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RESUME

La technologie de communication sans fil a énormément évolué au cours des derniéres années.
Cette évolution, fortement croissante, a également eu comme conséquence 1’apparition des
nouvelles technologies ainsi que I’innovation de plusieurs applications a haut débit telles que les
applications mobiles, la téléphonie sur voix IP (VoIP) et I’internet des objets (IOT). Cependant, la
technologie sans fil traditionnelle ne peut pas répondre aux contraintes des services emergents, qui
exigent souvent I’utilisation de bande de fréquences de plus en plus grande pour étre opérationnels.
Face a cette demande de plus en plus forte de transmission de données, un nouveau concept basé
sur I’intégration des surfaces électromagnétiques dans un milieu de propagation se présente comme

une technologie clé qu’il faut étudier et identifier tous ses défis technologiques.

Le déploiement de ces surfaces dans un tel environnement offre plusieurs avantages. Ces
avantages sont entre autres la possibilité de fournir des communications fiables et efficaces en
établissant des canaux en visibilité directe ce qui permet d’offrir des débits beaucoup plus
importants tout en économisant de 1’énergie. De plus, ces surfaces ont ’avantage de rendre

I’environnement plus sécuritaire grace a ses caractéristiques de filtrage.

En conséquence, de nouveaux travaux s’orientent vers [’utilisation des surfaces
électromagnétiques dans des environnements complexes afin de permettre une utilisation plus

efficace du spectre radiofréquence.

Le déploiement des surfaces électromagnétiques dans un milieu de propagation est une idée
prometteuse pour les futures générations de systemes de communication sans fil. En effet, la
conception de ces surfaces nécessite la prise en considération de certains défis techniques, a savoir,
la stabilité de la fréquence de résonance avec I'angle d'incidence, la bande passante, le contréle des
harmoniques et la sensibilité par rapport a la polarisation de I’onde d’incidence. Bien que la
réduction des éléments constituant la surface électromagnétique présente une solution adéquate
pour ces défis. Il reste que la procédure de miniaturisation est en soi un trés grand defi. Ainsi, un
grand intérét est apparent pour développer de nouvelles structures capables de surmonter tous ces
défis.

La conception de nouvelles topologies métasurfaces exige un progres technologique et une
méthodologie dans I’exploitation des connaissances de dispositifs micro-ondes. En premier lieu,

une méthode de synthése sera établie dans le troisiéme chapitre en utilisant des circuits équivalents
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dans le but de déterminer les paramétres géométriques d’une métasurface flexible congue par des
dipbles croisés. La synthése des parameétres géométriques constitue la méthode qui sera utilisée
pour controler la bande passante. Par la suite, le concept des résonateurs a saut d’impédance (RIS)
utilisé pour la miniaturisation et la fabrication de nouvelles topologies, sera présenté. D’autre part,
le concept de résonateurs pliés sera étudié pour les structures périodiques dans le but de concevoir
des structures a large bande. Finalement, les prototypes obtenus seront réalisés et analysés et de
nouvelles avenues de recherche seront aussi dressees.
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ABSTRACT

In this thesis we present the design, analysis, and experimental verification of a new type of
metasurface (MS). The theory of the MS is introduced in Chapter 2. Chapter 3 presents a simple
synthesis method for designing a flexible metasurface (MS). The proposed design, when operating
at 10 GHz, has extensive shielding properties against Electromagnetic Interference (EMI). In
addition, a parametric study of the proposed MS aiming to optimize the bandwidth has been
presented. The proposed MS holds similar responses for TE (Transverse Electric) and TM
(Transverse Magnetic) modes of polarization at normal incidence. Further, the conformal behavior
of the proposed MS in comparison with a planar MS is presented and evaluated. The size of the
proposed unit cell is 0.4%o x 0.4, where Ao is the free space wavelength at the desired resonant
frequency. The measured results of the proposed MS agree well with the simulations. Chapter 4
explores the potential of using stepped impedance resonators (SIR) to design a dual orthogonal
polarization MS with low sensitivity to the incident angles of plane wave excitation. The proposed
MS consists of crossed stepped impedance resonators printed on the two interfaces of a single
dielectric substrate. A significant size reduction of the cell element size can be achieved to the
extent that p = Ao/16, where Ao is the free-space wavelength of resonant frequency and p is the
periodicity of the element. In addition, harmonic frequencies can be controlled by simply changing
the SIR impedance to design a multiband MS which resembles a similar development for stepped
impedance resonators in microwave filter theory. A simple design procedure is developed based
on transmission line theory. The structure is fabricated and tested subsequently in a free space
measurement facility which demonstrated a stable angular response up to 60° of the incident angles
for both the TE and TM plane wave excitations. Finally, Chapter 5 introduces a novel methodology
to design dual pole spatial filters by using folded stubs. The proposed methodology is used to
design a band-stop MS for X band applications. The fabrication of the dual pole filters is
significantly simplified by using a single layer of a dielectric substrate. Two structures are
designed, fabricated, and measured to verify the proposed methodology. The first structure is
polarization dependent, while the second structure is polarization independent. The measurement
solution verifies the simulation software procedure, and the qualitative analytical algorithm. This
study can be used for many applications in electromagnetic engineering, such as designing secure

buildings and shielded structures.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

In recent years, the field of wireless communication has seen significant growth. Its rapid
development led to the introduction of new technologies and to many new high-speed applications.
Among these include, IP telephony (VolIP), and the Internet of Things (IoT). These technologies
and many others require communication channels capable of transporting greater and greater

amounts of information.

However, in term of frequency bands and data transmission, traditional wireless technology
cannot meet the demands of these emerging services. As a result, the radio frequency (RF)
spectrum is becoming crowded. Recently, a new concept of electromagnetic surfaces has been used
to meet the rapid development of communication technology in terms of high data rates and system
capacity. The idea revolves around the deployment of periodic structures into the walls of buildings
to make the propagation environment more favorable [1-4]. Electromagnetic surfaces have widely
been used to control the propagation environment [5-8], reduce interference at specific frequency
bands [9], enhance the directivity of wireless transmissions [10], optimize the communication
efficiency [11], and save energy. They are classified into metamaterials, frequency selective
surfaces (FSS), reflectarrays, electromagnetic bandgap structures (EBG), and metasurfaces (MSs).
Among these structures, MSs are prominent structures used to control electromagnetic waves. They
have a wide range of applications in electromagnetics, including absorbers [12-13], high impedance
surfaces (HISs) [14], and spatial filters [15-16]. However, these structures suffer from many
technical difficulties. In this thesis, we intent to resole some of these technical issues in order to

make these MSs more adaptable to a wider range of applications.

1.2 Research problems and objectives

The idea of employing electromagnetic surfaces within the propagation environment opens a
window for new and interesting applications. However, as mentioned previously, the fabrication
of these surfaces are fraught with many technical difficulties, namely, the bandwidth, size of MS’s

unit cell, sensitivity to the incident angle and sensitivity to the polarisation. Indeed, the design of



these surfaces requires the consideration of these technical challenges, which can restrict the use
of MS in many applications.

The main objective of this thesis is to design a new class of spatial filters for wireless
communication systems in order to improve the propagation channel performance. This is achieved
by designing MSs with desired features, such as: insensitivity to polarization and incident angles
wave excitation, flexibility, and wider bandwidth.

1.3 Thesis Contribution

The first contribution is a simple synthesis method for ultra-thin double-sided cross-dipole-
based FSS. The presented technique is used to design a flexible band-stop FSS for Electromagnetic
Interference (EMI) (shielding) applications operating at 10 GHz. In addition, this method can be
used to control the bandwidth of the FSS. The second contribution is the design of stable FSS that
is insensitive to polarization and incident angles of plane wave excitation. This is achieved by using
stepped impedance resonators in order to reduce the size of MS’s unit cell. A simple design
procedure based on transmission line theory is developed, as well, to synthesize a step impedance
unit cell. The proposed technique is used to design a band stop MS for X band applications. Finally,
the third contribution is the design of a dual pole MS through the use of folded stubs to enhance
the broadband characteristics of the designed MS. This new MS has a bandstop behaviour at the

central frequency of 10 GHz.

This research overcomes the problems associated with the design of MSs with ideas inspired

from microwave theory.

1.4 Thesis Structure

The thesis is organized as follows: Chapter 2 presents a literature review of previous work on
the characteristics of FSS & metasurface structures and their applications. A substantial portion of
the text is devoted to describing electromagnetic frequency selective surfaces and metasurfaces,
and it provides a comprehensive overview of FSS and metasurface structures. It concluded with a
very useful comparison of the various techniques for reducing the unity cell, increasing bandwidth,
and improving angular stability in these types of spatial filters. The chapter is very didactic and
follows a logical progression. It provided a broad overview of this field, and the references

provided are numerous and beneficial to the reader.
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Chapter 3 described a general approach to synthesis of a typical band reject spatial filter. A
generalised equivalent circuit model is used to provide physical insights into the proposed design,
and a synthesis technique is used to provide a versatile implementation capability of FSS filters
using unit cell period (p), metal length (I), metal width, and the gap between adjacent strips (g). To
demonstrate the significance of the proposed synthesis technique, its concept is used to synthesise
double-sided parallel cross-dipoles-based FSS for a specific frequency band, as well as the required
size for the double-sided parallel cross-dipoles topology. It generates a specific bandwidth, which
is an additional degree of freedom relevant to the proposed synthesis technique, which differs from
techniques reported in the open literature. The proof of concept is accomplished through the design
and implementation of a flexible band-stop MS for Electromagnetic Interference (EMI) (shielding)
applications operating at 10 GHz. This technique allows the realisation of variable-size spatial

filters while maintaining the desired filter response.

Chapter 4 addressed research questions concerning the development of a miniature single
band metasurface with more design degrees of freedom and high stability over incident angle.
Translation and application of analogue stepped impedance resonator concept for standardised and
algorithmic synthesis of frequency selective metasurface are the steps taken to arrive at the
answers. It used FSS cell elements of canonical shape in conjunction with stepped impedance
techniques to generate and control higher frequency selective metasurface resonances. The specific
areas of innovation that was planned include, the validation of high frequency (10 GHz) single
layer FSS designs with stable angular and polarization response that are amenable to PCB
fabrication techniques, development of rigorous single order frequency selective metasurface
design approaches, and new capability to tailor canonical shape of frequency selective metasurface
cell elements to control higher order resonances. Finally, the ultimate goal was to demonstrate the
advantage of combining the approximate stepped impedance resonator dimensioning (based on
network synthesis) and optimization (based on EM modeling), to achieve a fast and accurate

design.

Chapter 5 addressed the design of a multi-pole FSS on a PCB substrate using analogue
bandstop filter techniques (fo=10.0GHz). The stopband spatial filter was generated using analogue
cross-coupling stubs. It combined an approximate pair of quarter wavelength open circuited stubs
separated by a quarter wavelength (based on network synthesis) and optimization (based on EM
modelling), resulting in a fast and accurate design. The simplest way to implement a bandstop
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spatial filter is to use an open circuit shunt stub with an electrical length of 90. The roll-off of the
filter can be improved by increasing the number of shunt stubs; however, the circuit size will be
increased as well. Cross coupling is introduced into the design via two shunt stubs while
maintaining roll-off performance. The ability to morph the shunt open-circuited stub is now
required in the synthesis of multilayer multi-pole FSS structures. An experimental characterization
of dual pole FSS was demonstrated, with the aim of validating a novel topology with polarization
independent capability for 5G application. The tests performed appear to be well-selected with
respect to the application. This experimentation leads to the observation of unique properties, such
as the possibility of designing spatial filter with multipole capability. Clarity of thought with
respect to the design of broadband bandwidth is demonstrated and designs for optimal performance
are proposed. The chapter ends with a description of the performance of the final prototype
designed at 10 GHz for 5G applications, that a maximum measured bandwidth around 50% with
the possibility of guaranteeing a mechanical angular stability range of £30°, allowing the

comparison of measurements and simulations and validating this novel concept.

Chapter 6 concludes the work and highlights the key points of this work and the prospects

that may follow.

1.5 Publications

1. Zouaoui, Yassine, Larbi Talbi, Khelifa Hettak, and Naresh K. Darimireddy. "Synthesis of
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Form Expression.” IEEE Access 9 (2021): 104051-104058.

https://doi.org/10.1109/ACCESS.2021.3096419 (published).

2. Zouaoui, Yassine, Larbi Talbi, and Khelifa Hettak. "Cross dipole FSS bandwidth
enhancement.” In 2019 IEEE International Symposium on Antennas and Propagation and USNC-
URSI Radio Science Meeting, pp. 947-948. IEEE, 2019.

https://doi.org/10.1109/APUSNCURSINRSM.2019.8889365 (Conference).

3. Zouaoui, Yassine, Larbi Talbi, and Khelifa Hettak. "A novel ultra-miniature 90°
metamaterial phase shifter for beamforming applications.” Microwave and Optical Technology
Letters 61, no. 6 (2019): 1505-1508. https://doi.org/10.1002/mop.31767 (published).



CHAPTER 2 METASURFACES

2.1 Introduction

This chapter is dedicated to the theoretical background of MSs. It also provides a
comprehensive view of their operational mechanism, and suggested applications in

electromagnetic engineering.

2.2 A brief Metasurfaces history

MSs have been the subject of much research in the field of microwave and optical engineering
due to their capacity to control electromagnetic waves. Historically, they can be traced back to the
20th century, when the American physicist Robert W. Wood discovered that the reflection spectra
of subwavelength metallic gratings had dark areas. This phenomenon was called Wood's anomaly
[17]. These structures are often composed of a periodic arrangement of metallic or aperture sub-
wavelength cells of arbitrary shape, generally supported by or embedded in a dielectric substrate
[18]. The sub-wavelength cells differentiate the metasurfaces from conventional frequency
selective surfaces (FSSs). The main difference between MSs and FSSs is the size of the unit cell.
Typically, the unit cell size (periodicity) of the FSS corresponds to the operating wavelength. MSs
have the advantage of taking up less physical space compared to FSSs and are low-sensitivity
structures to incident angles of plane wave excitations. Additionally, they are easy to fabricate,
flexible, lightweight, and reliable [19, 20].

As previously mentioned, MSs are two-dimensional structures that consist of extremely
thin sheets, much smaller in comparison to bulky volume structures. Based on this definition, these
structures are classified into two classes. The first class is called metafilm, where the structure
follows the cermet topology (an array of identical isolated scatters) [21] as shown in Figure 2.1(a).
The second class is called metascreen, where the structure follows the fishnet topology (an array
of identical apertures in a planar conducting screen) [22] as shown in Figure 2.1(b). Besides these
structures, other kinds of MSs can be defined based on a combination of these two classes [23,-
24].
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Figure 2.1 The Metasurfaces classes. (a) metafilm, and (b) metascreen.

2.3 Classification of Metasurfaces

Metasurfaces can be broadly classified based on their functionality, or element geometry
type. Several functionalities can be realized by MSs. Figure 2.2 shows some of the functionalities

that can be realized by metasurfaces:

1. Frequency selective surfaces: These structures were used as a spatial filter for incoming
electromagnetic waves (bandpass or bandstop frequency response);

2. Absorbers: These structures were used to absorb the incident waves in such applications;

3. Polarization transformers: These structures were used to manipulate the polarization of

incident waves;

4. Wavefront shaping surfaces: These structures were used to manipulate the wavefront of

incident waves.



(a) (b) (©)

(d) (€)

Figure 2.2 Metasurface functionalities. (a) bandpass frequency selective surface [25]; (b)
bandstop frequency selective surface [26]; (c) absorber [27]; (d) linear-to-circular polarization
converter [28]; (e) focusing transmitarray [29].

In addition to their functionalities, MSs can be classified based on their element geometry
as shown in figure 2.3. According to Munk [30], MSs can be arranged into four groups as follows:
the first group is the center-connected elements, including dipoles [31], tripoles and other
multipolar elements [32-33]. The second group includes any shape formed by a loop, such as the
hexagonal loop [30], the square loop [34-35] and the circular loop [36]. The third group is the patch
elements, such as the hexagonal patch, the square patch and the circular patch [37-39]. The fourth
group is a combination of elements [40-42], which can be used to design a structure with specific

frequency responses.
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(b) Loops

(c) Patch
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(d) Combinations

Figure 2.3 Metasurfaces elements.



2.4 Design problem

In general, to design MSs, some technical points must be carefully addressed. The
electromagnetic response of a MS can be affected by many factors, including the incident angles,
the polarization of the wave, the properties of the substrate, the periodicity of the unit cell, the
bandwidth and the flexibility of the structure.

2.4.1  Angle of incidence

In practice, electromagnetic waves illuminate MSs at any angle of incidence. As a result,
the effective length of the element changes in function of the angle of the incident wave. Figure
2.4 shows an array of metallic strips excited by an incident wave at an angle of incidence 6. The
variation of the incident angle of electromagnetic waves cause a variation of the effective length
[43]. Since the electromagnetic response of the MS depends on the geometry of the unit cell, the
variation of the incident angle causes the electromagnetic response to change. For this reason, the

variation of the incident angle must be considered by the designer of MS.

Incident wave Normal incident wave

Figure 2.4 The effect of incident angle of the wave on the effective length of the strip.

2.4.2  Angle of polarization

In addition to the incident angles of the electromagnetic wave, the electromagnetic

behaviour of MSs can be affected by the orientation of the electric and magnetic field (meaning
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the polarization of the electromagnetic wave). Figure 2.5 shows an array of metallic strips excited
by an electromagnetic wave. When the electric field is perpendicular to the strips, the strips can be
modeled as a capacitive element. The value of the capacitance can be calculated by the equation
[44],

C=c¢ 2;1 cos 6 [ln cosec (%)] (2.1)

where | is the length of strips, € is the incident angle of the electromagnetic wave, ¢ is the

dielectric permittivity of the substrate, and g is the gap between the adjacent strips.

On the other hand, when electric field is parallel to the strips, the strips can be modeled as

an inductive element. The value of the inductance can be calculated by the equation [44],

L=u £ cos 6 [ln cosec (ﬂ)] (2.2)

21 2P

E o—1—o
—1
R

a) Capacitive strips

|| .

b) Inductive strips

i
e

Figure 2.5 Capacitive and inductive strips.

2.4.3  The dielectric substrate proprieties

In practical design, an MS is surrounded by a dielectric substrate, which is used as a

mechanical support. According to Munk [30], the dielectric substrate has an effect on the resonance
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frequency of the MS. The dielectric substrate reduces the resonance frequency by a factor of /e,
where &, is the dielectric constant. Usually, the periodic structure has a single layer of a dielectric

substrate on one side. In this case, the resonance frequency would be reduced by a factor of

V(& +1)/2.

Array elements

/ \ Dielectric substrate

Figure 2.6 MS on the top side of a dielectric substrate.

2.4.4  Periodicity

The periodicity of the unit cell also has an important effect on the frequency response. The
apparition of the gratings lobes is related directly to the periodicity. These lobes are usually seen
as a bad thing as they reduce the efficiency of the periodic structure due to the dispersion of energy
[45]. These unwanted lobes occur when the periodicity of the unit cells become comparable to the

incident electromagnetic waves.
The appearance of grating lobes can be predicted by the following equation
P(sin6; + sin6,,) = mA4,

where P is the periodicity of the periodic structure, 6; is the incident angle of the
electromagnetic wave, 6,, is the direction of propagation of the m™ mode, and m is the mode

number.
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Incident

Grating lobes

Figure 2.7 Gratings lobes.

To prevent the appearance of grating lobes, the unit cell size must be much smaller than 4/2.
Hence by reducing the size of the unit cell, the appearance of grating lobes can be successfully

avoided.

245 Conformal Behaviour

In many applications, a MS needs to be mounted to the surface, such as the surface of an aircraft
or radome [46-47], which means that the structure has to be curved. For this reason, the conformal
behaviour of a MS also has an important effect on the electromagnetic response. Specifically, the
frequency response depends on the nature of the curvature. This is due to the fact that the curvature
can cause changes in coupling between the elements of the MS compared to planar structures [48].

This property needs to be taken into consideration in some applications.

2.5 Applications

MSs are widely used in electromagnetic applications ranging from low microwave to
optical frequencies. These applications include, stealth technology [49-51], absorbers [52-53],
harvesters [54-55], dichroic sub-reflectors [56], and electromagnetic shielding [57]. MSs have also
been used to improve the radiated power and reduce loss of antennas [58]. In wireless indoor
environments, they were used to reduce the interference level and multipath fading [59-60]. Figure
2.8 presents some examples of these applications. In figure 2.8(a), a MS was used as an antenna

radome [61], while figure 2.8(b) shows a MS used in modern military platforms [62].
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Figure 2.8 MSs in different applications.

2.6 Conclusion

This chapter discussed the history, theory, and operation of MSs. Several issues related to
the design of the MSs were considered, including the effects of incident angles, polarizations, the
MS’s curvature, and grating lobes. The potential applications of MS in the electromagnetic

engineering have been reviewed.
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CHAPTER 3 SYNTHESIS OF PLANAR AND CONFORMAL SINGLE-
LAYERED DOUBLE-SIDED PARALLEL-CROSS DIPOLE FSS BASED ON
CLOSED-FORM EXPRESSION

3.1 Introduction

Several numerical techniques have been proposed to analyze periodic structures. These
techniques include full-wave analysis [63-64], iterative approach [65], and an equivalent circuit
model [66—69]. As the electromagnetic performance of the MS can be expressed by the inductive
and capacitive behavior, the equivalent circuit model is the most widely used technique due to its
simplicity. The analysis of FSS is essentially a method based on geometric parameters like the
period of the unit cell (p), metal length (I), metal width, and the gap between the adjacent strips
(9). In these techniques, the knowledge of the physical parameters is vital for accurate design.

On the other hand, to find these parameters for given filtering properties, a few synthesis
methods have been presented in the literature, especially for double-sided parallel-cross-dipoles-
based FSSs. In this regard, this chapter proposes a straightforward technique for synthesizing a
flexible double-sided parallel cross-dipoles-based FSS for a particular frequency band and provides
the required size for the double-sided parallel cross-dipoles topology. Besides, producing a specific
bandwidth is another degree of freedom relevant to the proposed synthesis technique and is
different from the techniques reported in the open literature. The double-sided parallel cross-
dipoles-based FSS in the article is a deformation of the Jerusalem cross-slot [70]. However, the
proposed closed-form equations in this chapter deal with FSS synthesis. The proposed synthesis
method in this chapter allowing the prediction of the physical parameters of the unit cell for
Double-Sided Parallel-Cross Dipole FSS operating at 10 GHz and for an arbitrary value of quality
factor Q=7.5. The proposed FSS has the same frequency response for TE and TM polarizations
with a fractional bandwidth of 10.42% at normal incidence. In addition, the structure presents a

high level of shielding performance for both polarizations.

The Section 3.2 of the chapter explains the theory of operation of double-sided parallel cross
dipoles-based FSS. In Section 3.3, the result obtained by the analytical solution is compared with

the numerical simulation. Section 3.4 explores the bandwidth control technique of double-sided
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parallel cross-dipoles. In Section 3.5, the band-stop principle of double-sided parallel cross-dipoles
FSS design at 10 GHz has been explored. Finally, the work is concluded in Section 3.6.

3.2 Theoretical approach

According to Marcuvitz [45], the electromagnetic behavior of the metal strip lines is
represented by the polarization of the wave. The parallel strips to the electric field are equivalent
to an inductive element, and the perpendicular strips to the electric field correspond to a capacitive
element, as presented in Figure 3.1(a). The proposed double-sided parallel cross-dipoles-based FSS

can be described by the equivalent circuit model shown in Figure 3.1(b).

Top layer
L p lay

Substrate
Bottom layer

ETZ.(H ;IZ _TF% :—l—lf

a)

Top layer Bottom layer

(b)

Figure 3.1 Double-sided parallel cross dipoles FSS structure and its equivalent circuit model.
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The equivalent circuit model of the proposed FSS is shown in Figure 3.1(b), represents a band-
stop filter. With this circuit, a double-sided parallel cross dipoles FSS can be synthesized to control

the reflection level of the signal and the bandwidth enhancement. Therefore, by specifying the

operating frequency (f0 = 1/2nx/ﬁ) [71] and the approximate quality factor of the overall circuit
(Q1 + Q3)/2, where (Q1 =Q, = \/Z/R\/E) [72], all the circuit parameters can be determined.

The first step in the proposed synthesis procedure is to obtain the parameters of the equivalent
circuit model presented in Figure 3.1(b). The series RLC resonator is implemented with the
periodic arrangement of the metal strips, where ‘L’ is an equivalent inductance of the vertical
dipoles, ‘C’ is the capacitance between the vertical ends of the two double-sided parallel crossed
dipoles. And, the equivalent resistance ‘R’ corresponds to the ohmic losses of the metallic strips.
The lumped element values of the equivalent circuit are commonly calculated using (3.1), (3.6),
and (3.8), where ‘P’, ‘I’, ‘w’, and ‘g’ are the dimensions of the unit cell of a double-sided parallel

crossed-dipole respectively. The ‘@’ is the incidence angle with the normal incidence.

The equivalent inductance ‘L’ is given by [26], and Marcuvitz [70] as

l 3.1
a)L=ZOFcost9F(P,W,/10,9) (31

where ‘@’ is an angular frequency, Zo and Ao are free-space wave impedance, and wavelength

respectively.

F(P,s,2,0) = /%[ln {CSZC;S}] +GP, s, A9, 0) (3.2)
G(P,5,20,0) = (1= %[0 = B2/4N)(Ay + A) + 45%A,A] (33)
2% (1—PB2/4) + B2(1 + B2/4 — B?/4) (A + AL) + 2B°ALA_
where,
! (3.4)

Ai = - 2
[1 n 2P sin@ _ (P cos 9)
- A Ao
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o (TS _ (3.5)
B = sm(zp),Wlths = worg
The equivalent capacitance ‘C’ is given by Langley and Drinkwater [73] as
2xw+g) (3.6)
wC = 4Y, — 5 cosO F(P,g,o,0)¢crf
where “®’ is the angular frequency, Yo and Ao are free-space wave admittance and wavelength,
respectively.
The factor et in (3.6) represents an effective permittivity [72] and is calculated by
-1 (3.7)

€eff = €rn + (€ — 1) [m

with x = (10*h/P); where ‘%’ is the thickness of the substrate, ‘P’ is the size of the unit-cell, em
= g (if dielectric presents on both sides of the FSS) and & = (e+1)/2 (if dielectric presents only on
one side), and N is an exponential factor that varies from 1.3 to 1.8 for different cell shapes in terms
of the unit-cell filling factor. For double-sided parallel cross-dipole-based MS, the optimal value
of ‘N’ is 1.3.

The equivalent resistance ‘R’ can be calculated from [74] as

S (3.8)
R = RSZ
where ‘Rs’ is the surface resistance, S = P2 is the area of one-unit-cell, and ‘A’ is the surface

area of the lossy element within a single unit cell. Using Equations (3.1) to (3.8), the equivalent

circuit parameters in Figure 3.1(b) can be readily determined.

Finally, the quality factor Q of the proposed FSS can be derived by substituting (3.1), (3.2) and
(3.8) in the quality factor expression (Q = vL/RV/C) as
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_ ZoA I X F(P,w, 2, 06)
¢= 2RS |2 xw+ g) X F(P,g,20,0)es5¢

From these formulas, it can be concluded that the Q factor is a function of the different
geometric parameters of the unit cell. However, the values of the strip length and periodicity can
not be chosen freely. The dipole length is approximately equal to A2 at the resonance frequency,
while the periodicity of the structure must be much smaller than the wavelength. Subsequently, the

quality factor can be controlled freely by the strip width.

In summary, the methodology and synthesis procedure of the proposed FSS are outlined as
follows:

Methodology
‘ Use equivalent circuit model for
! analytical modelling

Pre-defined variables by user, resonance frequency,
bandwidth, substrate material and its thickness

4
4
I
l F4 Do material Do FSS shape
/, selection selection

user-defined
parameters

% Done analytical modelling in Matlab on user defined l
2 parameters '\\
~ Do FSS structural
l N parameter
) ~
5 Required FSS parameters to develop user-defined \\
g FSS (equations provided on thesis) Calculate S parameter

Use equivalent circuit model for

analytical modelling

User-defined analytical model

Calculate S parameters Calculate S parameters for
for FSS obtained from FSS obtained form user
full wave technique defined analytical model

Calculate root mean square error

(3.9)
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A. First, with the given values of the center frequency (f,) and quality factor (Q), the

parameters of the equivalent circuit elements can be obtained.
B. The dipole length ‘I’ is approximately equal to 1/2 at the resonance frequency.

C. Based on this calculated dipole length ‘I’ and with a starting value of the metal width ‘w’,

estimate the value of the FSS’s periodicity using the relation of equivalent resistance i.e., Eq. (3.8).

D. By enforcing the angle of incidence at normal incidence and for a given substrate,

determine the value of the metal width ‘w’ using Eq. (3.6).

The above method allows the equivalent circuit shown in Figure 3.1(b) to synthesize the desired
filtering response. It demonstrates the relationship between the equivalent circuit elements and the

physical dimensions of the proposed FSS.

3.3 Numerical results

The synthesis steps described in Section 3.2 are followed to design a stop-band FSS having a
resonant frequency at 10 GHz for an arbitrary value of quality factor Q=7.5. Hence, the values of
EC parameters are calculated as R = 0.05 Q, C = 0.031 pF, and L = 8 nH. After acquiring the
equivalent circuit parameters and choosing the dielectric substrate (er =2.94, h=0.13 mm, tan 6 =
0.02), the initial values of the unit-cell dimensions are obtained. Hence, the dipole length ‘I’ =11.1
mm, the element size (or the period of the unit cell) ‘P’ = 11.6 mm, and the dipole strip width ‘w’
= 0.2 mm. It should mention that these physical parameters are obtained for the normal incidence.
Based on these values, the proposed FSS is designed, and verified with the full-wave simulation.
The obtained geometrical parameters of the unit-cell are tuned by using Ansys HFSS [75] to reach
the desired frequency response. The transmission coefficient predicted by the equivalent circuit
model is compared with the simulated results obtained by the initial geometry parameters and the
tuned parameters are shown in Figure 3.2. It is observed that the optimized HFSS simulated results
are in close agreement with the obtained theoretical results. The surface current distribution of the
proposed FSS for TE and TM modes is depicted in Figure 3.3. From this figure, it is evident that

the proposed model has the same frequency response for both modes.
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Figure 3.2 Transmission coefficient obtained by different methods for normal incidence.
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Figure 3.3 Surface current distribution of the proposed FSS at 10 GHz. (a) TE, and (b) TM

mode of polarization.

3.4 Bandwidth enhancement

To obtain a wide stopband, the quality factor (Q) has to be decreased. Based on the filter theory
[71], Q can be reduced by reducing the equivalent inductance and increasing the equivalent
capacitance at the same time. From Eq. (3.1) described in section 3.2, it is evident that using a large

value of inductive element implies a gradual shift of the resonance frequency and generates poor
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stability under oblique incidence. Therefore, it is necessary to keep the inductance constant and, at
the same time, increase the capacitance of the FSS to obtain a larger bandwidth. From Eq. (3.6)
described in section 3.2, it is necessary to choose a wider element to increase the capacitance of
the FSS. For this reason, the metal width of the unit-cell is predicted as a function of the quality
factor Q. Based on Eqg. (3.9), the value of the metal width can be estimated for various values of Q.
By using this synthesis method, the dipole width of the unit-cell is estimated for given frequency
response and dielectric substrate at normal incidence. The data used for this case is as follows: the
resonant frequency is 10 GHz, and the FSS is designed on a 0.13 mm thick RT/Duroid 6002
substrate with a relative dielectric constant of 2.94. The illustrated Figure 3.4 represents the strip
width 'w' of the unit-cell under the quality factor variation. It can be observed that, for a wider

bandwidth performance, should use a wider metal strip.

15 ] ) 1 1 ] 1 ] 1
~10 i
£
g
=
=
z . |
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0 1 2 3 4 5 6 7 8 Y
Quality factor
Figure 3.4 Plot for strip-width (w) as a function of the Quality factor.
3.5 Conformal behaviour

In real-time applications, such as aerospace fuselage, parabolic reflectors, radome antennas,
and many others, the conformal FSS is a significance factor, which is flesh mounted to the surface.
Hence, the conformal behavior of the proposed FSS is analyzed using the bending option in Ansys
HFSS. Based on a semi-infinite model described in [76], the conformal FSS is evaluated, and the

same is simulated, as shown in Figure 3.5. A finite array of FSS with 1x25 is simulated using wave



22

ports. The top and bottom walls of the waveguide are assigned as PEC or PMC boundaries, whereas
the side walls are assigned as open boundaries. This technique helps to evaluate the conformal
structure at normal incidence. Figure 3.6 shows the simulated transmission coefficient for planar
and conformal FSS. It should also mention that the frequency response of the planar geometry is

obtained by using periodic boundary conditions.

PEC or PMC bhoundaries

Open boundaries

Figure 3.5 Simulation setup of the conformal FSS.

Figure 3.6 presents the comparison of the simulated transmission coefficient of the conformal
FSS and the planar FSS at the normal angle of incidence for both polarizations. It is observed that
the resonant frequency for the FSS shifts from 10 GHz when the structures are bent. Figure 3.6(a)
shows that for the TE mode of polarization at the normal incidence, when the FSS is bent with a
radius (r) of 83 mm, the simulated resonance frequency is shifted from 10 GHz to 10.19 GHz. On
the other hand, for the TM mode of polarization, as shown in Figure 3.6(b), the resonance frequency
is shifted from 10 GHz to 10.2 GHz. This slight variation in the resonance frequency for both the
polarization is attributed to the variation of the impedance proprieties and the interelement coupling
of the FSS when it is bent [77].
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Figure 3.6 Simulated transmission coefficient for conformal (r=83 mm) and planar (r=0) FSS

at normal incidence (a) TE, and (TM) modes respectively.
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3.6 Experimental results

3.6.1 Planar FSS

To experimentally validate the synthesis method described in section 3.2, a prototype of the
double-sided parallel cross-dipoles FSS, as shown in Figure 3.7, is fabricated and measured. The
dimensions of the FSS prototype are 304 mm x 304 mm, containing 25 x 25 elements for a metal
width of 0.2 mm, a dipole length of 11.91 mm, and a periodicity of 12.16 mm, respectively. The
measurement is performed in an enclosed room, where two wideband horns (1 GHz to 18 GHz)
are used in the experimental setup. As shown in Figure. 3.8, the FSS prototype is placed between
horn antennas, and the measurements are taken using an Agilent (PNA-X N5242A) network
analyzer. As a reference, the transmission coefficient without FSS structure is measured. After that,
the subsequent measurements of the transmission coefficients, for various angles of incidence and
polarization, are obtained using a rotating mechanical system. The TE and TM modes were

measured by using the method described in Figure 3.9.

5

R .

Figure 3.7 Photograph of the fabricated FSS prototype.
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Conformal FSS

(b)

Figure 3.8 Experimental setup for measuring transmission coefficient for (a) Planar and (b)
Conformal FSS.
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Figure 3.9 Measurement method for (a) TE, and (b) TM mode of polarization.
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The measured transmission coefficient for both TE and TM mode of polarizations for various
angles of incidence are plotted in Figure 3.10. The measured FSS response for the TE polarization
with different angles of incidence is plotted in Figure 3.10(a). For the TE mode of polarization, it
is observed that, as the angle of incidence increases, the bandwidth increases. Different behavior
is observed for TM mode of polarization as shown in Figure 3.10(b). When the angle of incidence
increases from 0° to 60°, the bandwidth decreases. The resonant frequency shift is observed for
both polarizations when the incident wave angle varies from 0° to 60°. This occurs due to the

impedance on the angle of incidence as given by the relation (Zrg = Zy/cos 0, Zry = Z *

cos 0).
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Figure 3.10 Measured transmittance for (a) TE, and (b) TM mode of polarization.
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3.6.2 Conformal FSS

The transmission coefficient of the conformal FSS is obtained with a setup shown in Figure
3.8(b) at normal incidence for both TE and TM modes. The planar FSS is bent on an arc of radius
‘r’ of 83 mm. The structure is attached to semi-circular cylinder foam that has similar dielectric
properties with the free space (er = 1). Figure 3.11 shows the comparison of the measured
transmission coefficient for both configurations. The conformal FSS exhibits a stable frequency

response compared to the planar FSS at normal incidence for both polarizations.

To understand the shielding performance of the proposed FSS, shielding effectiveness (SE) is
obtained using the following equation [78]:

E
SE(dB) = —20 x log |Et| (3.10)
i

Figure 3.12 presents the shielding performance (SE) of the proposed FSS for both polarizations
at normal incidence. It is evident that the proposed FSS provides a high SE level around 10 GHz

for both TE and TM modes. Hence, the proposed FSS is suitable for EMI shielding applications.
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Figure 3.11 Measured transmission coefficient for conformal and planar FSS at normal

incidence (a) TE, and (TM) modes respectively.
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Figure 3.12 Measured shielding effectiveness of the proposed FSS for both polarizations at

normal incidence.
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Further, the comparison of the proposed work with the related works is shown in Table 3.1. It
is evident from Table 3.1 that the proposed design method solves the synthesis problem, which is
rarely described in the literature especially for double-sided crossed dipoles. The proposed
synthesis method is based on the equivalent circuit model provides a simple way for designing
conformal FSS, which can be applied in electromagnetic interference shielding applications. In
addition, this method provides a formula for the Q factor as a function of the geometric parameters

of the unit cell, which can be used to improve the bandwidth.

Table 3.1 Comparison with related works

Center o Number of
Ref Element Method | Flexibility
used frequency (GHz) layers
Complementary Analysis )
[69] 10 Yes Single
JC element method
Synthesis
[79] Square loop 135 No Double
method
) Synthesis )
[80] Crossed dipoles 8 No Single
method
[81] Patch 10 Analysis No Single
Proposed | Double-sided ) )
) 10 Synthesis Yes Single
work Crossed dipoles

3.7 Conclusion

In this chapter, a simple method for synthesizing band-stop FSS and control of bandwidth is
presented. The band-stop FSS consists of double-sided parallel cross-dipoles. The proposed
conformal FSS is analyzed based on the equivalent circuit model at the desired frequency response,

which allows acquiring the optimized physical parameters. The proposed work is verified by
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designing an ultra-thin FSS prototype having a band-stop response with a quality factor of 7.5 at
10 GHz. Full-wave simulations and experimental verifications have demonstrated the performance
of the proposed FSS. The fabricated FSS is tested under different incident wave angles for both TE

and TM modes of polarization.
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CHAPTER 4 SYNTHESIS OF BANDSTOP METASURFACE BASED
ON STEPPED-IMPEDANCE CROSS DIPOLE RESONATORS

4.1 Introduction

MSs are extensively used in modern wireless communications, such as radar systems, aircraft
radomes, broadband communication, and antenna engineering [82-87]. It is considered as a spatial
filter for incoming electromagnetic waves due to their great frequency filtering property. MS is
often composed of a periodic arrangement of metallic or apertures cells with arbitrarily shape,
generally supported by or embedded in a dielectric substrate [44]. Similar to analog filters,
frequency selective surfaces can demonstrate low-pass, high-pass, band-pass, or band-stop
frequency responses. In contrast to their circuit counterparts, the electromagnetic response of the
MSs depends not only on frequency, but also on the geometry of the unit cell, as well as the angle
and polarization of the incident wave. Moreover, the periodicity of the unit cell should be smaller
than 0.4, (A,is the free- space wavelength of the resonant frequency) to achieve a stable resonant
frequency under various angles of incidence [30]. This particular constraint puts the search for a

miniaturized unit cell into perspective.

Generally, the resonance frequency and the size of the MS element are inversely related to the
inductance and capacitance of its equivalent circuit for series or parallel resonance. Therefore,
increasing both of these parameters leads to a reduction of the size of the MS unit cell.
Consequently, different techniques have been proposed in the past to miniaturize the size of the
MS unit cell. The simplest approach to achieve size reduction is to embed lumped elements into
the MS [88-90]. Another approach to achieve the size reduction is the use of multilayer substrates
[91-92]. In [91], ultrathin dielectrics were used to increase the capacitance across different layers
of a substrate. Metallic patches and wire grids have also been used to construct a compact MS [92].
Moreover, complex geometries were used to design a miniaturized MS. Using metallic meander
lines, space-filling curves and fractal structures increases the inductance by increasing the electrical
length of the MS element while the decreasing of the separation between the adjacent conductors
increases the equivalent capacitance of the MS [93-100]. Recently, 2.5- and 3-dimensional MS
have gained more attention [101-104]. For the 2.5-D MS, the vias are used to increase the capacitive
coupling between adjacent elements by connecting adjacent substrate layers within the element to

increase the inductance [101].
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However, using these techniques to avoid sensitivity to polarisation or incident angle can
increase the complexity of the MS structure. This complexity can restrict the use of MSs in many

applications.

In this chapter, we propose a new technique for designing miniaturized metasurfaces using
stepped-impedance resonators [105]. This technique is already used and verified for analog RF
filters. The proposed MS unit cell has a dimension of 0.065 0% 0.065X0. This MS exhibits highly
stable frequency selective characteristics when the incident angles range from 0° to 60° for both
TE and TM polarizations. Besides the ability to control the spurious frequencies by changing the
impedance ratio k of the stepped impedance, there is another degree of freedom relevant to the
proposed technique which can be used to synthesize and achieve dual-band response. Conventional
design procedures focus on the first resonance of the MS and no mechanism is introduced to control
the second (and higher) resonances in isolation of the first resonance. Such capability has become
more relevant and important. As a notable example is the recent 5G developments which call for a
multiband operation of the MS. For instance, both 28GHz and 60GHz have been allocated for 5G
operations and their near multiple integer relationship cannot be ignored in the MS design for 5G

applications.

In Section 4.2, the design evolution and process of the unit cell is described, the MS geometry
and the numerical results are presented in section 4.3, and the experimental results of the

conventional stop band MS are discussed in section 4.4, followed by the conclusion in section 4.5.
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4.2 Evolution and synthesis of the proposed MS unit cell

In the first subsection, the concept of stepped impedance in the context of analog microwave
filter design is introduced and a detailed presentation of the structure is provided in the subsequent

section.

4.2.1  General overview of stepped impedance resonator

Figure 4.1 shows the steps in the evolution and synthesis of the proposed unit cell of the MS.
The design methodology was inspired by traditional microwave filter theory. The first step of unit
cell design was the selection of a conventional topology. The design requirements of the MS
governed the selection of the topology. The objective of the synthesis was to obtain a unit cell that
renders the resulting MS with low sensitivity to the polarization and incident angle of plane wave
excitations. Considering these requirements, a cross dipole element was selected as the starting point
of the synthesis process to maintain insensitivity to orthogonal linear polarizations. On the other
hand, it is well known this structure is sensitive to the variation of the incident angle of the incoming
plane wave [82]. To overcome this shortcoming, a new design was proposed based on conventional
the step impedance resonator (SIR) approach. Thus far, SIRs [105] have been used extensively in
the design of analog microwave filters. These resonators have many advantages compared to
uniform resonators including size reduction and control of spurious frequencies. These features offer
flexibility for the design of MSs. Figure. 4.1 shows the general process of the evolution of the basic

structure of the stepped impedance resonator.

- @ - >
(a) (b) (c)

Figure 4.1 Design flowchart. (a) Conventional crossed element. (b) Stepped impedance (SI)

crossed element. (c) Proposed Double Sided Sl element.
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4.2.2 Detailed presentation of the synthesis of stepped impedance

resonators

The first step in the design process aims to figure out the link between analog and spatial filter
design. Figure 4.2 shows the double sided parallel crossed elements unit cell, which consists of
crossed dipoles printed on both sides of a dielectric substrate. Due to the symmetric geometry, the
unit cell can be analyzed for single polarization of normal incidence as shown in Figure 4.3. Since
the proposed unit cell is based on parallel resonators, the even- and odd- mode analysis should be
performed. According to the transmission line theory, the characteristic propagation of parallel
resonators can be expressed by the characteristic impedance and the propagation constant. In order
to investigate them, a commercial simulator was used. The propagation characteristics of the parallel
strips can be extracted by using the terminal mode of ANSYS HFSS [75]. Wave ports voltage were
used in this process. To investigate the propagation characteristic of the proposed structure, the
structure was designed on RT/Duroid 6002 dielectric substrate with &, = 2.94 and thickness of 0.13

mm.

Top

A/ Substrate

S - Bottom

Figure 4.2 Double sided parallel cross dipole unit cell.

v
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Figure 4.3 Parallel strips. (a) Propagation characteristic. (b) Wave ports excitation.

The illustrated Figures 4.4 and 4.5 represent effective permittivity and characteristic impedance
under the frequency and strip width variation for even-odd modes. It can be observed from Figure.
4.4, that, the effective permittivity remains constant when the frequency varies for both modes.
The effective permittivity for even and odd modes were influenced by the strip width variation. It
can be seen from the presented results that the effective permittivity decreases when the metal strip

increases for odd mode, whereas it increases for even mode. As for the characteristic impedance,
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it can be concluded from Figure 4.5, that, for both modes, it was influenced by the metal width

variation.
1-16 ] ] L] ] ] ]
e
1.15F \’\W =0.2 mm b
Zl14f .
Z
£ 1L13f .
g
o
@ LI2f .
D
e i : i
E 1.1 A
]
2 L W= O’g\ém |
' W=1mm
109 7
1.08 ! . ! : : Y)
7 9 10 11 12 13 14 15
Frequency (GHz)
@)
2.?5 1 1 L| L 1
271 Q‘W =1 mm )
22,65 i
z o
T 2.6f /U i
E .6 mm
2255 -
L
2
E 2.5F -
E 2_45 B W= 02 mm n
24F RS
2.35 1 1 1 L L
7 9 10 11 12 13 14 15
Frequency (GHz)
(b)

Figure 4.4 Effective permittivity. (a) Even mode. (b) Odd mode.



Figure 4.5 Characteristic impedance. (a) Even mode. (b) Odd mode.
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Table 4.1 Electrical parameters of the parallel dipoles

Analog filter
Symbol
Odd MODE Even MODE
Zo 87.71 215.06
W1 =0.2 mm
Zo 38.72 175.98
W2 = 0.6 mm
Eeff 2.62 1.10
Zo 25.72 155.64
W3 =1mm
Eeff 2.40 1.08

Table 4.1 shows the characteristic impedance and the effective permittivity of the parallel
resonators for different values of the strips width at 10 GHz. The extracted data can be used to

predict the physical length of parallel dipoles used for periodic structures.

The parallel dipole length for even and odd modes can be obtained as follows:

Loga = /1g_0dd/2 4.1)

Where A oqa = A/ \/€cff 0aa

Lgyen = Ag_Even/Z (4.2)

Where Ag_Even = /1/\/ Eeff_Even

The parallel dipole length of a strip width of 0.2 mm was computed based on the extracted data
shown in Table 4.1. For the odd mode, the computed length L,;4 = 9.04 mm, whereas the
computed length for the even mode was Lg,., = 13.98 mm. After computing the parallel dipole

length for both modes, the simulation of the periodic structure was performed by using the periodic
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boundaries conditions of the ANSYS HFSS. For the periodic structure, the gap between the

elements was chosen to be 0.25 mm.
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Figure 4.6 Simulated transmission coefficient at normal incidence. (a) E field parallel to

strips. (b) E field orthogonal to strips.
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The simulated result of the transmission coefficient for different modes of polarization for
normal incidence is plotted in Figure 4.6. The simulated MS response when the electric field is
parallel to the metal strips with different strips lengths is plotted in Figure 4.6(a), this response
represents resonance behavior. It can be concluded that, the strips were driven by an equal current
having the same polarity. From Figure 4.7(a), It can be seen that the electric field maintains odd
symmetry with respect to the midline which is an indication of even mode excitation that can be
modelled by the insertion of a perfect magnetic conductor in the middle as shown in Figure 4.7(b).
Perfect reflection at the resonance frequency is generated by the even mode current. On the other
hand, the odd mode renders the two coupled strips invisible to the incoming plane wave and
supports perfect transmission. For this reason, even mode will be considered to predict dipole
resonant length in the next step. Therefore, the uniform coupled strip can be represented by the
characteristic impedance and propagation constant of the even mode.

Jsurfd [Alr]
8

A
(18]

(a) current distribution.

w

— =«

+

- - - Magnetic wall

+
—>

(b) Electric field.

Figure 4.7 Schematic of a broadside coupled resonator.

After the identification of the characteristic propagation mode, the uniform coupled strip was

replaced by coupled stepped impedance strips to reduce the size of the unit cell. ANSYS HFSS was
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used to predict the SIR length. The SIR used on the proposed unit cell is shown in Figure 4.8. This
structure was used to design an analog filter in [104]. It consists of three coupled lines with different
characteristic impedances, Z; (associated to W1), and Z (associated to W2), and corresponding
lengths L1 (Lt /2), and L2 (Lt /4), where Lt is the total length of the SIR. According to [105], the

fundamental resonance condition can be expressed as
0, = tan VK (4.3)

where K = Z,/Z; is the impedance ratio.

The relation between the total length of SIR 6, and 6, is given as
0, = 46, (4.4)
Finally, the SIR length was derived from (4.4) as follows
Ly =4 % C % €off gpen * tan VK /21 f, (4.5)

To compute the SIR length, terminal mode analysis in ANSYS HFSS was used to extract the
strips’ impedances and the effective permittivity. The SIR widths were chosen as follows: W1 =
0.2 mm and W2 = 3.2 mm. The high and low impedances associated with W1 and W- are 215.06 Q
and 100.80 Q, respectively. The extracted effective permittivity for the SIR is 1.04. Based on the
values of the impedance ratio and the effective permittivity, the total length of SIR ‘L1’ was derived

using the equation (4.5) and given as: Lt = 8.3 mm.
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Figure 4.8 MS model based on SIR, (a) Similar top & bottom unit cell formation, and (b) 3-

D configuration.

Once the physical length of the SIR was obtained, the performance of the periodic structure
was verified by ANSYS HFSS using the periodic boundary conditions. For the periodic structure,
the inter-element spacing was defined as 0.25 mm. Figure 4.9 shows the comparison of the
simulated transmission coefficient of MS considering the SIR length obtained from the circuit
analysis and the optimized length which turned out to be 7.3 mm as compared to 8.3 mm obtained

from the circuit analysis.
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Figure 4.9 Transmission coefficient of the broadside coupled structure.

In summary, the design procedure of the unit cell based on SIR can be in general executed as

follows:

1. Withthe given center frequency (fo), dielectric proprieties and SIR widths, the characteristic
impedances (Z1 and Z») and effective permittivity can be extracted from commercial simulators.

2. According to the SIR equation (4.5), The SIR length ‘L1’ can be computed.

3. Based on the computed length from the circuit analysis, the periodic structure can be

simulated and the unit cell length can be slightly tuned to obtain the desired frequency response.

4.3 Simulation verification

The design approach described in the previous section was followed to design a miniaturized
stop band MS having a resonant frequency at 10 GHz. The unit cell of the proposed MS consists
of cross stepped impedance broadside coupled lines separated by a dielectric substrate as shown in
Figure 4.10. The substrate material used for the MS is 0.13 mm thick RT/duroid 6002 substrate
with a dielectric constant of 2.94 and a loss tangent of 0.001. The resonators are made of 17 um
thick copper. However, before the structure could be designed, a parametric study was carried out
to understand the effect of the impedance ratio on the periodic structure frequency response. In the

simulation analysis, the dimensions of the unit cell are kept constant, while the impedance ratio is
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changed. It should be noted that for the uniform structure k = 1, W1 and W- s equal to 0.2 mm and
the operating frequency is 10 GHz.

Top

Substrate

Bottom

Tot

(@) (b)
Figure 4.10 Proposed MS model based on Sl resonator, (a) Top & Bottom unit cell, and (b)
3-D configuration (P =7.2, L1 = 3.35, Lo = 1.675, W1 = 0.2, W2 = 3.2, h = 0.76, all in mm).

The transmission coefficients of different impedance ratios in normal incidence for single
polarization is given in Figure 4.11. The simulation was performed for three values of the
impedance ratio (k = 0.8, k =1 and k =1.2). In this parametric study, W1 is kept constant, while
W is changed.

Table 4.2 Strip width and its characteristic impedance

Characteristic impedance

Strip width
(mm) Q)
0.01 274
0.2 214

1 155
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It can be observed from the simulation that the resonance frequency shifts to lower frequencies
for k < 1 whereas for k > 1 it shifts to higher frequencies. Consequently, the SIR structure for k <
1 is considered to reduce in size. These observations are consistent with the trends observed in
microwave filter theory. The resonance frequency shifted upward by reducing the geometric
dimensions of the unit cell. In addition, it is evident from Figure 4.11 that the spurious resonance
frequency of the MS can be controlled by the impedance ratio.
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Figure 4.11 Transmission coefficient with different impedance ratio K.

The unit cell dimensions were chosen based on the analyzed example of the previous section
which were: W; = 0.2mm, W, =3.2 mm, L; =7.3mm and P = 7.8 mm. The simulated
transmission coefficients under normal and oblique incidences for TE and TM polarizations are
shown in Figure 4.12. It is seen that the new configuration exhibits the desired response under both
polarizations. The simulated response of the structure has a bandstop response with a resonant
frequency of 10 GHz. In addition, Figures 4.12(a) and (b) show the angular stability performance
of the proposed structure for TE and TM polarizations, respectively. It is observed that the resonant
behavior is stable up to 60° angle of incidence, while a maximum frequency shift occurs up to 0.9%

only for TE.
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Figure 4.12 Simulated transmission coefficients under various angles of incidence for

both polarizations.
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4.4 Experimental results

To verify the validity of the proposed MS structure design, a prototype is fabricated on a
0.13 mm thick RT/duroid 6002. The fabricated MS is shown in Figure 4.13. The size of the MS
prototype is 259.2 mm x 259.2 mm and it consists of 36 x 36 unit cells. It was measured by using
the free-space method. A pair of horn antennas operating in the frequency band of X-band with 16
dBi gain and an Agilent vector network analyzer PNA-X N5242A were employed to perform the
measurement. Figure 4.14 shows the experimental setup; the distance between the
transmitting/receiving antennas and MS prototype is 0.5 m/0.5 m. The transmission coefficient
without MS structure were measured in the beginning for obtaining the calibrated results. To
measure the transmission coefficient for various angles of incidence and polarizations, a mechanical
rotation system was used. Figure 4.15 shows the measured transmission coefficient of the proposed
MS under various incident angles and for both polarizations (TE and TM). From the measured
results, it was found that the proposed MS can produce a stable frequency response with respect to
different polarizations and incidence angles.

259.2 mm

259.2 mm

Figure 4.13 Photograph of the fabricated SIR MS prototype.
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Figure 4.15 Measured Transmission coefficients under various angles of incidence for both

polarizations.

Furthermore, the comparison of the proposed work with the related works is shown in Table

4.3. It evident from Table 4.3 that the proposed metasurface has the small unit cell compared with

the listed reference. In addition, this structure exhibits very stable resonant frequency for different

angles of incidence and for TE and TM modes. These features offer great flexibility for the

proposed structure to be used for many applications.

Table 4.3 Comparison of the SIR element with related works

Ref Substrate | center frequency Cell size Polarization
layers
[25] Single 14 GHz 0.22%0 % 0.22%0 Dual
[88] Single 2.4 GHz 0.104X0 < 0.104%0 Dual
[106] Single 3.33 GHz 0.086A0 x 0.086M0 Dual
Proposed work Single 10 GHz 0.25X0 x 0.25X0 Dual
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4.5 Conclusion

In this chapter, a new method to design a miniaturized band-stop MS has been proposed. The
miniaturized MS has been built by using stepped impedance resonators. The unit cell of the
proposed MS consists of crossed stepped impedance resonators printed on both sides of a single
dielectric substrate. A 65% reduction in the size of the unit cell of the MS has been achieved
compared to the proposed structure of the previous chapter, by using stepped impedance resonators
instead of uniform resonator in the unit cell. The proposed MS shows a stable frequency response
for different angles of incidence and polarizations. In addition to the size reduction, a simple design
procedure based on transmission line theory was developed to synthesize a step impedance unit
cell. A prototype has been designed, fabricated, and measured to validate the simulated results. The
measured data agrees well with the simulated results. The proposed design has been fabricated
using printed circuit board technology, which highlights the simplicity of the fabrication for such

structures.
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CHAPTER 5 SYNTHESIS OF RIGOROUS HIGHER ORDER
FREQUENCY SELECTIVE SURFACE DESIGN APPROACHES

5.1 Motivation and objective

As demand for spectrum continues to grow, propagation characteristics within buildings are
becoming an increasingly important consideration. With companies installing new wireless
systems operating at higher frequencies and a limitation in the number of available channels, the
time has come to consider selecting different types of construction materials based on their RF
characteristics. Reflecting material, for example, could he used to prevent signals from propagating
into adjacent rooms; RF attenuating film could be added to double-glazed windows; and FSSs
could be deployed to allow certain frequencies to propagate into a room, while reflecting other
frequencies. One of the most difficult challenges is the prediction of frequencies to be used in the
future, as new wireless technologies are planned. Buildings are constructed on a continuous basis
and retrofits occur as the building ages. But with new wireless standards continuously being
developed and re-developed, a detail understanding of the latest trends in wireless communications
standards and products is required to make the indoor environment friendlier and more amenable

to wireless communication.

Most of these applications require the frequency-selective surface to function as a close to ideal
filter for a plane wave, whereby the in-band filtering response should be flat, and the out-of-band
rejection skirt should be sharp roll-off. Furthermore, it is also desired that the frequency response
become insensitive to the angle of incidence. The condition of angular stability basically requires

that the unit cell size becomes much smaller than the operating wavelength.

However, the spectral and spatial responses of frequency selective surfaces (FSS) structures are
affected by various physical and electrical parameters including the shape and type of their
constituting elements, element configurations, element spacing, parameters of dielectric substrate,
and superstrates. Similar to microwave filters, these spatial filters can be designed to demonstrate
low-pass, high-pass, band-pass, or band-stop behaviour. Band-pass and band-stop (notch) FSSs are
more widely used. However, unlike microwave filters, the frequency responses of these structures
are not only functions of frequency, but also functions of the angle of incidence of the

electromagnetic wave and its polarization.
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Higher order filters have been used in the literature to realize rather complicated frequency
responses. Different types of filters such as low-pass (LP), band-pass (BP), high-pass (HP), etc.
have been realized using well-defined algorithmic approaches. Methodology for filter synthesis
has been developed for microwave frequency band by considering the distributed nature of the
elements. Lately, new advances have been made to apply the procedure of microwave filter design
to the design of spatial filters, namely, frequency selective surface structures. The literature on
band stop FSS filter is quite limited. General approach for the filter synthesis of a typical band
reject filter will be outlined in the next section. The design of the filter using periodic structures

along with a typical filter design in 10 GHz is presented in the subsequent section.

5.2 Design procedure

Several techniques and methodologies are available today for designing microwave filters.
Review articles that survey the state of the art in this field may be found in the literature, enabling
designers to select the most convenient approach for various filter topologies and applications. All
these design approaches generally consist of two steps: first a synthesis problem is solved using
techniques typically borrowed from lumped-element network synthesis, and then a suitable
equivalence between the synthesized network and the actual distributed structure to be realized is
established, enabling the physical dimensioning of the structure. In the past, the second step was
generally carried out by means of simple (approximate) circuit modeling of the real filter structure,
and often some experimental trial and error process was necessary to obtain the desired filter
response. Today, the trend is to exploit optimization techniques and take advantage of the available
full-wave electromagnetic (EM) simulators, which can now analyze the complete physical

structure of many filters.

Optimization is a very powerful tool, but it must be applied judiciously. In fact, without a
good starting point (i.e., the initially assigned dimensions of the physical structure to be optimized),
the most elegant optimization procedure may not be able to find an acceptable solution. It is a
significant computational burden to use optimization-only based procedures to design and realize
higher order filters. The number of parameters is so vast that it is almost certain to miss the optimal
design. On the other hand, the design is impervious to underlying physical principles of the

operation of a given structure. Therefore, any minor modification of the specifications (e.g.
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bandwidth, frequency band, roll-off, practical restrictions, etc.) would call for the repetition of the
whole lengthy design and optimization process. The aim of this chapter is to demonstrate methods
to combine approximate FSS dimensioning (based on network synthesis) and optimization (based
on EM modeling), allowing a fast and accurate design that equip the designer with very effective
and efficient technique to be exploited with a wide range of specifications whether theoretical or

practical.

5.2.1 Multi-pole FSS design techniques

Traditional single layer resonant FSS exhibit first order bandpass or bandstop filter
response, which are inherently narrow band. Thus, the frequency response of a single layer FSS is
often too narrowband for practical applications. Moreover, their frequency responses are
potentially susceptible to the angle of incoming EM wave. In order to address these drawbacks,
multilayer FSSs have been employed to achieve higher order filter responses. Nonetheless, it is
well known that stacking several metal layers opens up new design possibilities, such as the
existence of transmission and rejection bands, an increase in operating bandwidth, and improved
polarization converter performance. As stated in the preceding paragraph, higher order filter
responses are traditionally realized by cascading single resonant FSS arrays with a quarter
wavelength separation between adjacent arrays [107-110]. The frequency response of the
constituent single layer FSSs has a significant impact on the parameters that measure the
performance of the multilayer filter, such as ripple, centre frequency, bandwidth, roll-off, and so
on. Due to exorbitant size, this approach is inefficient at low frequency (quarter wavelength
dielectric layer spacers) but perfectly suitable for millimeter-wave frequencies. In light of this, the
cross-coupling stubs filter class is the focus of this chapter's design technique for the
aforementioned FSS structure. The dual pole FSS with cross-coupling stubs, in particular, was
carefully considered in order to generate new ideas and develop synthesis technique with the goal
of simplifying the design of multipole pole single layer FSS.

522 Band stop FSS Using Cross-Coupling Stubs

As previously stated, the design approach was inspired by traditional microwave theory. The
new element was designed by combining various concepts from bandstop analogue filters. To

design the multipole structure with specific properties, we borrowed a synthesis procedure from
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cross-coupling stubs filter techniques [111]. The analog filter design shown in figure 5.1 consists
of a pair of quarter wavelength open circuited stubs separated by quarter wavelength. Zs denotes
the characteristic impedance of the shunt stubs, whereas Zo denotes the port impedance. C
represents the capacity between the two stubs. The cross-coupling between the two stubs in this

filter contributes to the band stop effect by introducing two transmission zeros within the stop band.
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Figure 5.1 (a) Schematic diagram of the proposed bandstop filter. (b) Calculated frequency
response of the |S21| with different C and fixed Zs = 100Q. (¢) Calculated frequency response of
the |S21| with different Zs and fixed C = 0.001 pF.

The electrical lengths of all lines are 90°. The cross-coupling is represented by the capacitor C
connected between the ends of the two stubs. The S parameters of the structure shown in Figure
1(a) are given by where 0 = (nf/4fo). f and fo are the center frequency and operating frequency,

respectively.

Zo = 377 is chosen and corresponds to port impedance. Figures 1(b) and 1(c) depict parametric
studies with different values of C and Zs. At the stop band, the cross-coupling introduces two
transmission zeros. The larger C, the stronger the cross-coupling between the two stubs. Cross-
coupling can be used to improve the stop band bandwidth and roll-off. The characteristic
impedance Zs of the stubs is used to adjust the stop band bandwidth while keeping C constant. As

Zs increases, the bandwidth decreases.

5.2.3 Design Methodology

The following flowchart describes the methodology for designing a multipole FSS stopband in a

single layer:
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Methodology
Design of multi-pole FSS based on analog bandstop filter techniques (f;) in consideration of tolerances

Synthesis of the stopband spatial filter based on analogue cross-coupling stubs

[

Combine approximate a pair of quarter wavelength open circuited stubs separated by quarter wavelength
(based on network synthesis) and optimization (based on EM modeling), allowing a fast and accurate design

Simple open circuit shunt stub is the simplest way to realize bandstop spatial filter that stops the signal at the
frequency with stub’s electrical length of 90-.

Figure 5.2 Flowchart of the design methodology.

5.3 Physical implementation of a single layer multipole stopband FSS

5.3.1 Single layer of polarization dependent dual pole stopband FSS

This section proposes the design of a dual pole FSS with single polarization. The design
procedure described in section 5.2 was followed to design a stop-band FSS having a central
resonance frequency at 10 GHz. Following the description presented in [111], the unit cell employs
double folded stubs. The length of the open stubs and the separation between them are
approximately equal to(n + 1) /4. The numerical analysis was performed by using ANSYS
HFSS [75]. The unit cell boundary conditions were used to provide periodicity along the x and y
axes. The structure was excited by an electromagnetic wave with the propagation vector (k)
towards the z axis, an electric field vector (E) towards the x axis, and a magnetic field vector (H)
towards the y axis. The proposed structure was designed on an RT/Duroid 6002 PCB. The dielectric
substrate has a thickness of 0.25 and a relative dielectric constant of 2.94. Figure 5.3 shows the
dimensions of the unit cell of the proposed FSS after tuning. The geometric parameters of the

design are given in Table 5.1.
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Table 5.1 Geometric parameters of the proposed unit cell

W Lc Ls P

1.6 mm 17 mm 21 mm 17.6 mm

A
v

A Top design

Substrate

-

Figure 5.3 Unit cell topology of the proposed FSS.

53.2 Experimental results

The working prototype was generated using a standard printed circuit board fabrication
technique. The dielectric substrate used is the same as described in the previous section. The
realization shown in Figure 5.3 provides a clear guideline as to the implementation of spatial filter
composed of a pair of quarter wavelength open circuited stubs separated by quarter wavelength in
order to achieve a specified frequency response. By arranging two shunt open-circuited stubs in
the antiparallel configuration as shown in Fig.5.3, a dual pole bandstop FSS is realized. I simply
adjust the line width (W), line length (Lc), line separation (S), and overlapping line (Lo) for the

optimization. The total size of the printed circuit board is 13.3cm by 13.3 cm.

The proposed prototype, as shown in Figure 5.4, has been fabricated and measured to validate
the design. The dimensions of the prototype are 133 mm x 133 mm, containing 19 x 19 elements.
The measurement is performed in an enclosed room. Two wideband horns (1 GHz to 18 GHz) and
an Agilent (PNA-XN5242A) network analyzer were used in the experimental setup. The
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measurement setup is shown in Figure 5.5. The prototype was placed between the two antennas.
The measurement of the prototype was performed in two steps. Firstly, the transmission coefficient
without structure was measured. The obtained measurement was used to calibrate the
electromagnetic response of the structure. After that, the transmission coefficient with the presence
of the structure was measured at the normal angle of incidence for TE polarization. Figure 5.6
shows the comparison of the simulated and the measured transmission coefficient of the proposed
structure at the normal angle of incidence for single polarization. The measured result shows very
good agreement with the simulated one. The discrepancy between the results from the measurement
and the simulation are mainly due to the measurement process, which is performed in an enclosed
room. As can be observed, the Metasurface exhibits a band-stop response. The centre frequency of
the stop-band is around 10 GHz with a fractional bandwidth of 50% (8 GHz -13 GHz). The

proposed structure can be qualified as a wideband structure. Its performance, however, is dependent

Soe S5
o5 -
S
Eem———

Figure 5.4 Photograph of the fabricated FSS prototype.

on polarisation.
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Figure 5.6 Simulated and measured transmission coefficient for the proposed FSS at normal

incidence.



62

5.3.3 Single layer of polarization-insensitive dual pole stopband FSS

To mitigate the polarization dependence, a new FSS topology using double-sided based on back to

back cross-coupling stubs was developed. The proposed unit cell in the last section is suitable for

single polarized incident waves. The electromagnetic response of the structure is different when

the E-field of the incident wave is along the y-axis. The previous unit cell is polarisation dependent,

and the electromagnetic response of the structure differs when the incident wave's E-field is along

the y-axis. The proposed unit cell can be modified to the one shown in Figure 5.7 to overcome the

polarisation sensitivity. In this structure, the bottom element was rotated 90 degrees in the xy plane

in relation to the top element, so that the electromagnetic response is the same whether the incident

wave's E-field is in the direction of the x-axis or the y-axis. The resulting element is shown in

Figure 5.7 and the corresponding geometry parameters are summarized in Table 5.2.

Table 5.2 Geometric parameters of the dual orthogonal polarized element

w Lc Ls P
1.5 mm 17 mm 19.3 mm 16.125 mm
P

/ Top design

::.',',;‘;-:_—,-_;;:_._,7,_ / Substrate

Bottom

e

Figure 5.7 Unit cell of the proposed FSS.
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534 Experimental results

To validate the design, a fabricated prototype of the proposed structure was built, measured,
and tested. The dimensions of the new topology of the single layer of polarization-insensitive dual
pole stopband FSS prototype are 140 mm x 140 mm, containing 9 x 9 elements. The same
measurement setup from the previous section was used to validate the design. In addition, the
structure was tested for different polarizations (TE and TM modes). It was shown that the frequency
response is almost independent from polarization. This was achieved due to the symmetrical shape

of the proposed unit cell.
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Figure 5.8 Simulated and measured transmission coefficient at normal incidence.
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The transmission coefficient was measured for TE and TM modes at normal incidence. The
measured results are shown in Figure 5.8 in comparison with the simulated ones. Figure 5.8 (a)
shows the measured and simulated transmission coefficient for the TE mode. It is observed that the
measured results are in close agreement with the simulated results. The center frequency of the
stop-band is around 10 GHz with a fractional bandwidth of 53%. For the TM mode of polarization,
it is observed that the measured result is in relatively good agreement with the simulated
performance. The discrepancy between the measurement and simulation results is mainly due to
inaccuracies involved in the measurement. The center frequency of the proposed structure for this

polarization is around 9 GHz with a fractional bandwidth of 56%.

Table 5.3 illustrates a comparison of the proposed structures and other reported works. It can

be observed that the proposed elements have a wide bandwidth compared with the listed references.

Table 5.3 Comparison with related works

Ref Number of | Center frequency Cell size EBW %
layers (GHz)
[112] Multilayer 21 0.15A; X 0.154, 5
[113] Multilayer 10 0.102, x 0.104, 21
[114] Multilayer 8.5 0.201, x 0.201, 15
Proposed work
(Single Single 10 0.581, X 0.581, 50
polarized
structure)
Proposed work
(Double Single 10 0.53% X 0.531, 56
polarized
structure)
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5.4 Conclusion

In this chapter, a new approach to design a single layer dual pole band-stop polarization
insensitive FSSs has been proposed. The proposed structures have been built by using shunt open-
circuited stubs. Two prototypes have been designed, fabricated, and measured to validate the
simulated results. The first structure is constructed by a single metal layer. The second is built by
two metal layers to overcome the polarization sensitivity of the first design. The measured data
agrees well with the simulated results. A comparison with similar work has been carried out to
demonstrate that the proposed Frequency selective surface have a large bandwidth. Also in this

chapter, the design methodology is discussed.
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CHAPTER 6 CONCLUSION AND FUTURE RESEARCH WORK

6.1 Conclusion

The main interest of this thesis is the development of new techniques for the designing of FSSs
for communications applications. The techniques used were inspired from microwave theory.
These techniques allow us to solve some of the currently existing technical problems related to

FSSs. The achieved work in this thesis can be summarized as follows:

In Chapter 3, a simple synthesis method for ultra-thin double-sided cross-dipole-based
Metasurface (FSS) has been proposed. The presented technique was used to design a flexible band-
stop FSS for Electromagnetic Interference (EMI) shielding applications operating at 10 GHz. An
Equivalent Circuit (EC) model in combination with closed-form expression was used to synthesize
and validate the response of the proposed element. In addition, a parametric study of the proposed
FSS aiming to optimize its bandwidth has been presented. The proposed FSS holds similar
responses for TE and TM mode of polarization at normal incidence. Further, the conformal
behavior of the proposed FSS in comparison with a planar FSS was presented and evaluated. The
proposed FSS was validated with the full-wave EM solver and a prototype was fabricated. The size
of the proposed unit cell is 0.4A0x0.4ho, where Ao is the free space wavelength at the desired
resonant frequency. In addition, the fractional bandwidth for TE and TM modes is 10.42% at
normal incidence. The measured results of a proposed FSS are presented and validated in

comparison with the simulations with good agreement.

In chapter 4, a new approach to miniaturise the size of MS’s elements has been proposed
by using stepped impedance resonators. The proposed approach was used to design a dual
orthogonal polarization band-stop Metasurface with low sensitivity to the incident angles of plane
wave excitation. The proposed structure consists of crossed stepped impedance resonators printed
on the two interfaces of a single dielectric substrate. Borrowing the stepped impedance resonator
concept from microwave filter theory, a significant size reduction of the cell element size can be
achieved to the extent that p = 4y/16, where A, is the free-space wavelength of the resonant
frequency and p is the periodicity of the element. In addition to the miniaturization of the cell
element, harmonic frequencies can be controlled by simply changing SIR impedances. This will

enable us to design a multiband MS which resembles a similar development for stepped impedance
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resonators in microwave filter theory. A simple design procedure based on transmission line theory
is developed to synthesize the step impedance unit cell. To demonstrate the validity of the proposed
approach, the SIR MS was designed to operate at 10 GHz. The structure was fabricated and tested
subsequently in a free space measurement facility which demonstrated a stable angular response

up to 60° of the incident angles for TE and TM plane wave excitations.

In chapter 5, a new class of wideband band-stop Frequency selective surface with dual pole
transmission zeros has been proposed. The proposed structure was inspired from microwave filters.
The proposed structure was designed by using folded stubs. The proposed element exhibits a wider
bandwidth. The fractional bandwidth for TE and TM modes is 56 % and 50% at normal incidence

respectively. The structure is also polarization independent at the stop-band.

6.2 Future work

The proposed structures presented in this work aims to resolve some of existing issues. Future

work can be continuing in the following area:

As the wireless communication applications are moving in millimetre waves, it might be useful
to investigate these structures in other frequencies to see if they provide similar results to the

already proposed structures (the aforementioned structures currently only operating at 10 GHz).

In Chapter 4, a miniaturized MS with a stable angle of incidence has been introduced.
Designing a similar structure with a wider bandwidth would be very promising in many

applications.

In Chapter 5, the proposed structures have a broadband characteristic. The sensitivity of these
structures under many angles of incidence was not evaluated. For this reason, it will be necessary

to evaluate the angle sensitivity of these structure.

The designed and analyzed FSS could be used in other applications, such as devices for bio-
electromagnetics and electromagnetic compatibility. The proposed FSS can be used to create a
resonant medium for bio-electromagnetic sensing. Furthermore, the designed FSS may be used to

reduce interference in satellite communications, thanks to the ability to shield 10 GHz signals.
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