB1 WC1 WD1

Value (mm) 60 50 1.327 8.85 12.39
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Figure 3.43: Simulated reflection phase response of the proposed AMC unit cell.

The upper dielectric layer consists of the U-slot patch antenna with dimensions of
200×200 mm2, while the bottom layer compromise of a 2×2 arrangement of slotted
AMC unit cells with total dimensions of 200× 200 mm2, as shown in Figure 3.44(b).
The air layer is sustained by four plastic bolts with nuts, resulting in a total thickness
of 16.4 mm (0.049λ0, where λ0 is the wavelength at the center frequency 910 MHz).
As previously mentioned, the antenna is also fed by coaxial probe, but this time the
coaxial probe is extended from the center of AMC ground plane to the center of the
U-slot patch antenna. It is crucial to highlight that the close proximity between the
AMC surfaces and the radiating antenna engenders a robust coupling between them.
Consequently, the AMC surface are integral component of the radiating antenna sys-
tem. Therefore, the optimization of both elements becomes imperative to attain the
most effective performance enhancements. The ultimate optimized parameters for the
proposed U-slot antenna over the slotted AMC reflector are listed in Table 3.12.

Table 3.12: Dimensions of the optimised probe-fed U-slot patch antenna over the slotted
AMC reflector.

Parameter Lg Wg Lp Wp LS Ws b a

Value (mm) 200 200 115 164.7 80 43 10.6 7.94
Parameter WAMC2 WB1 WC1 WD1 H1 H2 Hair Gap1

Value (mm) 70 2.5 15 21 1.6 4.8 10 5
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Figure 3.44: The proposed antenna over the slotted AMC reflector, (a) Side view, (b)
AMC reflector top view.

 

Figure 3.45: Simulated characteristics (reflection coefficient and gain) of the proposed
U-slot patch antenna over the slotted AMC reflector.
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Figure 3.45 illustrates the simulated performances (reflection coefficient and realized
gain) of the U-slot patch antenna over the slotted AMC reflector. It can be observed
that, it can cover the full UHF-RFID band, demonstrating a wide impedance bandwidth
ranging from 0.779 GHz to 1.05 GHz but with an unstable gain varies between -6.11
and 6.53 dB. In addition, the radiation pattern is also plotted in E and H planes at
860 MHz, 910 MHz and 960 MHz, as it is illustrated in Figure 3.46. The U-slot patch
antenna over the slotted AMC reflector exhibits a unidirectional radiation pattern with
maximum realized gains of 6.56, 0.147 and - 5 dB at 860, 910 and 960 MHz, respectively.
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Figure 3.46: Simulated radiation pattern (in gain) of the U-slot patch antenna over the
slotted AMC reflector.
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Figure 3.47: Simulated current distribution on the slotted AMC reflector.

In order to explain the gain degradation across the full UHF-RFID band, the surface
current distribution is displayed in Figure 3.47 at the three distinct frequencies: 860
MHz, 910 MHz and 960 MHz. It can be observed that there is strong current circula-
tions at 960 MHz, which explains the gain degradation at this frequency. It is worth
mentioning that the surface current distribution on the AMC surfaces serves to evaluate
performance degradation, including effects on realized gain and radiation pattern.

93



Chapter 3: AMC reflectors-based wideband antennas

3.3.2 The probe-fed U-slot patch antenna over the LSP AMC
reflector

Based on the above detailed analysis in the previous section, it can be concluded
that, while the frequency band specification is met, the gain is not within the desired
range. Therefore, another slotted AMC unit cell design is proposed.
The proposed LSP (Ladder Slotted Patch) AMC geometry is illustrated in Figure 3.48.
It is designed based on a full square patch slotted by an original distinctive design
of ladder shape, consisted of of three parallel longitudinal strips. The right and left
longitudinal strips are identical in both length and width, while the middle strip varies
in length while preserving the same width. These three longitudinal strips are arranged
perpendicularly to three other identical parallel transverse strips, collectively forming
a ladder-slot configuration. The LSP AMC unit cell is printed on 3.2 mm-thick FR4
substrate with a relative permittivity of 4.3 and a loss tangent of 0.025. Its dimensions
are provided in Table 3.13. The reflection phase of the proposed LSP AMC unit cell is
plotted in Figure 3.49. It can be seen that the in-phase reflection bandwidth (±90°) of
the designed LSP AMC unit cell is ranging from 890 MHz to 924 MHz (grey-highlighted
area) with a resonance frequency of 910 MHz.
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Figure 3.48: LSP AMC geometry.

Table 3.13: Dimensions of the LSP AMC unit cell.

Parameter Lcell WAMC WA WB1 LB LD LA LC

Value (mm) 67.5 57.5 49 32 10 2.5 8 35
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Figure 3.49: Reflection phase response of the LSP AMC unit cell.

Now, the proposed U-slot patch antenna is loaded with the Ladder Slotted Patch (LSP)
AMC reflector, as depicted in Figure 3.50(a). The AMC reflector comprises a 2x2 unit
cells, as shown in Figure 3.50(b). It is situated at a 10 mm air gap from the U-slot
patch antenna structure. As a result, the overall profile thickness is 16.4 mm (0.049λ0).
The final dimensions of the optimized configuration (antenna + LSP AMC reflector)
are summarized in Table 3.14. The reflection coefficient and the realized gain of the
proposed U-slot patch antenna over the LSP AMC reflector is depicted in Figure 3.51.
The results reveal a notable impedance bandwidth, extending from 846 MHz to 1075
MHz, corresponding to a relative impedance bandwidth of 24%. This range effectively
covers the entire UHF-RFID band (860-960 MHz). Additionally, the antenna exhibits a
high gain, varying between 6 and 7.67 dB over the UHF-RFID band (860-960 MHz).The
gain is enhanced by 6.67 and 12 dB at 910, 960 MHz, respectively, compared to the
U-slot patch antenna loaded with the previous slotted AMC reflector.

Table 3.14: Dimensions of the optimised U-slot patch antenna over the slotted AMC
reflector

Parameter Lg Wg Lp Wp LS W1 b a Lcell WAMC

Value (mm) 200 200 115 164.7 80 43 10.6 7.94 95 90
Parameter WA WB1 LA LC LB LD H1 H2 Hair Gap

Value (mm) 74 50 10 55 10 1.5 1.6 4.8 10 10
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Figure 3.50: The probe-fed U-slot patch antenna over the LSP AMC reflector, (a) Side
view, (b) AMC reflector top view. 

 

 

  

 
Figure 3.51: Simulated reflection coefficient and gain of the proposed U-slot patch
antenna over the LSP AMC reflector.

96



Chapter 3: AMC reflectors-based wideband antennas

The radiation pattern of the proposed U-slot patch antenna over the Ladder Slotted
Patch (LSP) AMC reflector is plotted in the E and H planes at the three distinct fre-
quencies of 860 MHz, 910 MHz, and 960 MHz, as depicted in Figure 3.52. The proposed
radiating configuration exhibits a unidirectional radiation pattern, with maximum re-
alized gains of 7.73 dB, 6.37 dB, and 6 dB at 860 MHz, 910 MHz, and 960 MHz,
respectively.
   

        860 MHz 910 MHz 960 MHz 

 

  

 

Figure 3.52: Simulated radiation pattern (in gain) of the proposed U-slot patch antenna
over the LSP AMC reflector.

 

 

Figure 3.53: Comparison between the gain and F/B ratio of the proposed U-slot patch
antenna with/without AMC reflector.

The variation of the F/B ratio and the realized gain versus frequency of the designed
U-slot patch antenna with /without the AMC reflector is depicted in Figure 3.53. It can
be noted that the F/B ratio is increased after the incorporation of the AMC reflector,
varying between 23.6 and 32 dB across the full UHF-RFID band, whereas it ranges
between 15.5 and 18 dB for the probe-fed U-slot patch antenna without the AMC
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reflector. Although the gain experiences a slight decrease of 1 dB across the full UHF-
RFID band (varying between 6 and 7.67 dB) compared to the design without the
AMC reflector, it still meet our specifications (more than 5 dB). Moreover, the antenna
demonstrates a significantly reduced air layer thickness of only 10 mm, which is 2 times
lower than that observed without the AMC reflector (26.8 mm), all while maintaining
a high F/B ratio. This remarkable performances demonstrate the ability of the AMC
surface not only in reducing the profile height but also ineffectively suppressing the
backward radiation when used as the antenna reflector.
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Figure 3.54: Current distribution on the LSP AMC reflector

The surfaces current distributions on the LSP AMC surface at three frequencies: 860
MHz, 910 MHz, and 960 MHz. It can be observed that there is poor current distri-
bution on the proposed AMC reflector compared to that observed in the case of the
first slotted AMC reflector. Except, at 960 MHz, there is a slight current distribution.
This limited surface current circulation leads to the gain enhancement, especially at
960 MHz. It is worth to note that the limited current circulation on the AMC reflector
serves to prevent performance degradation (radiation), thereby explaining its ability to
enhance the F/B ratio.
Upon analysis, our specifications are met by using the LSP AMC reflector, which re-
duces the overall thickness by 45% (from 30 mm to 16.4 mm) compared to the initial
design design (without AMC) while maintaining a high gain and enhanced F/B ratio
performances of more than 24 dB across the entire UHF-RFID band. Consequently,
this configuration is selected as the optimal choice for this study.
In the next section, a parametric study is conducted to explore the impact of key design
parameters on the antenna’s performances.
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3.3.3 Key design parameter investigations

a Air layer thickness

A parametric study is conducted to demonstrate the influence of the air layer thick-
ness (Hair) on the antenna’s performances. Figure 3.55, depicts the reflection coefficient,
realized gain and F/B ratio of the proposed U-slot patch antenna backed by LSP AMC
reflector.

 
(a) 

 
(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
 

 

 

Figure 3.55: The air layer thickness effects on the antenna’s performances, (a) Reflection
coefficient, (b) Realized gain, (c) F/B ratio.
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By varying Hair within the range of 8 to 12 mm, a notable degradation in impedance
matching, particularly evident at the frequency 900 MHz when Hair = 6 mm.
This degradation resulted in dips in the realized gain reaching approximately 2 dB
with a F/B ratio of 28 dB. However, for other cases, the antenna demonstrates fa-
vorable impedance matching within the UHF-RFID frequency band (860-960 MHz),
as highlighted in the grey area, accompanied by high gain. Notably,the realized gain
varies between 5.11-7.54 dB, 6-7.67 dB, and 6.29-7.76 dB, while the F/B ratio ranges
between 24-34 dB, 23.6-32.46 dB, and 22-26.8 dB for Hair = 8 mm, Hair = 10 mm and
Hair = 12 mm, respectively. Finally, an Hair of 10 mm is selected as an optimal tradeoff
between impedance matching, gain, F/B ratio and structure thickness.

b AMC unit cell parameters

Another parametric study was conducted, as depicted in Figure 3.56, to examine the
influence of unit cell geometry on antenna reflection coefficient and gain. Three key
parameters, namely WA, LC , and LB, were investigated, each exhibiting a significant
impact on the antenna characteristics. The investigation focuses on the reflection coef-
ficient and realized gain concerning the WA parameter. However, for LC and LB, only
the realized gain is examined, as these parameters do not show significant effect on the
antenna impedance matching. Figure 3.56(a), illustrates the impact of the WA param-
eter on the antenna characteristics. By varying the WA parameter from 70 mm to 78
mm. This parameter has a significant influence on both gain and reflection coefficient.
The Impedance matching tends to deteriorate for WA = 70 mm and WA = 78 mm. In
contrast, good impedance matching is achieved for WA = 74 mm, where the antenna
exhibits a high gain exceeding 6 dB across a wide impedance matching range ,extending
from 860 MHz to 960 MHz, covering the UHF-RFID band. Consequently, WA = 74
mm is selected as a favorable compromise between the impedance matching and gain.
Additionally, Figure 3.56(b) illustrates the impact of the LC parameter on the antenna
gain. For LC = 50 mm and LC = 60 mm, a dip in the antenna gain of 5 dB and 2.55
dB is observed at 900 MHz and 960 MHz, respectively, within the UHF-RFID band.
When LC = 55 mm, a high gain ranging between 7.67 and 6 dB is achieved across the
entire UHF-RFID band. Therefore, this parameter is chosen as optimal for achieving
the best characteristics within the UHF-RFID band.
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(a)  
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(c)  

Figure 3.56: The impact of the AMC unit cell parameters on the antenna performances,
(a) WA parameter, (b) LC parameter, (c) LB parameter.
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Further, the effect of the LB parameter on the antenna gain is depicted in Figure
3.56(c). It is quite visible, that when LB = 8 mm, the gain slightly drops to 5.3 dB at
900 MHz compared to the other cases which has 6.43 dB and 7 dB, respectively, at the
same frequency. It can be noticed that ,for LB = 10 mm and LB = 12 mm, a high gain
over the UHF-RFID band is achieved, However, LB = 10 mm can achieve a notable
gain of 6 dB at 960 MHz, in contrast to LB = 12 mm, which exhibits 5.5 dB at the
same frequency , therefore LB = 10 mm is selected as an optimum parameter .
In summary, WA = 74 mm, LC = 55 mm, and LB = 10 mm are chosen as the final
optimal parameters of the AMC reflectors, to achieve the best characteristics across the
full UHF-RFID band.

3.3.4 Prototype of the probe-fed U-slot patch antenna loaded
with LSP AMC reflector.

The suggested U-slot patch antenna backed by the LSP AMC reflector has been
manufactured, as depicted in Figure 3.57. To establish an air layer of 10 mm, four
plastic screws are employed. These screws were strategically drilled into the corners
of the two substrates, facilitating the assembly and stacking processes of the antenna
prototype, as shown in Figure 3.57(c).

  

(a) (b) 

 

 

(c) (d) 

 

 Figure 3.57: Photograph of the fabricated prototype, (a) The U-slot patch antenna,
(b) The LSP AMC reflector, (c) Fabricated assembly, (d) Measurement set up in the
StarLab anechoic chamber.
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Figure 3.58: Measured antenna characteristics, (a) Reflection coefficient, (b) Realized
gain.

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.59: Simulated and measured F/B ratio.

The reflection coefficient of the proposed configuration was measured using Keysight
Agilent PNA Network Analyzer N5222A. As depicted in Figure 3.58(a), a satisfactory
coherence was observed between the simulated and tested data. A measured impedance
bandwidth (| S11 | ≤ −10 dB) of 24% was attained in the frequency range of 846 to 1075
MHz. However, a slight frequency shift is achieved between the simulated and measured
data, particularly in the band of 1-1.05 GHz. This discrepancy may be attributed to
manufacturing and measurement errors.
Figure 3.58(b) illustrates the simulated and measured realized gain of the proposed U-
slot patch antenna over the AMC reflector. A notable coherence between the simulated
and measured results is observed, with a slight deviation of approximately 1.2 dB
observed at 960 MHz. This deviation is attributed to the antenna support, which
was not accounted for during the simulation. The simulated and measured F/B ratio
are also plotted as shown in Figure 3.59. Regarding backward radiation, the antenna
achieves high F/B ratio of 30.9 dB, 31.3 dB, and 24.09 dB at the three considered
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frequencies: 860 MHz, 910 MHz, and 960 MHz, respectively, affirming the efficacy of
the AMC reflector in enhancing the F/B ratio. The proposed structure exhibits high
measured gain and F/B ratio exceeding 5 dB, 24 dB across the entire RFID-UHF band
(860-960 MHz). Furthermore, the radiation pattern measurements were conducted in
the MVG StarLab system at the LCIS laboratory in France, as depicted in Figure
3.57(d).
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Figure 3.60: Simulated and measured radiation pattern (in gain) of the U-slot patch
antenna over the LSP AMC reflector at, (a) 860 MHz, (b) 910 MHz, (c) 960 MHz.

104



Chapter 3: AMC reflectors-based wideband antennas

The simulated and measured radiation patterns in the E-plane and H-plane are pre-
sented in Figure 3.60. The measured data agree well with the simulated data, with slight
shifts in the E-plane observed at 960 MHz, attributed to the same reasons mentioned
earlier. With the incorporation of the AMC reflector, the U-slot antenna demonstrates
a stable directional radiation pattern, with a high measured gains of 7.65 dB, 7.66 dB,
and 4.80 dB at 860 MHz, 910 MHz, and 960 MHz, respectively. Additionally, the an-
tenna achieves minimized back lobe levels, resulting in a high F/B ratio of 30.9 dB, 31.3
dB, and 24.09 dB at the three central frequencies, respectively. Finally, a comparison
between U-slot patch antenna with / without AMC is listed in the Table 3.15. As
indicated in Figure 3.61, the proposed antenna with the AMC reflector has a reduced
profile height of 16.4 mm ( 45% reduction) compared to that without AMC (30 mm)
,while it maintains high gain and F/B ratio across the full UHF-RFID band.
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Figure 3.61: Comparison between the U-slot patch antenna without/with AMC reflector

Table 3.15: Comparison between the U-slot patch antenna with / without AMC

Performance The U-slot The U-slot
patch antenna ( Without AMC) patch antenna(With AMC)

Bandwidth [794 - 976] MHz 846 - 1075] MHz
( | S11 | ≤ −10 dB ) 20.5% 24%

Realized gain [6.80-7.88] dB [6 -7.67] dB
over [860-960] MHz
Overall thickness 30 mm 16.4

(mm/ λ0) 0.091 λ0 0.049 λ0

F/B (dB) 15.5 dB ≤ F/B ≤ 18 dB 23.6 dB ≤ F/B ≤ 32 dB
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The U-slot patch antenna over the proposed AMC reflector exhibits a realized gain
between 6 and 7.67 dB with significant F/B ratio values varies between 23.6 and 32 dB
across the entire UHF-RFID band, demonstrating the ability of the AMC surfaces to
suppress the backward radiation when it use as the antenna reflector.
The proposed design offers the advantages of low profile, high gain and F/B ratio,
making it is a competitive candidate for UHF- RFID antenna reader.

3.4 Conclusion

In this chapter, we have thoroughly examined the efficacy of AMC surfaces when
employed as reflectors for wideband antennas, with a specific focus on their potential
advantages in stabilizing gain, reducing antenna thickness and enhancing the F/B ratio.
Our investigation has revealed that, despite the narrow in-phase bandwidth of AMC
surface, we have successfully designed a wideband antenna with a wide impedance
bandwidth, corresponding to 50% of the relative bandwidth. Moreover, by leveraging
the unique properties of AMC, we have achieved stable antenna gain with a minimal
variation of 0.85 over this wide bandwidth. This distinctive property can further be
explored for reducing the antenna profile height and improving its F/B ratio. Through
the strategic integration of AMC as a reflector, we have realized a substantial reduction
in antenna thickness, achieving a compact design with a thickness of 16.4 mm. This
represents a significant improvement compared to the previous structure without AMC,
corresponding to a remarkable 45% reduction all while maintaining a high gain and
F/B ratio. These findings underscore the effectiveness of the AMC reflector in not only
stabilizing gain but also in achieving a more compact antenna profile and enhancing
the F/B ratio.
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AMC reflectors-based multiband
antennas

4.1 Introduction

The current chapter is dedicated to design multiband antennas based on multiband
artificial magnetic conductors for two primary applications: miniaturization, reduction
of backward radiation, and gain enhancement across multiple operating bands. There-
fore, the antenna design will be presented, as well as the design of the AMC surfaces.
Subsequently, the results of the antenna backed with AMC reflectors will be discussed
and compared to other published works to demonstrate the effectiveness of the AMC
reflector for the two applications.

4.2 Application I: Miniaturization of a multiband
pyramidal Antenna using AMC reflector for satel-
lite applications.

4.2.1 Initial multiband pyramidal Antenna design

The suggested multiband antenna configuration is depicted in Figure 4.1(a). It is
composed of four monopoles arranged symmetrically around the vertical axis with angle
of 45°. These monopoles are printed on Roger DiClad 880 dielectric substrates with
a thickness of 0.760 mm, a relative permittivity of 2.17, and a loss tangent of 0.0009,
constitute the side faces of the pyramidal structure. Each monopole in this configuration
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is fed through 50 W SMA connector, with connections to the excitation point established
via 50 W planar transmission line that is printed on the same dielectric substrate as the
monopole antenna. Furthermore, as shown in Figure 4.1(b), a circular ground plane,
featuring a circular perforation with a diameter of 66 mm, is strategically positioned at
the base of the pyramidal structure. This perforation is designed to guarantee optimal
impedance matching, as suggested in [103].
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Figure 4.1: The initial antenna design, (a) Pyramidal antenna, (b) Its perforated ground
plane.

Two types of polarization can be generated using this configuration: linear polarization,
achieved by exciting two opposite monopoles with the same amplitudes and a 180°
phase shift, or circular polarization, achieved by exciting all four monopoles with equal
amplitudes and a 90° progressive phase shift. The significance of this geometry lies
in its ability to provide hemispheric radiation with circular polarization, making it
particularly well-suited for satellite communication applications.
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In addition, the multiband behavior is achieved by incorporating two trap loads, each
consisting of a parallel LC circuit. These trap loads are characterized by a resonance
frequency of: fc = 1/

√
LC.

The positions of the trap loads along the radiating elements are illustrated in Figure
4.2. It is apparent that trap load No1 and trap load No2 are strategically placed on
the surface of each monopole within the gaps to achieve multiband behavior. Through
the adjustments to the length of the monopole antenna and the inclusion of trap load
No1 and trap load No2, a triple-band frequency can be generated centred at f1 =
1.197 GHz, f2 = 1.575 GHz, and f3 = 2.245 GHz,dedicated for GPS/Galileo/Micro-Sat
applications, respectively.
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Figure 4.2: Trap loads locations.

The existence of the hole in the ground plane induces unwanted rear electromagnetic
radiation. To address this issue, authors in [103], have been introduced a sizable metal-
lic cut-off open-ended waveguide of length of 70 mm, as depicted in Figure 4.1. This
design is considered as a versatile and generic solution that provides a wide range of
performances benefits. It can offer different radiation patterns forms by controlling the
inclination angles. In addition, the resonances frequencies can be adjusted by changing
the length of monopoles, providing flexibility in adapting to specific communication
or navigation requirements. The versatility extends to polarization options, enabling
both linear and circular polarization as needed. This capability is especially valuable
in applications like satellite communication or GNSS systems, where different polariza-
tion types may be required. However, the use of waveguide introduces a challenge of
creating a bulky structure. To overcome this limitation, this work suggests replacing
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the open-ended cutoff waveguide with a triband artificial magnetic conductor reflector.
The introduction of the triband AMC reflector aims to address the issue of bulkiness
associated with the traditional waveguide. It allows for a substantial reduction in the
antenna’s size and backward radiation. It is worth noting that various modifications
have been made to the initial structure in order to meet our objectives including minia-
turisation and enhancing the backward radiation.

4.2.2 Triband AMC unit cell design

The geometry of the suggested triband AMC unit cell is illustrated in Figure 4.3.
It features a metallic square patch that is slotted with two square rings, providing the
desired triple-band behavior. The designed AMC is printed on a Rogers RO3010 di-
electric substrate with a thickness of 5 mm, a relative permittivity of 10.2, and a loss
tangent of 0.0004.
The step-by-step development of the proposed unit cell is illustrated in Figure 4.4. In
the initial design phase (step 1), the AMC unit cell features a metallic square patch
with a length of 25 mm, responsible for the lower operating frequency of 1.197 GHz.
Subsequently, in step 2 and step 3, two square rings slots are etched into the main metal-
lic square patch, allowing for the achievement of the two higher operating frequencies:
1.575 GHz and 2.245 GHz.
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Figure 4.3: Triband unit cell design.
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Step 1 Step 2 Step 3 

Figure 4.4: The step-by-step progression of the proposed triband AMC unit cell.

Figure 4.5, illustrates the reflection phase response of the proposed triband AMC unit
cell. This electromagnetic response is obtained by using, a boundary condition approach
around the specified unit cell using CST software. The AMC exhibits three zero-phases
in the reflection coefficient at 1.197, 1.575, and 2.245 GHz, along with a triple in-phase
bandwidth of 1.16-1.22 GHz, 1.56-1.58 GHz, and 2.15-2.35 GHz, respectively. The
novelty of this structure lies in its quasi-independence and its capability to analytically
estimate the three operating frequencies [104].

 

 

   

   

 

 

Figure 4.5: Reflection phase response of the proposed triband AMC unit cell.
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4.2.3 Trap-loaded pyramidal antenna over the triband AMC
reflector

The proposed trap-loaded pyramidal antenna backed by the triband AMC is illustrated
in Figure 4.6. An airspace of 3 mm is maintained between the pyramidal antenna and
the AMC reflector.
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Figure 4.6: Geometry of the proposed combined configuration, (a) The pyramidal an-
tenna, (b) 3×3 triband AMC reflector, (c) Circuit model of the trap loads used for
multiband behaviour.
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Table 4.1: The selected elements of the trap loads

 

 

   

   

 
 Component Value Reference number 

« Trap load No1 » Inductor  04.3 nH LQW18AN4N3C00 

capacitor 01.2 pF GQM1885C2A1R2CB01 

« Trap load No2 » Inductor 12.0 nH LQW18AN12NG10 

capacitor  0.75 pF GQM1885C2AR75CB01 

Additionally, the assembly of this configuration are achieved through the use of four
plastic bolts with accompanying nuts. The obtained triband behavior resulting from
the trap loads is investigated using another simulation tool, schematic CST Design tool,
as shown in Figure 4.6(c). Two parallel LC resonant circuits representing Trap load
No1 and Trap load No1 are placed in the gaps between the monopoles. The values of
this trap loads are listed in Table 4.1.
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Figure 4.7: Geometry of the modified pyramidal antenna, (a) The pyramidal antenna,
(b) The modified pyramidal antenna design, (c) Antenna perforated ground plane (bot-
tom view).

As illustrated in Figure 4.7, a square ground plane, featuring a circular perforation with
a diameter of 66 mm, is strategically positioned at the base of the pyramidal structure to
guarantee optimal impedance matching. Its parametric study will be discussed later.
Four 50 W SMA connectors are used to feed the monopole antennas via four 50 W
microstrip lines. A circular polarization is obtained by feeding the four monopoles with
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90° phase shift (a quadratic phase excitation). As observed in Figure 4.6(b), the triband
AMC is composed of 3×3 periodic square ring unit cells. The original design presented
in [103], has been modified and several parametric studies has been made in order to
meet our objectives, including: ground plane perforation, air layer thickness, surface
current distributions.

4.2.4 Key design parameter investigations

a Ground plane perforation

The influence of the ground plane perforation is presented in Figure 4.8. Three cases
were investigated, a ground plane without perforation, a ground plane with square per-
foration, and a ground plane with circular perforation. It is crucial to highlight that
the introduction of perforation is intended to achieve optimal impedance matching, as
discussed in [103]. Consequently, this investigation only focuses on the reflection coef-
ficient.
In the absence of ground plane perforation, poor impedance matching is observed with
values of -9.3 dB and -7.81 dB for the lower and middle frequencies, respectively.
However, a significant improvement is noted in in the upper frequency band with an
impedance matching of -12.4 dB. Conversely, the ground plane with square perforation
demonstrates a good impedance matching of -17.3 dB and -12 dB for the lower and
middle frequency bands, but exhibits a poor impedance matching of -6.6 dB in the
upper frequency band.

 

Figure 4.8: Impact of the ground plane perforation on the trap-loaded pyramidal an-
tenna (Without AMC) impedance matching.
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The introduction of circular perforation in the ground plane surface results in an optimal
impedance matching (| S11 | ≤ −10 dB) across all three operating frequency bands. In
conclusion, it is evident that circular perforation plays a vital role in achieving superior
impedance matching within the desired frequency range.

b Air layer thickness

The impact of the air layer thickness (Hair) between the antenna and the AMC
reflector is introduced in Figure 4.9. This effect in investigated on several antenna
performances, including reflection coefficient and backward radiations.

 

Figure 4.9: Impact of the air layer thickness on the trap-loaded pyramidal antenna
(with AMC) reflection coefficient responses.

The variation of Hair from 1 to 4 mm induces a frequency shift in the lower frequency
band, with a minimal effect observed in the middle band. Additionally, an increase in
Hair leads to degradation in impedance matching. Furthermore, an observable impact
on the antenna’s backward radiation is noted with the increase in Hair.
Table 4.2, illustrates the influence of Hair on the Right-Handed Circular Polarization
(RHCP) directivity at θ = 0° and Left-Handed Circular Polarization (LHCP) directivity
at θ = 180° across the three operating frequencies: f1, f2, and f3. These frequencies
correspond to the resonance frequencies associated with each specific Hair value.
The primary objective of this study is to analyses the backward radiation, specifically
indicated by LHCP directivity at θ = 180°.
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Table 4.2: Air layer thickness impact on LHCP and RHCP directivity levels.

 

Air thickness 

Hair (mm) 

RHCP 

Directivity at  θ = 0° (dB) 

(forward radiation) 

LHCP  

Directivity at θ = 180° 

(dB) 

(backward radiation ) 

f1 f2 f3 f1 f2 f3 

1 5.30 5.00 5.40 - 6.30 - 6.27 - 7.17 

2 5.32 5.04 6.41 - 9.50 - 8.82 - 7.27 

3 5.60 5.92 5.50 - 9.55 -10.51 - 16.97 

 

The investigation will specifically focus on cases where Hair is strictly less than 4 mm,
taking into account the observed poor antenna impedance matching beyond this thresh-
old. At the lower resonant frequency f1, an increase in Hair at the lower resonant fre-
quency causes a minor improvement in RHCP directivity. The maximum values are 5.3
dB, 5.32 dB, and 5.60 dB, accompanied by backward radiation levels of - 6.3 dB, - 9.5
dB, and - 9.55 dB for Hair = 1 mm, Hair = 2 mm, and Hair = 3 mm, respectively.
At the middle resonant frequency f2, maximum RHCP directivity values range from 5
to 6 dB, accompanied by corresponding backward radiation values of - 6.27 dB, - 8.82
dB, and - 10.51 dB for Hair = 1 mm, 2 mm, and 3 mm, respectively.
Furthermore, at the upper resonant frequency f3, a significant enhancement in back-
ward radiation is observed, as Hair increases from 1 mm to 3 mm. Based on the above-
mentioned discussion, an Hair of 3 mm constitutes a good trade-off between impedance
matching and backward radiation levels.

c Surface current distribution

The surface current distribution across the entire structure (pyramidal antenna +
AMC) is displayed in Figure 4.10, at three distinct resonant frequencies: 1.197 GHz,
1.575 GHz, and 2.245 GHz. At 1.197 GHz, the currents is displayed along the entire
length of the monopole antenna. Conversely, at 1.575 GHz , the current concentrates
on the two lower portions of the monopole antenna. Finally, at 2.245 GHz, the current
localizes predominantly on the lower extremity of the monopole antenna. Moreover,
the AMC exhibits negligible surface current distributions, except at the frequency of
2.245 GHz, where surface currents concentrate specifically at the four corners of the
AMC reflector. Notably, the limited current circulation on the AMC reflector plays a
crucial role in preventing performance degradation, particularly in terms of radiation.
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1.197 GHz 

 
 

1.575 GHz 2.245 GHz 

 

 Figure 4.10: Simulated surface current distribution on the whole structure

4.2.5 Results and discussion

The resulting reflection coefficient of the proposed radiating structure is depicted in
Figure 4.11. The proposed pyramidal antenna over the triband AMC reflector exhibits
triband behaviour, with three operating frequency bands cantered at 1.197 GHz, 1.575
GHz, and 2.245 GHz, respectively.

 

Figure 4.11: Simulated reflection coefficient response of the pyramidal antenna over the
triband AMC reflector.
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The emergence of additional resonances in the frequency bands of 1.32-1.34 GHz and
1.68-1.69 GHz, results from the interaction between the trap-loaded pyramidal antenna
and the triband AMC reflector. Thus, it is important to optimize the entire structure
(antenna + AMC) to achieve optimal performances.
Moreover, the directivity pattern of RHCP and LHCP across the three operating fre-
quencies (1.197, 1.575, 2.245 GHz) is depicted in Figure 4.12.
The Circular polarization plotting is achieved through post-processing tools in CST
software, involving the equal feeding of the four monopoles with equal amplitudes and
a 90° phase shift between two adjacent ports in a circle. This configuration results in
left-hand circular polarization (LHCP), while right-hand circular polarization (RHCP)
can be attained by changing the phase shift direction. The polarization sense is deter-
mined by the sign of the 90° phase shift between successive feeding ports.
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Figure 4.12: Simulated directivity radiation pattern (LHCP and RHCP) at: (a) 1.197
GHz, (b) 1.575 GHz, (c) 2.245 GHz.
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It is worth mentioning that our study aims to analyses both forward and backward
radiation, indicated by levels of the RHCP and LHCP directivity at θ = 0° and θ = 180°,
respectively. It can be observed that the proposed design exhibits quasi-hemispheric
radiation patterns with simulated peak directivity levels (forward radiation) of 5.60
dB, 5.92 dB, and 5.50 dB at the three specified operating frequencies: 1.197 GHz,
1.575 GHz, and 2.245 GHz, respectively. Additionally, there is a significant reduction
in simulated backward radiation levels by 9 dB, 7.5 dB, and 8.3 dB compared to the
previous design at these frequencies.

4.2.6 Prototype of the trap-loaded pyramidal antenna loaded-
with the triband AMC reflector

The pyramidal antenna with the integrated AMC reflector has been manufactured,
assembled, and tested, as illustrated in Figure 4.13. A pyramid structure made of
polystyrene strategically placed beneath the four faces of the monopoles to offer me-
chanical reinforcement for the pyramidal antenna. Furthermore, the selected Murata
components L and C values are outlined in Table 4.1.

(a) (b)

(c)

Figure 4.13: The fabricated pyramidal antenna over the triband AMC reflector, (a)
The fabricated antenna, (b) The fabricated triband AMC reflector, (c) The fabricated
assembly.
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It’s important to highlight that these traps are uniformly positioned on each radiating
element, preserving in the antenna structure symmetry. The reflection coefficient is
measured using the Keysight Agilent PNA Network Analyzer N5222A. As all antenna
ports exhibit symmetry, the S-parameter measurements are conducted only on port
number 1, while the remaining three ports are terminated with 50 W loads. The mea-
sured S-parameter of the fabricated configuration is illustrated in comparison to the
simulated one in Figure 4.14. The simulated resonant frequencies are noted as: 1.197
GHz, 1.575 GHz, and 2.245 GHz, while the measured ones are: 1.20 GHz, 1.58 GHz,
and 2.29 GHz. A good agreement is observed between the simulated and measured
data, with slight frequency shifts of 3 MHz, 5 MHz, and 45 MHz at lower, middle, and
higher resonance frequencies, respectively. These discrepancies can be attributed to
fabrication inaccuracies. 

 

   

   

 

Figure 4.14: Simulated and measured reflection coefficient of the proposed trap-loaded
pyramidal antenna over the triband AMC reflector.

The radiation measurements were conducted using the MVG StarLab anechoic cham-
ber (Appendix B) at the LCIS laboratory in France, as depicted in Figure 4.15. The
simulated and measured RHCP and LHCP radiation patterns of the antenna at 1.20,
1.58, and 2.29 GHz are illustrated in Figure 4.16. The LHCP and RHCP directivity
patterns have been generated and synthesized through post-processing, utilizing the
linear measured E-theta and E-phi data from the four ports. The measurements were
conducted using only one port, and the data for the remaining ports can be derived
through coordinate rotation techniques (Appendix C). The plotted results demonstrate
hemispheric radiation patterns for the three operational frequencies, offering a signifi-
cant advantage for satellite antennas. Furthermore, there is a good agreement between
simulated and measured results, revealing maximum measured RHCP directivity levels
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of 5.12 dB, 6.6 dB, and 7 dB centred at 1.20 GHz, 1.58 GHz, and 2.29 GHz, respectively.
The measured cross-polarization LHCP, representing backward radiation, records val-
ues of -8.06 dB, -14 dB, and -12.65 dB across the three measured resonant frequencies.
It’s observed that the measured LHCP and RHCP levels are slightly different from
the simulated values, particularly at the third resonance frequency (around 4 dB). This
discrepancy is may attributed to measurement errors linked to the supporting structure
in the measurement setup, an aspect not present in the simulation modeling.

Figure 4.15: Measurement setup in the anechoic chamber MVG StarLab system.
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Figure 4.16: Directivity radiation pattern (LHCP and RHCP) at: (b) 1.20GHz, (c)
1.58 GHz, (d) 2.29 GHz.
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4.2.7 Proposed structure contribution

Table 4.3, presents a comparative analysis of various versions of the pyramidal
antenna, considering both those with and without backward radiation reduction tech-
niques, across three distinct operating frequency bands. It is evident, that the use
of either an open-ended waveguide or a triband AMC reflector significantly improves
radiation performance, especially in terms of reducing backward radiation levels. How-
ever, integrating the triband AMC as a reflector for the pyramidal antenna results in a
substantial improvement in simulated backward radiation levels reductions of 12.2 dB,
14.42 dB, and 21.74 dB at the three operating frequencies, respectively, compared to
the configuration without the AMC reflector.

Table 4.3: Comparison between various versions of the pyramidal antenna

  

 

Design 

 

Frequency 

(GHz) 

RHCP Dir. 

(dB)  θ = 0° 

 

LHCP Dir. 

 (dB)  θ =180° 

 

Sim. 
 

Mes. 

 

Sim. 
 

Mea. 

 

Sim. 
 

Mea. 

 

Pyramidal antenna 

(106×106×30.79)  mm3 
(0.42×0.42×0.12) λL 

1.197 / 4.69 / 2.65 / 

1.575 / 5.22 / 3.87 / 

2.245 / 5.00 / 4.77 / 

Pyramidal antenna with 

waveguide [103] 

(170×170×110.67) mm3 

(0.68×0.68×0.44) λL 

1.197 1.22 6.28 7.5 -0.34 - 9.0 

1.575 1.61 6.82 7.0 -2.99 -6.90 

2.245 2.28 6.39 6.1 -8.67 -13.0 

Pyramidal antenna with 

triband AMC 

(106×106×37.60) mm3 
(0.42×0.42×0.15) λL 

1.197 1.20 5.6 5.12 -9.55 -8.06 

1.575 1.58 5.92 6.6 -14.0 -14.0 

2.245 2.29 5.50 7.0 -16.9 -12.6 

Furthermore, this technique results in a significant reduction in the overall structure
size when compared to the use of an open-ended waveguide [103], while maintaining
quite similar radiation performances. Specifically, by placing the triband AMC reflector
at a distance of 0.01 λL (where λL is the wavelength at 1.197 GHz) from the pyramidal
antenna, the overall structure is reduced by 37% along both the x and y axes (from 0.68
λL to 0.42 λL) and by 67% along the z-axis (a substantial thickness reduction from 0.44
λL to 0.15 λL compared to the original structure. The simulated RHCP levels exhibit
slight variations compared to those in [103], which can be attributed to the significant
modification in the pyramidal antenna’s ground plane. In conclusion, it can be affirmed
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that the proposed backward reduction technique based on the AMC reflector leads to
a more compact structure, ease of integration, and a lighter overall design compared to
the previous configuration in [103]. This makes it a promising candidate for satellite
applications.

4.3 Application II: Gain enhancement of dual-band
monopole antenna using a dual-band AMC re-
flector for sub 6 GHz and 7 GHz 5G application.

Nowadays, fifth generation technologies become the hottest research topic for many
researches and industries due to its significance advantages including: high data rate
and capacity and increased connectivity. Based on [105] the are many frequency bands
used for 5G new radio such as: n77 (3.3- 4.2) GHz/n78 (3.3-3.8) GHz /n79 (4.4-5)
GHz for sub 6 GHz 5G application while for the applications above 5 GHz, n96 (5.9-7)
GHz for sub 7 GHz 5G application. We aim to investigate the gain enhancement of a
multiband antenna using a multiband Artificial Magnetic Conductor (AMC) reflector
for 5G applications.

4.3.1 Dual-band monopole antenna structure

The proposed dual-band monopole antenna structure is shown in Figure 4.17. It is
designed on 1.6 mm thick FR4 substrate in size of 50×50 mm2 with relative permittivity
of 4.3, and loss tangent of 0.025. This structure consists of a simple rectangular patch
geometry slotted with a Rectangular Split Ring (RSRR) slot in order to achieve the
multiband behavior. The proposed dual-band monopole antenna is fed with 50 W
microstrip line loaded on a partial ground plane as shown in Figure 4.17(b).
The dimensions of the proposed dual-band antenna are given in Table 4.4.
The simulated reflection coefficient and the broadside gain of the proposed antenna are
provided in Figure 4.18. It can be observed that the proposed antenna can exhibit a
double frequency band of 3.22-3.53 GHz and 5.97-6.24 GHz, centred at 3.06 GHz and
6.16 GHz, respectively.
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Figure 4.17: Geometry of the dual-band monopole antenna, (a) Top view, (b) Bottom
view.

Table 4.4: Dimensions of the dual-band monopole antenna

Parameter Ls Ws Lp Wp Lp1 Lp2

Value (mm) 50 50 27 20 25.6 22.8
Parameter Wp1 Wp2 T Wg Wf Lf

Value (mm) 18.6 15.8 0.3 14.5 2.39 15

 

Figure 4.18: Simulated reflection coefficient and broadside gain of the dual-band
monopole antenna.
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The broadside gain is above 2, -6.12 dB at the lower band (3.22-3.53 GHz) and the
upper band (5.97-6.24 GHz), respectively. In order to demonstrate the antenna dual-
band behavior, the surface current evolution is also evaluated in Figure 4.19, at the two
resonant frequencies 3.06 and 6.16 GHz, respectively. At the first resonant frequency,
the current is mainly concentrated on the upper part of the feed line, the boundaries
of the inner and outer rectangular rings. At the second resonant frequency, the current
is strongly focused on the feed line, the middle of the partial ground plane, the outer,
and the inner rectangular rings. The current distributions prove that the resonant
frequency depends not only on the antenna dimensions but also on the feed line, the
partial ground plane, and the spacing between the rectangular rings.

 

 

 

 

 

 

 

     

 

  (a) 

                                                         

                                   (b) 

Figure 4.19: Surface current distribution of the dual-band monopole antenna at: (a)
3.06 GHz, (b) 6.16 GHz.

4.3.2 Dual-band monopole antenna over the dual-band AMC
reflector

As the triband unit cell presented in Section 4.2.2 (see Figure 4.3), demonstrates the
ability to operate in single, dual, or triband operations across independent frequencies,
along with its analytical estimation abilities. We effortlessly modify its geometry and
dimensions (see Figure 4.20) to achieve a dual-band unit cell, operating within frequency
ranges 3.07-3.48 GHz and 5.93-6.16 GHz. The dimensions of the dual-band AMC unit
cell are listed in Table 4.5. The reflection phase response of the proposed dual-band
unit cell is depicted in Figure 4.21. It can be seen that the proposed dual-band unit
cell exhibits two zeros-phases at 3.06 and 6.16 GHz across two AMC operating bands
of 2.85-3.16 GHz and 5.64-6.79 GHz, respectively.
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Figure 4.20: Geometry the proposed dual-band AMC unit cell.

Table 4.5: Dimensions of the proposed dual-band AMC unit cell.

Parameter LCELL WAMC L1 L2 W1 W2

Value (mm) 13 11.5 10 8.9 10.9 9.9
 

Figure 4.21: Simulated reflection phase of the proposed dual-band AMC unit cell.

As shown in Figure 4.22, the proposed dual-band AMC reflector backed monopole
antenna is composed of 3×5 dual-band unit cells with an air layer thickness of 8 mm,
which make the overall structure profile thickness 12.8 mm. The simulated reflection
coefficient the proposed dual-band monopole antenna with the dual-band AMC reflector
is plotted in Figure 4.23.
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Figure 4.22: The dual-band monopole antenna over the slotted square ring patch AMC
reflector, (a) Overall structure, (b) Side view, (c) AMC reflector top view.

The dual-band AMC backed-antenna covers two frequency bands from 3.07-3.48 GHz
and 5.93-6.16 GHz, centred at resonant frequencies of 3.30 GHz and 6.10 GHz, respec-
tively. Additionally, a comparison between the simulated broadside with/without AMC
reflector is depicted in Figure 4.24. There is a gain enhancement of 4.51 dB at the first
resonant frequency (3.30 GHz), but a significant decrease to –6.48 dB at the second
resonant frequency compared to antennas without the AMC reflector.
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Figure 4.23: Simulated reflection coefficient response of the dual-band AMC backed
antenna.

 

 

 

 
 

 

 

 

 

 

  

Figure 4.24: Simulated broadside gain of the proposed monopole antenna loaded with
the dual-band AMC reflector.

It is noticeable that the proposed dual-band AMC reflector enhances the gain in only
one band. Consequently, our objectives are not fully achieved.
To address this limitation, we propose modifying the rectangular slot responsible for
the second operating band by closing it on the lower part, as illustrated in Figure
4.25. Further optimization of the proposed AMC unit cell is conducted to adjust the
two resonant frequencies, 3.06 GHz and 6.16 GHz. The reflection phase response is
depicted in Figure 4.30, and the final optimized dimensions are provided in Table 4.6.
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Figure 4.25: Geometry of the proposed modified dual-band AMC unit cell.

Table 4.6: Dimensions of the modified dual-band AMC unit cell.

Parameter LCELL WAMC L1 L2 W1 W2 X

Value (mm) 13 11.5 10 9 10.9 9.9 2

 

Figure 4.26: Simulated reflection phase response of the proposed modified dual-band
AMC unit cell.
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The simulated reflection coefficient and the broadside gain of the proposed dual-band
monopole antenna over the modified AMC reflector are illustrated in Figure 4.27 and
Figure 4.28, respectively. It can be seen that the proposed combined structure cover
two-frequency bands in the range of 3.16-3.60 GHz and 5.96-6.23GHz centred at the fre-
quencies of 3.40 GHz and 6.10 GHz, respectively. The gain is enhanced by 4.83 dB and
11.32 dB at the two resonant frequencies, respectively, in comparison to those without
AMC reflector. In addition, it is noticeable that the gain is also enhanced compared
to the proposed monopole antenna with the proposed dual-band AMC reflector before
modification.

 

 

 

 
 

 

 

 

 

 

  

Figure 4.27: Simulated reflection coefficient of the proposed dual-band monopole an-
tenna over the modified dual-band AMC reflector.

 

 

 

 
 

 

 

 

 

 

  

Figure 4.28: Simulated broadside gain of the proposed dual-band maonopole antenna
over the modified dual-band AMC reflector.
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In order to explain this gain enhancements, especially at the second resonant frequency,
the surfaces current distribution on the two AMC reflectors is plotted in Figure 4.29.
The surface current concentration is notably reduced on the modified dual-band AMC
reflector compared to the first AMC reflector, which exhibits a strong current distri-
bution across the entire AMC reflector surfaces. This difference in current distribution
helps to explain the gain enhancement observed at the second frequency band.

 

 

 

 

 

 

 

 

   

(a)                                        (b) 

 

Figure 4.29: Current surface distribution on the AMC surface at 6.10 GHz, (a) Dual-
band AMC reflector, (b) Modified dual-band AMC reflector.

The simulated radiation pattern of the dual-band antenna with and without the AMC
reflector in E and H plane at 3.4 GHz and 6.10 GHz, are displayed in Figure 4.30.
It is clearly seen, that for the antenna without AMC reflector the radiation pattern
are bidirectional in both E and H plane with a poor gain values. However, after the
incorporation of the AMC reflector it can exhibit a unidirectional radiation pattern
enhanced gain of 7.06, 6.35 dB at to two resonant frequencies 3.40 GHz and 6.10
GHz,respectively.

 

 

                                                  3.40 GHz                        6.10 GHz 

 
Figure 4.30: Simulated radiation pattern (in gain) of the proposed dual-band monopole
antenna over the modified dual-band AMC reflector.
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4.3.3 Key design parameter investigations

A parametric study is conducted in order to investigate the different parameters that
affect the antenna characteristics. Two studies are carried out: The air layer thickness
and the AMC unit cell numbers.

a Air layer thickness

The effect of the air layer thickness (the distance between the antenna and the AMC
reflector Hair) on the reflection coefficient and the broadside gain is illustrated in Figure
4.31 . An Hair of 6 mm, 8 mm and 10 mm is chosen for this study.

 

(a) 

 

(b) 

 
Figure 4.31: Effect of Hair on the antenna performances, (a) Reflection coefficient, (b)
Realized gain.
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It can be observed as Hair increased the impedance bandwidth tend to be wider in
the first operating band. It is extended from 400 MHz to 500 MHz when Hair varies
between 6 mm to 10 mm, respectively.
A steady bandwidth of almost 270 MHz is demonstrated across the second operating
frequency with a shifted resonant frequency from 6.05 to 6.12 GHz for Hair = 6 mm,
Hair = 8 mm and Hair = 10 mm.
The gain increases at both first and second resonant frequencies. At the first resonant
frequency (3.40 GHz), a peak gains of 6.62 dB, 6.83 dB, and 6.90 dB is achieved for
Hair = 6 mm, Hair = 8 mm, and Hair = 10 mm, respectively. Similarly, at the second
resonant frequency, peak gains of 4.30 dB, 5.20 dB, and 4.69 dB are achieved for the
same Hair values.
Finally , Hair of 8 mm is selected as optimal, demonstrating a balance between gain
and overall thickness.

b AMC unit cell numbers

The effect of the AMC unit cell numbers on the antenna reflection coefficient and
the broadside gain is illustrated in Figure 4.32. It is worth to point out that number of
the unit cell will be fixed in the Y direction to 3 lines and variable in the x direction
(column) to simplify the manufacturing process (assembling the antenna and AMC
reflector). Therefore, 3×3, 3×5, and 3×7 unit cells configuration are selected in this
study. It can be seen from Figure.34(a), that the effect of the unit cell number on the
reflection coefficient is less significant with almost the same bandwidth for all cases.
The gain is increased as the number of the unit cell increased in the x direction.
For configuration of 3×3 unit cell, a peaks gain of 5.5 dB can be achieved over the first
operating band but it decrease deeply to 2 dB over the second operating band. For
configuration of 3×5 unit cell, a peak gains of 6.83 dB and 5.20 dB are achieved at the
two resonant frequencies, respectively. For configuration of 3×7 unit cell,a peaks gain
of 6.60 dB and 5.50 dB centred at the two resonant frequencies, respectively.
Finally, 3×5 unit cell configuration is chosen as an optimum design parameter for en-
hancing the antenna gain and size. The final optimised dimensions of the proposed dual-
band monopole antenna over the modified dual-band AMC reflector are summarised in
Table 4.7.
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Figure 4.32: Effect of the modified dual-band AMC unit cell numbers on the antenna
characteristics, (a) Reflection coefficient, (b) Realized Gain.

Table 4.7: Dimensions of the dual-band antenna laded with the dual-band AMC reflec-
tor

Parameter LS WS LP WP LP 1 LP 2 WP 1 WP 2

Value (mm) 50 50 27 20 25.6 22.8 18.6 15.8
Parameter T Wg Lf Wf H1 H2 Hair Gap

Value (mm) 0.3 10 15 2.39 1.6 3.2 8 1.1

134



Chapter 4: AMC reflectors-based multiband antennas

4.3.4 Proposed structure contribution

Finally, a comparison between the proposed work and other recently published
works is listed in Table 4.8. The proposed dual-band monopole antenna, based on the
modified dual-band AMC reflector, exhibits the highest gain enhancement of 11 dB
with shorter distance (0.09λL) between the antenna and AMC reflector compared to
[93, 97]. It is seen that the antennas designed in [92] and [107] have shorter distances
between the antenna and their reflectors, but they demonstrate lower gain enhancement
compared to our design.
The proposed configuration can exhibit two frequency bands in the range of (3,16-3,60)
GHz and (6,96-6,23) GHz centred at 3.40 and 6.10 GHz with an enhanced directional
gain of 6.83 and 5.20 dB Respectively which cover sub 6 GHz (n78) and sub 7GHz
(n96) 5G applications.

Table 4.8: Comparison between the proposed and other similar works

Ref AMC size No.of Hair Freq peak Max gain
(mm2) band (mm) (GHz) Gain (dB) enhancement

[92] 90×90 3 3 (0.04λL) 2.4, 3.5, 4.8, 5.1, 3
5.5 6.2

[93] 90 × 90 3 23 (0.19λL) 2.45, 3.5, / 5.54
4.6, 5.8

[97] 45×60 3 30.5 2.4, 2.5, 5.8, 5.53, 6.44
(0.25λL) 3.5, 5.5, 4.49,6.45

5.8 6.49
[106] 104×104 2 8 (0.09λL) 2.4, 5.2 7.2, 7.3 2.88
[107] 75×50 3 2 (0.04λL) 2.45, 5.8 8, 9 3
[108] 80×80 2 8 (0.064λL) 2.45, 5.8 5, 7.5 4.5

This work 64.9×50 2 8 (0.09λL) 3.40, 6.10 6.83, 5.20 11.12

Hair is the sapce between the antenna and the AMC reflector.
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4.4 Conclusion

In this chapter, the effectiveness of employing a multiband Artificial Magnetic Con-
ductor (AMC) reflector has been investigated for the purposes of miniaturization, re-
duction of backward radiation, and gain enhancement.
In the first application,a trap-loaded pyramidal antenna loaded with triband AMC re-
flector is suggested. The results indicate that by replacing the previous bulky cutoff
open-ended waveguide with a triband AMC reflector, a substantial reduction in the
overall antenna size while concurrently maintaining lower levels of backward radiation.
The reduction encompasses a 37% decrease along both the x and y-axes, coupled with
a remarkable 67% reduction along the z-axis. The antenna prototype has been fabri-
cated and tested. Both simulation and experimental results indicate that the proposed
structure has quasi-hemispheric radiation pattern. The measured directivity levels of
5.12 dB, 6.60 dB, and 7 dB are accompanied by significant backward radiation values
of -8 dB, -14 dB, and -12.6 dB at the three resonant frequencies 1.197 GHz, 1.575 GHz,
and 2.245 GHz, respectively. While for the second application, A dual-band monopole
antenna associated with dual-band artificial magnetic conductor (AMC) reflector is pre-
sented for 5G application (sub 6 GHz (n78)-sub 7 GHz (n96)). The AMC reflector is
loaded on the back of the antenna structure as reflector for gain enhancement. Indeed a
significant gain enhancement is achieved over the two operating bands. The multiband
AMC surface demonstrates its ability to enhance the antenna performances which make
it useful in several applications.
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General conclusion

This thesis focuses on leveraging the properties of wideband and multiband artificial
reflectors to design novel antenna structures. The aim of employing the artificial reflec-
tors is to address key challenges in antenna performances, such as improving gain, ex-
panding bandwidth, achieving miniaturization, and reducing backward radiation. The
selection of the AMC forms is based on surface current methodology, which plays a
crucial role in preventing performance degradation, particularly in terms of radiation.

The first chapter introduces several designs of wideband and multiband antennas,
along with their methodologies for achieving wideband and multiband characteristics.
It discusses their types used for aerospace applications and explores feeding tech-
niques used to feed microstrip antennas, examining their advantages and disadvantages.
Through this exploration, we gain insights into the impact of different parameters, in-
cluding antenna geometry, feeding technique, and radiation pattern diagram. This
analysis enable the identification and selection of optimal parameters for enhancing
overall performance.

The second chapter presents the concept of artificial reflectors, and outlines the
principal analytical and numerical methods employed for modeling and characterizing
these surfaces. Additionally, a comprehensive review of antennas based on wideband
and multiband artificial reflectors is conducted to identify diverse geometries and in-
vestigate characteristics used in this field. This review also facilitates the comparison
of the findings with existing work, proving the effectiveness of the design.

The third chapter presents the efficacy of AMC surfaces when employed as reflectors
for wideband antennas, with a specific focus on their potential advantages in stabilizing
gain, reducing the antenna profile height, and enhancing the front-to-back ratio. By
studying the surface current distribution on AMC surfaces, we effectively stabilized the
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General conclusion

bowtie antenna gain, achieving a stable gain with a minimal variation of 0.85 dB across
a wide bandwidth of 50%. Furthermore, our investigation revealed the application of
AMC surfaces in reducing the antenna profile height and improving the front-to-back
ratio of UHF-RFID reader antennas. By integrating AMC surfaces as reflectors, we suc-
cessfully achieved a substantial reduction in antenna profile, corresponding to a 45%
reduction, with high measured gain and a front-to-back ratio of more than 5 dB and
24 dB across the entire UHF-RFID band, respectively.

The fourth chapter presents the efficacy of AMC surfaces for multiband antennas,
focusing on their potential advantages in miniaturization, reducing backward radia-
tion, and enhancing gain across multiple operating bands. A trap-loaded pyramidal
antenna backed with a triband artificial magnetic conductor is designed for the GNSS
system (GPS/GALILEO/MicroSat). By integrating a triband AMC reflector with a
conventional multiband pyramidal antenna, we achieved a significant reduction in over-
all antenna size by 37%, 37%, and 67% along the x, y, and z-axes, respectively, while
maintaining similar radiation performance. This integration also enhances gain across
multiple operating bands. Therefore, a dual-band AMC reflector is introduced at the
back of a dual-band monopole antenna for 5G communication. This design resulted
in significantly enhanced directional gains of 6.83 dB and 5.20 dB centered at the two
operating frequencies of 3.40 GHz and 6.10 GHz, respectively.

Antenna prototypes have been simulated using CST Microwave Studio software,
fabricated, and measured, confirming their proper operation. Moreover, the obtained
results were compared to similar published works, demonstrating highly attractive per-
formances of the AMC reflector for several application. As future perspectives of this
thesis, we propose:
• Explore the concept of reconfigurable AMC surfaces by adding lumped capacitors or
varactor diodes in a unit cell design to flexibly manipulate the working frequency and
bandwidth of the AMC.
• Develop mathematical models of AMC surfaces, especially multiband AMC surfaces
in order to facilitate the design of these structures.
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Appendix A

Antenna characteristics

The IEEE Standard Definitions of Terms for Antennas (IEEE Std 145–1983) define
an antenna or aerial as a device used for transmitting or receiving radio waves. Es-
sentially, the antenna serves as a connection point between free space and a guiding
device. The guiding device, typically in the form of a coaxial cable or a waveguide,
facilitates the transfer of electromagnetic energy between the transmitting source and
the antenna, or between the antenna and the receiver. When energy flows from the
source to the antenna, the setup is referred to as a transmitting antenna, whereas when
the energy is received by the antenna from the environment, it is termed a receiving
antenna [2].
Before exploring the antenna design and performance, it is crucial to establish a clear
understanding of the fundamental characteristics that define an antenna’s behavior.
These characteristics provide valuable insights into how an antenna interacts with elec-
tromagnetic waves and performs its intended function. In this context, we will explore
some of the most prominent antenna characteristics, including the radiation pattern, di-
rectivity, efficiency, gain, polarization, input impedance, reflection coefficient, and band-
width. Understanding these characteristics is essential for engineers and researchers in
optimizing antenna performances for various applications.

A.1 Radiation pattern

An antenna radiation pattern, also known as an antenna pattern, is defined as a
mathematical function or a graphical representation of the radiation properties of the
antenna as a function of space coordinates. In most cases, the radiation pattern is
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determined in the far-field region and it is represented as a function of the directional
coordinates [2]. Various part of a radiation pattern are often referred to as lobes,
which can be further classified into major or main lobes, minor lobes, side lobes, and
back lobes. Figure A.1 and Figure A.2, illustrate a symmetrical three-dimensional, two
dimensional polar pattern, respectively, featuring multiple radiation lobes. 

Figure A.1:3D Radiation pattern.

 

Figure A.2: 2D Radiation pattern.
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It can be observed that the radiation pattern consists of multiple lobes [2] , including:
• Major lobe: also known as the main beam, is defined as "the radiation lobe containing
the direction of maximum radiation. In Figure A.2, the major lobe is pointing in the
direction of θ = 0°.
• Minor lobe: is any lobe except a major lobe. All the lobes with the exception of the
major lobe can be classified as minor lobes as it is indicated in Figure A.1 and Figure
A.2.
• Side lobe: defined as a radiation lobe in any direction other than the intended lobe
typically, it is adjacent to the main lobe.
• Back lobe: defined as a radiation lobe whose axis makes an angle of approximately
180° with respect to the main beam of an antenna. (which mean direction opposite to
that of the major lobe) while front-to-back ratio is defined as the ratio of the power
radiated in the main lobe (the forward direction) of the antenna to the power radiated
in the opposite direction (the back lobe).
• Beamwidth : The beamwidth of a pattern is defined as the angular separation be-
tween two identical points on opposite sides of the pattern maximum. In an antenna
pattern, there are several types of beamwidths including the Half-Power Beamwidth
(HPBW), which is defined by IEEE as: the angle between the two directions in which
the radiation intensity is half the value of the beam maximum. Another important
beamwidth is the angular separation between the first nulls of the pattern, referred to
as the First-Null Beamwidth (FNBW). Both the HPBW and FNBW are illustrated for
the pattern in Figure A.1 and Figure A.2.

A.2 Directivity

The directivity of an antenna is defined as the ratio of the radiation intensity in a
given direction from the antenna to the average radiation intensity over all directions,
where the average radiation intensity is equal to the total power radiated by the antenna
divided by 4 (which represents the average radiation intensity of an isotropic antenna).
In mathematical form, is given in Equation (A.1) :

D = U

U0
= 4πU

Prad

(A.1)

U = radiation intensity (W/unit solid angle). U0 = radiation intensity of isotropic
source (W/unit solid angle) and Prad = total radiated power (W).
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A.3 Gain

The gain of an antenna, in a specific direction, is a measure of how well the antenna
concentrates transmitted or received electromagnetic radiation in that direction com-
pared to an ideal isotropic radiator. It refers to the ratio of the intensity, in a given
direction, to the radiation intensity that would be obtained if the power accepted by the
antenna were radiated isotropically. The radiation intensity corresponding to isotropic
power is equal to the power accepted (input) by the antenna divided by 4π [2]. It can
be expressed as:

Gain = 4π
Radiation intensity

Total input (accepted) power = 4π
U(θ, ϕ)

Pin

(A.2)

A.4 Efficiency

The determination of efficiency is one of the fundamental steps in quantifying the
performance of an antenna. This parameter represents the amount of power actually
radiated by the antenna compared to the input power to the same antenna. For a given
direction, the ratio of antenna gain (G) to directivity (D) also gives the efficiency (ηray)
for that direction. It can be expressed as:

ηray = G

D
(A.3)

A.5 Polarization

Based on [2], the polarization of an antenna in a particular direction refers to the
polarization of the electromagnetic wave that is emitted or radiated by the antenna.
The polarization of a radiated wave refers to the orientation of its electric field. It
describes how the electric field vectors of the radiated wave are oriented in space as the
wave propagates away from the antenna.
Polarization can be categorized as linear, circular, or elliptical. When the electric field
vector at a point in space remains aligned along a straight line over time, the field
is considered linearly polarized. However, in general, the path traced by the electric
field vector forms an ellipse, resulting in elliptical polarization. Linear and circular
polarizations are specific instances of elliptical polarization, occurring when the ellipse
degenerates into a straight line or a circle, respectively. The direction of rotation of
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the electric field vector is either clockwise (CW) or counterclockwise (CCW). Clock-
wise rotation corresponds to right-hand polarization, while counterclockwise rotation
corresponds to left-hand polarization.

A.6 Input impedance

Input impedance is defined as the impedance presented by an antenna at its termi-
nals, or the ratio of the voltage to current at a pair of terminals, or the ratio of the
appropriate components of the electric to magnetic fields at a point. It can be expressed
as [2]:

ZA = RA + jXA (A.4)

ZA = antenna impedance at terminals (ohms).
RA = antenna resistance at terminals (ohms): It represents a dissipation term. It is
related, on one hand, to the radiated power and, on the other hand, to the power lost
due to Joule heating.
XA = antenna reactance at terminals (ohms): It is related to the reactive power stored
in the vicinity of the antenna.

A.7 Bandwidth

The bandwidth of an antenna refers to the frequency range over which the an-
tenna’s performance meets a specified standard for various characteristics. the band-
width can be understood as the range of frequencies, both above and below a center
frequency where the antenna’s characteristics (such as input impedance, radiation pat-
tern, beamwidth, polarization, side lobe level, gain, beam direction, radiation efficiency)
remain within an acceptable range of values compared to those at the center frequency.
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MVG StarLab anechoic chamber
overview

StarLab, designed for near-field analysis, provides a compact system for measuring
electromagnetic fields in close proximity to the source, rather than in the far-field.
The field radiated by the Device Under Test (DUT) is sampled using a probe array
consisting of 15 wideband probes spaced evenly along the circumference of a circular
support structure [109].

 

3 

2 

1 

Figure B.1:MVG StarLab anechoic chamber [109].
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1- Arch of probe array (choice of two probes can be interleaved (DP 400-6000 or DP
6000-18000).
2- DUT (Device Under Test) antenna.
3- Styrofoam or ultra-rigid mast (support).

The DUT is positioned at the center of the arch on top of a Styrofoam column, which
is rotatable by a motor. This rotation enables the sampling of the radiated field over
the entire sphere surrounding the DUT. The support structure for the probes has the
capability to rotate around its center, facilitating measurements with any desired num-
ber of probes, allowing for oversampling of the radiated field.
To achieve a full-sphere measurement, the probe array is electronically scanned in el-
evation, while concurrently rotating the Device under Test (DUT) by 180° in azimuth
(as illustrated in Figure B.1). This approach enables a rapid and comprehensive 3D
measurement, capturing data across the entire spherical region around the DUT [109].

Figure B.2:SATIMO measurements Probe [110].

The StarLab system incorporates 15 probes that are evenly spaced along a circular
arch with equal angular intervals. Each probe is equipped with a pair of orthogonal
printed antennas, meticulously designed to exhibit broadband characteristics and de-
liver excellent performance across a wide frequency range. The two antennas within
each probe are linearly polarized and aligned to represent vertical and horizontal po-
larizations. Importantly, these probes are fully reciprocal, meaning they can operate
seamlessly in both receive and transmit modes. This reciprocal nature enhances their
versatility, allowing for comprehensive measurements and analyses in various scenarios
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[109]. A dedicated Satimo measurement probe [110] designed for StarLab is illustrated
in Figure B.2, and its primary characteristics are outlined in Table B.1.

Table B.1: Main characteristics of Satimo wideband probe [110]

Item Specified performance 

Frequency band 0.8 GHz - 6.0 GHz 

6.0 GHz - 18 GHz 

VSWR < 2.5 

Typical gain -10dBi 

Cross polarisation dc-

coupling 

>30dB 

 

Typical half beamwidth 

angle (-3dB) 

45° 

 

To mitigate issues related to scattering and reflections caused by the support structure
and cabling, the arch is coated with multi-layer conformal absorbing material. This
material is designed to absorb and dissipate electromagnetic waves, reducing undesired
effects that could interfere with the accuracy of measurements. The use of conformal
absorbing material enhances the performance of the probe array by minimizing external
influences during the sampling of the electromagnetic field.

The StarLab test station is linked to a PC, which control all the equipment components
such as the probe array, azimuth and elevation motors, RF source, and RF measurement
devices utilizing a streamlined software environment known as SatEnv. This software
not only manages the equipment but also handles the acquisition, post-processing, and
visualization of measurement data. In real-time, the user has the ability to observe the
radiation pattern of the tested device, expressed in terms of radiated power or gain.
This includes immediate visualization through various formats, such as 1-D pattern
cuts in Cartesian or polar representation, 2-D data plots, or 3-D data plots [109].
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Table B.2: Main features of the MVG StarLab [109]

Technology 

 

• Near-field / Spherical 

• Near-field / Cylindrica 

 

Measurement capabilities 

 

Gain, Directivity, Beamwidth Cross polar 

discrimination, Sidelobe levels 3D radiation 

pattern, Radiation pattern in any polarization 

(linear or circular), Antenna efficiency. 

Frequency bands 

 

• StarLab 6 GHz: 650 MHz to 6 GHz. 

• StarLab 18 GHz: 650 MHz to 18 GHz. 

Max. size of DUT 45 cm for spherical set-up 

Max. weight of DUT  10 kg with Styrofoam mast 

Typical dynamic range 

 

• 650 MHz - 6 GHz: 70 dB 

• 6 GHz - 18 GHz: 60 dB 

Oversampling Arch rotation 

Software 

Measurement control, data acquisition 

and post processing 

 

WaveStudio Near-field/far-field transform 

MV-Sphere 
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Directivity calculation of the 4 port
circularly polarized antenna

The measurements taken in the MVG SatrLab provide the field in spherical coordi-
nates, namely ( Eθ, Eϕ ) (see Figure C.1): In order to replace the feeding circuit, digital
processing of these measurements allows for considering the quadrature excitation of
the different radiating elements. Its mean to appropriately phase shift the fields [111].

Figure C.1:The components Eθ and Eϕ for a direction (θ, ϕ) [111].

Two cases are addressed in this thesis work. The first involves reconstructing the fields
of the total antenna from the fields of a single element. This is mean to idealizing the
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fabrication of feeding circuit and the antenna itself. For this purpose, it is essential
to apply a sequential 90° rotation to the reference frame of the initial element to re-
construct the 4 elements. In the case of processing by ϕ cuts, this operation reduces
to manipulations on matrices containing the different cuts in Eθ and Eϕ. Once these
manipulations are done, all that remains is to sum the various contributions of the
phase corresponding to the excitation.
The second case involves reconstructing the fields from measurements of the 4 radiating
elements. In this case, since the measurement frame is the same for all 4 elements, it is
possible to immediately sum the fields provided in quadrature. Once the fields are re-
constructed for the total antenna, we obtain circular polarization diagrams by applying
the following formulas (C.1),(C.2) [111]:

ERHCP = Eθ + jEϕ√
2

(C.1)

ELHCP = Eθ − jEϕ√
2

(C.2)

While RHCP represents Right-Hand Circular Polarization and LHCP represents Left-
Hand Circular Polarization.

The data obtained from measurements in the MVG StarLab are brut field values ex-
pressed in the spherical coordinate system. To facilitate comparison between diagrams,
it is preferable to normalize them with respect to the same reference. Therefore, the
diagrams presented in this thesis report are expressed in dB, normalized with respect
to an isotropic equivalent source. The directivity is evaluated according to the formula
(C.3) below [111]:

D(θ, ϕ) = |F (θ, ϕ)|2
1

4π

∫∫
|F (θ, ϕ)|2 dΩ (C.3)

where :|F(θ,ϕ)2| It is the radiation pattern normalized with respect to the maximum
radiation. This calculation involves the evaluation of a double integral. Some simpli-
fying considerations will allow us to numerically approximate this integral, which in
spherical coordinates is expressed as follows:∫∫

|F (θ, ϕ)|2dΩ =
∫ π

−π

∫ π

0
|F (θ, ϕ)|2sinθ dθ dϕ (C.4)

Firstly, the antenna studied in this thesis exhibit strong rotational symmetry due to
the sequential 90° rotation of the base radiating element. A detailed examination of
the differences between the radiation patterns for ϕ = 0° and ϕ = 45°, shows that
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the assumption of a rotationally symmetric pattern is legitimate for evaluating the
directivity with sufficient accuracy. The integral to be calculated can thus be expressed
in the following form: ∫∫

|F (θ, ϕ)|2dΩ = 2π
∫ π

0
|Fϕ=0(θ)|2sinθ dθ (C.5)

The second simplification consists of numerically approximating the integral to be cal-
culated, as follows:

∫∫
|F (θ, ϕ)|2dΩ = 2π∆θ

π∑
θ=0

|Fϕ=0(θ)|2sinθ (C.6)

where ∆θ is the sampling step in θ. Therefore, the directivity of the antenna presented
in this thesis can be calculated using the following formula:

D(θ, Φ) = 2
∆θ

.
|F (θ, ϕ)|2∑π

θ=0|Fϕ=0(θ)|2sinθ
(C.7)
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