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Abstract

Among the most important metamaterial application in the antenna field we can cite the
antenna performances enhancement and size reduction. However, antenna characteristics
control remains a major objective of metamaterial use in the antenna field. The goal is to
design an agile FSS radome based on metamaterial layers, of which it is possible to change
the characteristics using an external active control system. This makes the
telecommunications systems more flexible, we are interested in this thesis, with the FSS
agility. The frequency agility is introduced by using agile metamaterials which allow one to
adjust the electromagnetic response in real time. This turning ability helps make metamaterial
devices more versatile, adapting to shifting input or changing target parameters according to
our needs.

Keywords: Metamaterial, Agile frequency selective surface, radome.

Résumeé

Parmi les applications métamatérielles les plus importantes dans le domaine des antennes,
nous pouvons citer I'amélioration des performances de I'antenne et la réduction de sa taille.
Cependant, le contrble des caractéristiques de I'antenne reste un objectif majeur de Il'utilisation
de métamatériaux dans le domaine d'antenne. L’objectif est de concevoir un raddme agile du
SFS basé sur des couches de métamatériaux, dont il est possible de modifier les
caractéristiques a 1’aide d’un systéme de contréle actif externe. Cela rend les systemes de
télecommunications plus flexibles, nous nous intéressons a cette these, avec l'agilité FSS.
L'agilité en fréquence est introduite en utilisant des métamatériaux agiles qui permettent
d'ajuster la réponse électromagnétique en temps réel. Cette capacité de tournage contribue a
rendre les dispositifs a métamatériaux plus polyvalents, en s’adaptant au changement d’entrée

ou en modifiant les parameétres de la cible en fonction de nos besoins.

Mots clés: Métamatériaux, Surface sélective en fréquence, Radéme.
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Introduction

Introduction

In recent years new concepts in synthesis and novel fabrication techniques have allowed
the construction of structures and composite materials that mimic known material responses or
that qualitatively have new physically realizable response functions that do not occur or may

not be readily available in nature, it called metamaterials.

Metamaterials are artificial composite materials that are usually constructed from sub-
wavelength size periodic structures and attain their properties from the unit cell shape size
rather than chemical composition. They can exhibit effective material properties i.e. effective
permittivity (e.) and effective permeability (W), which are not found in naturally existing
materials. These unusual properties have been achieved by optimizing the dimensions of unit

cell.

Electromagnetic metamaterials are broadly defined as artificial effectively homogeneous
electromagnetic structures. An effectively homogeneous structure is a structure whose
structural average cell size are much smaller than the guided wavelength (all geometric

dimensions of unit cell should be at least smaller than a quarter of wavelength 1).

These sub-wavelength dimensions of the unit cell lead to good absorption characteristics.
Moreover, the sub-wavelength size makes the reflection and refraction phenomenon more
significant than the diffraction and scattering. By manipulating the loss components of effective
permittivity and magnetic permeability numerous potential applications can be addressed. The
unusual properties of the metamaterials such as negative permittivity and permeability and their
range of applications which covers microwave to optical frequency regime have aroused the

extensive interest into these artificially engineered periodic structures over the past decades.

Designing spatial filters (frequency-selective surface FSS) is an important application of
metamaterial. Once exposed to the electromagnetic radiation, a frequency-selective surface FSS
acts like a spatial filter, some frequency bands are transmitted and some are reflected. Noted
that, dielectric materials instead of metallic patterns are capable of achieving more functional
performance in FSS design, moreover it can be used in different extreme environments,

depending on their electrical, thermal or mechanical properties.

The first concept which should be understood is "Periodic Surface™ since it constitutes the
nature of FSS structures, a periodic surface consists of identical elements of infinite arrays in
one, two or three dimensions, although, the name FSS was not used until much later on. In a

way, an FSS can be a cover for hiding communication facilities. This is probably the top ten

1



Introduction

potential applications of FSS structures, as they have actually been used as covers named

radomes.

Radomes are bandpass FSS filters that are used to reduce the radar cross-section (RCS) of
an antenna system outside its frequency band of operation. FSS characteristics control is a
major objective of metamaterial use. Our objective is to design a radome invisible for the
electromagnetic waves as much as possible, on the other hand, improve the performances of a
patch antenna such as the realized gain and the radiation pattern in addition to introduce
frequency agility, hence, a range of different operating band frequencies controlled using an

external command system.

Metamaterial plays a significant role in improving the electromagnetic properties of

radomes, so metamaterial, employed for radome material, is called metaradome.

The design of metaradome should be developed and adjusted to different application areas
such as maritime, telecom, radar, aerospace, and automotive applications. Owing to their high
gain behavior the proposed metamaterial radome is applicable in several radar systems.
Metaradomes may help in shaping the directivity of antennas. Directional antennas are used in

wireless networks especially for the 5G technology such as beam forming ..etc.

We are interested in this thesis, with the FSS agility. The agility is introduced by using
agile metamaterials which allow one to adjust the electromagnetic response in real time. This
turning ability helps make metamaterial devices more versatile, adapting to shifting input or
changing target parameters and is the first step to go forward smart devices. Such smart devices

can perform self-matching to the surrounding environment.
The complete thesis is divided into four chapters;

Chapter one, covers an overview of metamaterials, a brief history and their applications

and characteristics has been provided.

In chapter two, due to the use of metamaterial on the frequency selective surface design, a
general review for this last has been covered, therefore, the design approach and methodology

for conformal frequency selective surfaces has also been investigated.

In chapter three, at the first, the necessity of the effective parameters extraction methods
has been discussed. Thereafter the characterization of the elementary unit cell of the agile
metamaterial layer by varying its physical dimensions, such as the period, the dielectric
thickness, the width .. .etc.



Introduction

In the last chapter, a short introduction about the radomes and their characteristics has been
discussed, In order to achieve an agile frequency antenna/radome, we design a metamaterial
layer which has two different behaviors that can be controlled through external command
system. This agile metamaterial layer is obtained by a periodic structuration based on the agile

metamaterial cross type unit cell.

The agility in frequency is achieved by changing the behavior of a metamaterial FSS
radome layer to be in the connected or disconnected state by modifying the wires of the cross
unit cell. This agile metamaterial layer, based on connected or disconnected agile cross unit
cells, can behaves as an effective medium with a refraction index close to zero (n;) or greater
than unity (n,), respectively, depending on the switches states. With this agile unit cell it is
possible to design a metamaterial multilayer FSS radome in which the behavior of each layer

can be programmed individually independently from the others.

Moreover, increasing the number of layers constituting the metamaterial FSS radome and
changing their behavior to be in the connected or disconnected state can improve the
functioning of the patch antenna according to our needs, such as, the realized gain, the

directivity and the radiation beam width.
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1.1. Introduction

All natural materials are composed of atoms and can basically be classified into two
types, according to these particuls different arrangements: crystals (with periodic arrangement
of atoms) and noncrystals (with random arrangement of atoms). In 1985, Daniel Shechtman,
Nobel Prize winner in chemistry, discovered an intermediate state between crystals and
noncrystals-quasicrystal, which is composed of nonperiodic atoms with certain orders [1],

showing excellent performance beyond that of natural materials.

Unlike natural materials, metamaterials are macroscopic composites of periodic or
nonperiodic subwavelength-scale artificial particles with certain shapes, materials, and
geometries, which are usually called as meta-atoms. The main advantages of metamaterials
are as follows. (i) Meta-atoms can be engineered and tailored as required, and hence have
countless choices. However, the natural atoms are very limited. (ii) Meta-atoms can be
arbitrarily arranged due to their flexibilities. But it is difficult to arrange natural atoms to
specific orders. Therefore, we can realize homogeneous metamaterials (super crystals),

inhomogeneous metamaterials (super quasicrystals), and random metamaterials.

Usually, meta-atoms are electric and/or magnetic resonators. Depending on the resonant
status of meta-atoms, metamaterials are classified into resonant metamaterials and
nonresonant metamaterials. For the resonant metamaterials, the meta-atoms are in the
resonant state with significant changes of electromagnetic responses, which will produce
extreme values of effective permittivity and/or permeability (e.g., negative permittivity,
negative permeability, and zero index of refraction). Around the resonant frequency, large
dynamic range of effective medium parameters can be achieved, from negative to largely
positive. Such parameters will result in unusual physics, such as negative refraction [2],
perfect imaging [3], and tunneling effect [4].

Due to the resonance nature. However, resonant metamaterials are always accompanied
by large loss and narrow bandwidth. For nonresonant metamaterials, the meta-atoms are away
from the resonant state, yielding gradient changes of the electromagnetic responses. This
feature produces small loss and wideband medium parameters, which makes metamaterials
practical in engineering applications. The drawback of nonresonant metamaterials is the small
dynamic range of medium parameters. However, the free arrangement of meta-atoms makes it

possible to realize arbitrarily inhomogeneous media.
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Only when the meta-atoms have strictly circular (or spherical) symmetries, are the
resulting two-dimensional (2D) or three-dimensional (3D) metamaterials isotropic. However,
most practical meta-atoms do not have such symmetries, and hence most metamaterials are
anisotropic. The extreme values of effective medium parameters, high inhomogeneity, and
strong anisotropy enable metamaterials to have powerful abilities to control the medium

parameters, and further manipulate electromagnetic waves.
1.2. A brief history

Metamaterials were first known as left-handed materials (LHM) or negative-refractive
index materials (NIM). Although the concept of LHM was proposed by Veselago in 1968 [5],
the negative refraction and backward-wave media had been discovered theoretically much
earlier [6][7][8] [9]. The earliest publication on negative refraction was in lecture notes of
Prof. Mandelshtam from Moscow University[7]. Then the Sommerfeld radiation condition in
backwardwave media was studied by Malyuzhinets in 1951 [8], who showed that the phase
velocity of waves pointed from infinity to the source. Furthermore in 1957, Sivukhin
investigated materials with negative parameters and noticed the backward-wave property [9].
Except the theoretical study, backward-wave structures had been developed for the design of
microwave tubes in 1960s [10][1][11], and the negative refraction was discovered even in
periodical media [12]. A significant progress was made by Veselago in 1968, who proposed a
systematic analysis of electromagnetic behaviors in materials with negative permittivity and
permeability, and named the term of LHM [5]. Besides the negative refraction and backward-
wave propagation, Veselago also showed some new features like reversed Doppler shift and

backward Cerenkov radiation in LHM.

However, due to the non-existence in nature and lack of experimental verification, LHM

had not attracted attention over 30 years in the scientific community.

The first revolution on LHM or metamaterials occurred in 1996, when Pendry et al.
realized the artificially electric plasma using the wire medium whose permittivity is negative
[13]. Then Pendry and his coworkers discovered the artificially magnetic plasma whose
permeability is negative in 1999[14]. In this work, the well-known split-ring resonators (SRR)
are used to achieve the magnetic response. The first artificial LHM was made by Smith et al.
in 2001 using the combination of wires and SRRs [15]. In this famous experiment, the
negative refraction phenomenon was verified. Inspired by the experimental realization, LHM

has attracted growing attention in both theoretical exploration and experimental study
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[15][16], including the exciting discovery of perfect lens and super lens [16]. However, LHM
has unavoidable disadvantages of big loss and narrow bandwidth, and such disadvantages

restrict the applications of LHM.

In the meantime, an alternative representation of LHM was presented by three groups
(Eleftheriades, Oliner, and Caloz-Itoh), almost simultaneously in June 2002, using the
transmission-line (TL) approach [17][18][19]. It is well known that a conventional TL is
composed of distributed series inductance (L) and shunt capacitance (C), which can be shown
equivalent to a one-dimensional (1D) RHM. As a dual model of the conventional TL, a new
TL consisting of series capacitance and shunt inductance will support backward waves and
hence can represent LHM. In the realization of left-handed (LH) TL, the distributed
components have been used. Since the series capacitance is always accompanied by an
inductance and the shunt inductance is accompanied by a capacitance, a general composite
right-left handed (CRLH) TL model has been proposed to represent RHM and LHM [18][19].
Based on the CRLH structures, a lot of microwave components and antennas have been

proposed [20].

Despite the good properties, LHM suffers from the large loss and narrow bandwidth.
Hence scientists seek other features of metamaterial beyond the negative refraction. Then the
second revolution on metamaterial came in 2005 when the gradient refractive index medium
was realized to bend electromagnetic waves [21], and in 2006 when the optical transformation
was proposed to make invisible cloaks and to control the propagation of electromagnetic
waves using metamaterials [21].From then on, metamaterials have a much broader meaning
than LHM, which do not require the negative permittivity and/or negative permeability, and
hence open a completely new area. After the experimental realization of invisible cloak in the
microwave regime [22][23], a large explosion of interest has been paid to metamaterials and

the optical transformation, and many scientific papers have been published in journals.
1.3. Metamaterial characteristics

The structural units of metamaterials can be tailored in shape, size, and the composition.
The inclusions composition and morphology can be designed and artificially tuned, and

placed in a predetermined manner to achieve prescribed functionalities.

The dependence of metamaterial properties on the unit cell architecture provides great
flexibility to control metamaterials electromagnetic responses which are described by the

electric permittivity and the magnetic permeability. So, by varying the different unit cell
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geometry parameters, we can create an agile metamaterial which electromagnetic response is
unavailable in nature and can be tailored in practice to a reach desired profile. Metamaterial
tailoring is one of the important advantages of metamaterials.

1.4. Metamaterial classes

Permittivity ¢ and permeability 4 are two parameters used to characterize the electric

and magnetic properties of materials interacting with electromagnetic fields.

The permittivity is a measure of how much a medium changes to absorb electrical energy

when it is subjected to an electric field [24][25]. It is defined as the ratio of the electric

— -
displacement D and the electric field E . The common term dielectric constant is the ratio of

permittivity of the material to that of free space &, , which is approximately 8.854x10 2 F/m.
It is also termed as the relative permittivity. The permeability is also defined as the ratio of the
magnetic induction H and magnetic field B. The free-space permeability g, is

approximately 1.257x10°° H/m. R. Ziolkowski [26][27] has categorized metamaterials by
their constitutive parameters as shown in figure 1-1. Most of the materials in nature have
positive permittivity and permeability, and hence, they are referred to as ‘double-positive’
(DPS’ medias or right-handed materials (RHM). In contrast, if both of these quantities are
negative, these medias are called ‘double-negative’ (DNG) and are also referred to as left-
handed materials (LHM). Finally, materials with one negative parameter are named ‘single-
negative’ (SNG) and are further classified into two subcategories, namely, ‘epsilon-negative’
(ENG) an ‘mu-negative’ (MNGQG). Interestingly, natural materials such as cold plasma and
silver exhibit negative permittivity at microwave and optical frequencies, respectively, and
ferromagnetic materials exhibit a negative permeability behavior in the VHF and UHF
regimes. However, to date, no materials that exhibit simultaneous negative permittivity and

permeability have been found in nature, and hence they must be produced artificially.

The first comprehensive review of the history of negative refraction and metamaterials
was given by Moroz [28]. He indicated that some of metamaterial research started long before
Veselago’s work and went back to as far as 1905, when Lamb [29] suggested the existence of
backward waves, which are associated with waves in which the phase propagates in a
direction opposite to that of the energy flow. Moroz’s on-line article first appeared in 2003,

tracing the roots of research on backward waves, negative refraction, and LHM. Only
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recently, Veselago and Narimanov [30], Shivola [31], and Shamonina [32] have linked
LHMs, and more generally metamaterials, to the earlier works.
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Figure 1-1: Metamaterial classes

Evanescent waves

From figure 1-1 four possible quadrants can be taken:

e Quadrant 1: double-positive media or right-handed materials £ >~0and >0 .

This quadrant represents (RHM), which support the forward propagating waves. It is well

know that the constitutive parameters € and p are related to the refractive index n by:
£, (1-1)

Wehave ¢ ~0=c=e| andu>0= = u].

From ( 1-1) we obtain:

n:‘\/|‘c"r||ﬂr|:+‘\/|‘c"r”/ur| (1'2)

k=g T, =k (1:3)
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y=lk=jolellu lFa+ip (1-4)
y=jole llu Fa+jB=>a=0and B=w\le |lul=y (1-5)

We have clearly propagating waves (propagating medium o = 0). The expression of a

propagating plane wave in such media is written as:
E = E, exp(—yz) = E, exp(~ jkz) = E, exp(- jk,nz) (1-6)

e Quadrant 2: epsilon-negative medium or electric plasmae <0, >0

In certain frequency regimes many plasmas exhibit this characteristic. For example, noble
metals (e.g., silver, gold) behave in this manner in the infrared (IR) and visible frequency

domains. This quadrant supports evanescent waves.
Wehave e<0=>c=—|¢land pu>=0= u=| u|

From ( 1-1) we obtain:

n=y-le llu = ile (1-7)
k=jole | 4 =kn (1-8)
y=ik=ixioflelly l=a+ip (1-9)
7/:jxja)\/lngyr|:a+jﬁ:ﬂanndaz—a)W<0 (1-10)

And then from ( 1-7 ) the expression of a propagating plane wave in such media is written as:
E = E, exp(-az2) (1-11)
Since a is negative the term exp(-«az) diverges when z — 4o00. The evanescent waves
are amplified in an ENG media.
e Quadrant 3:double-negative media or left-handed materials ¢ <0, £ <0

This third case was proposed by Veselago in 1968, supporting the backward propagating

waves. We have:

e<0=e=—|¢land u<0= u=—|u|
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From equation (1-1) we obtain:

n:\/_lgr|x_|lur |:\/|gr”/ur| (1'12)

k = a)’\/gr:ur = w\/' gr ” :ur | ( 1-13 )
Comparing equations ( 1-9 ) and ( 1-13) then we obtain
a=0and B=wyl& |l u =y (1-14)

Then, the expression of the electric field corresponds to the propagating waves and can be

written as:
E = E, exp(-yz) = E, exp(- jkz) = E, exp(- jk,nz) (1-15)

e Quadrant 4: mu-negative medium or magnetic plasmas >0, 2 <0.

In certain frequency regimes some gyrotropic materials exhibit this characteristic. This

quadrant supports also evanescent waves.
e-0=ce=¢eland u<0= u=—|u|

From equation ( 1-1)

NP SSNEAA (1-16)

k:ja)\”gr ”/ur | (1'17)

From equation ( 1-9 )and ( 1-17 ) , we find
B=0and a=-w\l& |lg =y (1-18)

From equation ( 1-6 ), the expression of the propagating plane wave in such medium is :
E = E, exp(-az2) (1-19)

Metamaterials have much broader scope than LHM, as shown in figure 1-1. In the ¢ — u

domain, there are several special lines and points indicating special material properties. For
example, the point u = —puyand e = — g, represents an antiair in the LHM region, which
will produce a perfect lens; the point u = 0 and € = 0 represents a nihility, which can yield

a perfect tunneling effect; the line u = — & in both RHM and LHM regions represents

impedance-matching materials, which have perfect impedance matching with air, resulting no

10
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reflections. Also, the vicinity of 4 = 0 is called as u near zero (MNZ) material, and the

vicinity of € = 0 is called as e-near zero (ENZ) material, which has special properties
applied in in perfect lens [56].

1.5. Artificial dielectrics

Anrtificial dielectrics, the first known metamaterials, usually consist of artificially created
molecules with dielectric or metallic inclusions of a certain shape [33]. These molecules can
be distributed and oriented in space, as seen in figure 1-2, either in a regular lattice or in a

random manner.

Figure 1-2 : The geometry of a generic artificial dielectric [33]

The dimensions of the molecules and characteristic distances between neighboring ones

are assumed to be very small, as compared to the wavelength.

The concept of artificial dielectrics was perhaps first introduced in [34], who used it to
design low-weight dielectric lenses at microwave frequencies. Artificial dielectrics also find
applications where we need to use a high-permittivity material, such with the titanate which
hase, =90 . Since these materials are usually expensive, an alternative is to use metallic
inclusions of various shapes with sizes that are small compared to the wavelength to
artificially produce a high-permittivity material, which is both low-cost and lightweight [35].
A very interesting example of artificial dielectrics is the wire medium [36] [37], which has

been known since 1950s. It is formed by a regular lattice of conducting wires.
1.6. The microscopic view of metal thin wire

Based on the effective medium theory, the metamaterials can be characterized by

effective electric permittivity and magnetic permeability. Pendry realized the artificially

11
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electric plasma using a metallic wire whose permittivity is negative [38] And the artificially

magnetic plasma whose permeability is negative [39]. Metamaterials open a door to realize all

possible material properties (tailoring desired electromagnetic properties) by designing
different unit cells and using different substrate materials [40]. Among the various, usual and

unusual material parameters provided by metamaterials (>0, per>0, €61<0, pefr<0, €e1=0,
Leit =0, =0...) they can lead to many interesting phenomena.
The metal thin wire medium, whose unit cell is presented in figure 1-3-(b) exhibits a

plasmonic type permittivity frequency function of the form [41]:

2
,

=1-—" 1-27
8reff (60) a)z _ jrea) ( )

Equation ( 1-27 ) in real and imaginary parts becomes:

_ ‘Uzz)e . Fewz%e
w? + T} S @2+ 1)

fSreff(w) =1 (1-28)

The real and imaginary parts are plotted in figure 1-3 (c).

Analytic procedure is detailed in [42] from which the Drude parameters w,, and I;, are

expressed in function of the geometric dimensions (the period a and the radius of the wire r)

as.
27c?
O, = | (1-29)
a“In(a/r)
aw
Fo=6(—%) (1-30)
wor

Where C is the speed of light and o is the conductivity of metals.

We observe from the equation ( 1-28 ) that Re(g,) <0 for @< Jw? —T? . It means

that if there are no collisions, the free electrons movements are in phase of 180° with respect
to the applied electric field. In this frequency band, the propagation is not possible and the

wave is evanescent and it’s completely reflected at the medium interface.

12
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Figure 1-3: 2D thin wires arrangement, (b) Thin wire unit cell, and. (c) Real (solid blue) and

imaginary (dashed red) parts of effective permittivity of metamaterial (a) [43]

1.7. Artificial magnetic materials

Anrtificial magnetic materials are typically synthesized by using resonant elements, such
as split-ring resonators or Swiss rolls as shown in figure 1-4. The split-ring resonators are
more widely used than the Swiss rolls since they can be manufactured using printed circuit
technology. Artificial magnetic materials were known as far back as the early 1950s, and a
book by Schelkunoff and Friis [44] provides expressions that can be used to calculate the
magnetic flux of a split metallic wire loaded with a small capacitor, formed by a pair of
parallel metallic plates. Schneider et al in [45], used a split metallic tube to produce a nuclear
magnetic resonance NMR probe, and, in [46] Hardy proposed a Swiss roll resonator to
achieve magnetic resonance at 200-2000 MHz. Kostin et al in [47], has synthesized an
artificial magnetic material with frequency dependent positive permeability by using double

circular ring resonators.

Za
1

Y, s -
(@ (b)

Figure 1-4: (a) - Split-ring resonator SRR (b) - Swiss roll resonator

An artificial magnetic material, which is formed by split-ring resonators, possesses
negative permeability within a frequency band (bandwidth is typically narrow) near the
resonant frequency of the single split-ring resonator; it is widely used to create LHMSs.

Metallic waveguides filled with such artificial magnetic materials support guided waves at

13
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frequencies below the cutoff frequencies of corresponding hollow waveguides hence such
guides are also referred to as the sub-wavelength waveguides [48]. This effect can be used for
miniaturization of guided wave structures [49], though they do introduce additional losses

owing to the presence of high circulating currents in the inclusions when they are resonant.
1.8. Microscopic view of split ring resonator (SRR)

The SRR in figure 1-5-(b) exhibits a permeability frequency response of the form [41]:

(1-31)

Figure 1-5 : (a).Array of SRR.(b).SRR of 1D and 2D unit cells (c). Re(ureff)(solid blue),
Im(p,., y f) (dashed red) [31][43]

Equation ( 1-31) is divided in real and imaginary parts and presented in figure 1-5-(c):

F(o® - . | O
U (0)=1-— (2 o) st ; (1-32)
reff (0" —y,) + (o) (0" —w;,,) +(al,,)
Lorentz parameters are calculated in detail manner in [38] :
F=Jx(V) (1-33)
3a
Don=C (1-34)

7In2(2Wr /)

Where r, w and o are the inner radius for the smaller ring, width of the ring and radial
spacing between the rings.

We have also:

14
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r -2 (1-35)

m r/,lo
R'is the metal resistance per unit length.

We observe from ( 1-32) that s <0 forw,, < @<= % =0y,

1.9. Metamaterial applications

Due to the exciting and unusual features, metamaterials have found and are finding a lot
of applications. Metamaterials can impact on telecommunications, sensing and susceptibility,

across all wave types, but especially electromagnetic and acoustic as shown in figure 1-6.

Figure 1-6 : Potential applications

1.9.1. Superlens

For left handed metamaterial, the most attractive feature is the superlens which can be
widely used in super resolution medical imaging, optical imaging, and nondestructive
detections [50]. A super lens or perfect lens is a lens which uses metamaterials to go beyond
the diffraction limit [51]. This is an inherent limitation in conventional optical devises or
lenses. In 2000, a type of lens was proposed, consisting of a metamaterial that compensates
for wave decay and reconstructs images in the near field and most importantly the both
propagating and evanescent waves contribute to the resolution of the image figure 1-7. In
2004, the first superlens with a negative refractive index provided resolution three times better
than the diffraction limits and was demonstrated at microwave frequencies. In 2005, the first
near field superlens which exceeded the diffraction limit was demonstrate [52]. The higher

focusing resolution will be provided by flat LHM lens if compared to convex dielectric lens

15



Chapterl: Metamaterials

and elliptical reflector focusing system. The LHM lens has the potential to acquire higher
imaging resolution and easy in-depth scanning, which will simplify the detection system
design [52].

Metamaterials nanolens

L Object

Image

Figure 1-7 : Super-resolution imaging using a three-dimensional metamaterials nanolens

For example in biological domain, microwaves are used to destroy or ablate diseased
soft-tissue by heating it to a temperature that causes cell death. This procedure is called
hyperthermia. The generator produces microwave energy which is transmitted through the
antennas into the patient. Elevating the temperature of tumor cells causes cell membrane
damage, which leads to the destruction of the cancer cells. Hyperthermia treatment of cancer
requires directing a carefully controlled dose of heat to the cancerous tumor and surrounding
body tissue. The most prominent property of metamaterial lens is the ability of negative-
refractive index (NRI) to focus the electromagnetic field of a source. Hence it can generate
appropriate focusing spot in biological tissue as required in microwave hyperthermia

treatment.
1.9.2. Antennas

Metamaterial antennas are a class of antennas which use metamaterials to enhance or
increase the antenna performances [53], as shown in figure 1-8. The metamaterial could
enhance the radiated power of an antenna. Materials with negative magnetic permeability
could possibly allow for properties such as an electrically small antenna size, high directivity,
and tunable operational frequency [54]. Furthermore, metamaterial based antennas can

demonstrate improved efficiency and high bandwidth performance [55].
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(@) unlined Horn

Figure 1-8 : Rectangular horn antenna (a)-alone (b)-with metamaterial

Metamaterials employed in the ground plane surrounding antennas offers improved
isolation between radio frequency or microwave channels of (multiple-input multiple-output)
(MIMO) antenna arrays. Metamaterial, high-impedance ground planes can also be used to
improve the radiation efficiency, and axial radio performance of low-profile antennas located

close to the ground plane surface.

Metamaterials have also been used to increase the beam scanning range by using both the
forward and backward waves in leaky wave antennas. Various metamaterial antenna systems
can be employed to support surveillance sensors, communication links, navigation systems,

command and control systems [56].

The gradient refractive index metamaterials are also utilized to produce beam-bending
lens and beam-focusing lenses. Based on such properties, high-gain and broadband gradient
planar lens antennas and Luneberg-like lens antennas have been proposed and realized [56].
The Industrial, Scientific and Medical (ISM) radio bands are portions of the radio spectrum
reserved internationally for the use of radio frequency (RF) energy for industrial, scientific

and medical purposes other than communications.
1.9.3. Microwave devices

The waveguided or planar metamaterials which are composed of complimentary
structures like CSRR have been used to design microwave devices like filters, power dividers,
and phase shifters. Narrowband and broadband polarizers have been realized using three-

dimensional (3D) anisotropic metamaterials.
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Figure 1-9 : Planar waveguides with double SRR metamaterials

Superconducting metamaterials have been achieved in addition to superconducting split
rings and wires. They have been utilized to realize a number of unique applications. The
combination of left-handed and right-handed propagation media creates opportunities for new
types of resonant structures. By laminating two materials with opposite sense of phase it is
possible to create a new class of resonant structures [57]. For example, two flat conducting
plates separated by a sandwich of left-handed and right handed metamaterials constitutes such
a new resonator. A wave propagating in the direction normal to the plates will suffer a
combination of forward and reverse phase windings before reaching the other reflecting
boundary. Under these conditions the wave could undergo a net phase shift of 0 radians and
still create a resonance condition. The net phase shift could also be a positive or negative
multiple of 2n radians as well, each creating a resonant condition. The result is an ultra-
compact resonator whose overall dimension is no longer constrained by the wavelength of the

resonant wave.

Superconductors are particularly attractive for use in ultra-compact resonators and
showed resonances with indices between +2 and -6, including zero, over the broad frequency
range from about 5 to 24 GHz [58]. Quality factors of the negative order resonances were on

the order of 3000 at 30 K, while those for positive order resonances were below 400.
1.9.4. Circuit applications

SRR and CSRR-based transmission lines are useful for device miniaturization, and find
their applications in microwave passive components such as impedance inverters, power
dividers [59], couplers, and filters. SRRs are also useful particles in many other applications
such as magneto inductive and electro inductive wave components [60] frequency selective

surfaces [61].
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1.9.5. Cloaking

Cloaking devices are advanced stealth technologies that can make objects partially or
wholly invisible to some portions of the electromagnetic spectrum. Generally speaking, there
are several major approaches to render objects invisible. For example, Alu and Engheta [62]
proposed to use plasmonic coatings to cancel the dipolar scattering. But this technique is
limited to the sub-wavelength scale of the object, and the coating depends on the geometry
and material parameters of the object. The cloak deflects microwave rays, so they circumvent
the object inside with little distortion figure 1-10 making it appears almost as if nothing were
there at all. Milton and Nicorovici [63] discovered that using a metamaterial coating would
cloak polarizable line dipoles. But the coating is affected by the objects placed inside.
Leonhardt [64] and independently Pendry, Schurig and Smith [65] discovered a coordinate

transformation mechanism for electromagnetic cloaking.

Light source

object

Metamaterial

Guiding of Electromagnetic waves
Figure 1-10 : Invisibility cloaks

Their mechanism was quite similar to that of Greenleaf et al. [66][67] introduced for
conductivity. Their main idea is to guide electromagnetic wave around the cloaked region,
and much later work has adopted this technique. In May 2006, the first full wave numerical
simulations on cylindrical cloaking was carried out by Cummer et al. [69]. A few months
later, the first experiment of such a cloak at microwave frequencies was successfully
demonstrated by Schuriget al. [70], where the cloak surrounding a 25-mm-radius Cu cylinder
was measured. After 2006, numerous studies have been devoted to cloaking, mainly inspired
by [69]. For example, in 2008, Liang et al [71] performed a time-dependent simulation for the
cylindrical cloak using finite-difference time-domain method.

1.9.6. Biosensing

Another potential application field of metamaterials is on biosensing. Conventional

biosensors (such as those based on electro-mechanical transduction, fluorescence,
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nanomaterials, and surface plasmon resonance) often involve labor-intensive sample

preparation and very sophisticated equipment [68].
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Figure 1-11 : Schematic illustration of Vis-NIR SRR metamaterials as dual transducing mode

nanosensor for the detection and identification of biomolecules

In recent years, researchers have proposed to use metamaterials as candidates for
detection of highly sensitive chemical, biochemical and biological analytes. For example, Lee
et al. [72] studied the possibility of using split-ring resonators (SRRs) for biosensors. The

basic principle is based on the fact that SRR can be considered to be a simple LC circuit with

a response frequency of f =1/2z+/LC , which shows that the resonant frequency varies in

terms of the changes in the inductance L and/or capacitance C. Hence the resonant frequency
of the SRR shall be shifted before and after the introduction of biomaterials. Planar
metamaterials were proposed to serve as thin-film sensors recently by O’Hara et al [73]. They
found that a resonant frequency response can be tuned through metamaterial designs. Though
their metamaterial design can only detect thin films having a thickness less than 100 nm, their
work presents a promising utlook for THz sensing technology.

1.10. Frequency selective surface (FSS)

Frequency Selective Surfaces are planar periodic structures of identical patches or
apertures of conducting elements duplicate periodically in either a one or two-dimensional
array on a dielectric substrate as shown in figure 1-12. Because of their frequency selective
properties, FSS are incorporated in a wide variety of applications such as the realization of

reflector antennas and antenna/radome design as shown in chapter 4, making polarizers and
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beam splitters, and also as radar absorbing structure [74]. The frequency behavior of the FSS
depends on the shape of the elements (apertures/patches), their size, spacing, and thickness of
the metal screen. Generally FSS are employed in front of a grounded dielectric slab

(substrate) to synthesize high-impedance absorbing surfaces.
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Figure 1-12: Plane FSS with different unit cells [75][76]
1.10.1. FSS element comparison

There are four different types of possible element-type FSS arrays: center connected,
loop, solid interior and combination. See figure 1-13 for some examples of each element type
[74].

Group 1: "Center Connected” or "N-Poles"

+ & Q00

<13

Group 2: "Loop Types"

Group 3: "Solid Interior" or "Plate Type"

Group 4: "Combinations™
Figure 1-13: The four major groups of FSS elements [74]

The first group, the center connected elements, are a viable candidate for both radiating
and non-radiating arrays. Perhaps the most recognizable from the center connected group is
the dipole [74]. The loop elements are in general an excellent choice for non-radiating
element FSS arrays. These elements are typically smaller in the x and y directions than the

center connected elements with respect to a wavelength and thus can be spaced close to one
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another. Plate elements in general do not have very desirable characteristics. First the element
have x and y dimensions around a half of a wavelength, which limits how closely these
elements can be placed next to one another. In addition plates are highly inductive elements
with small capacitances between them, leading to issues with regard to achieving resonance.
If the FSS never resonates, then it is impossible to achieve perfect reflection. This is due to
the fact that at resonance, the FSS becomes a short circuit (assuming the materials are
lossless) and thus acts as a perfect electric conductor (PEC) ground plane [74]. Finally
combination elements are too diverse to generalize in any meaningful way. The possibilities
in this group are as boundless as the imagination of the designer. Some possible examples of

elements in this group have already been shown in figure 1-13 [74].

The FSS arrays effectively create low pass, high pass, band stop, and band pass filters
respectively ( see figure 1-14 ) to electromagnetic energy at their design frequency range.
These types of filters are used in a wide variety of applications, including radomes, dichroic

surfaces, and circuit analog absorbers [77].
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Figure 1-14 : Filter types based on FSS (a)-low pass filter (b)-high pass filter(c)-band stop filter
(d)-band pass filter [78]
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The FSS found their application in:

1- Selective shielding of the electromagnetic interference from high power microwave

heating machines adjacent to wireless communication base stations,
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2- Selective shielding of frequencies of communication in sensitive areas (military

installations, airport, police.),

3- Protection from harmful electromagnetic radiation especially in the [2 , 3] GHz band in
domestic environment, schools, hospitals etc. arising externally (wireless communication base

stations) or internally (microwave ovens),
4- Control of radiation at unlicensed frequency bands (Bluetooth applications, 2.45 GHz),

5- Pico-cellular wireless communications in office environments such as the Personal Handy
phone System in offices where to improve efficiency each room needs to prevent leakage of radio
waves into and of the room. This implies that windows, floor and ceiling need to be shielded.

Kajima Research Institute is developing such a film to be applied to buildings,

6- Isolation of unwanted radiation. FSS windows can be incorporate in trains prevent mobile

phone frequencies; around base station antennas to filter out unwanted radiation.
1.11. Metaradomes

Metamaterial plays a significant role in improving the electromagnetic properties of the

radome, so metamaterial is employed for radome material, it called metaradome.

Metaradome designs should be developed and adjusted to diffrent application areas such
as maritime, telecom, radar, aerospace, and automotive applications [79]. Metaradomes may
help in shaping the directivity of antennas. Directional antennas are used in wireless networks
[80], and the use of metamaterials in the antenna design is described in [80][81]. Another
application is cognitive radio. Such a radio automatically detects available channels in a
frequency spectrum and accordingly changes its transmission or reception parameters to have
an optimum communication bandwidth within a defied spectral region. Such a softare-defied
radio platform should convert into a completely reconfigurable wireless system that
automatically alters its communication variables according to network and demand of user

[82]. For this propose, there are studies to design suitable reconfigurable antennas [83][84].

In[85] the gain of the metamaterial radome is showing improvement of 124% compared
to the patch antenna alone. Owing to high gain behaviour the proposed metamaterial radome
is applicable in several radar systems. The potential of metamaterials for improving the
performance of microwave radomes and several examples of the use of metamaterials in the

design of radomes have been given in [86].
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The application of metamaterials to radomes is a new research fild which is open for

further analysis and development. Potential applications are diverse and promising.
1.12. Conclusion

The metamaterials are artificial materials made of a periodic arrangement of unit cells
with some unique properties. Such properties include a simultaneous negative or positive
permittivity and/or permeability. Its properties can be tailored in a broader manner than with

classical materials. These characteristics allow metamaterials to be useful.

Metamaterials can be used for several interesting devices in microwave and terahertz
engineering such as antennas, microwave devices, superlenses, absorbers, cloaks, filters and

acoustics, sensors, superlens, and biomedical applications.
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2.1. Introduction

Frequency Selective Surfaces (FSSs) are periodic structures in two dimensions that can
provide frequency filtering to incoming electromagnetic waves [87], also they have been the
subject of intensive investigation for their widespread applications as spatial microwave and
optical filters for more than four decades [88][89]. Frequency selective surfaces are usually
constructed from periodically arranged metallic patches of arbitrary geometries or their
complimentary geometry having aperture similar to patches within a metallic screen. These
surfaces exhibit total reflection or transmission, for the patches and apertures, respectively, in
the neighborhood of the resonances element. The most important step in the design process of
a desired FSS is the proper choice of constituting elements for the array. The element type
and geometry, the substrate parameters, the presence or absence of superstrates, and inter-
element spacing generally determine the overall frequency response of the structure, such as
its bandwidth, transfer function, and its dependence on the incidence angle and polarization.

Although conceptually similar to a classical microwave filter, it should be emphasized

that a space filter is inherently much more complicated.

First of all, a classical filter merely has a pair of input and output terminals and only the
frequency is varied at the input while the response at the output is recorded. A space filter, on
the other hand, has the incident field arriving at various angles of incidence as well as
polarizations. This fact has a profound effect on the transmission properties; in short, the
transmission curve will change dramatically unless carefully designed. The shapes and
configurations that can be chosen for the FSS elements are limited only by the imagination of
the designer.
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Figure 2-1: Perspective of a unit cell (Jerusalem)

The unique properties and practical uses of frequency selective surfaces realized over
many years have produced an extensive body of work within both academic and industrial
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sectors. Historically, the essential behavior of these surfaces stems from meshes and strip
gratings concepts exploited in the optical regime. At microwave frequencies, the applications
of FSSs are predominantly for antenna systems in fixed as well as mobile services. Published
reports of basic properties of simple structures in the cm-wave region go back as far as
1946[90][91], although the name FSS was not used until much later on. Planar and curved
FSSs are used for a variety of applications including design of antenna radomes, as mentioned
in the final chapter, dichroic surfaces for reflectors and subreflectors of large aperture
antennas, or even absorbers [75]. More sophisticated FSSs with multiple resonances [92] have
been designed and reported in the literature with the advent of computational
electromagnetics codes that began in the 1980’s [93]. More recently, in [94] advanced
methods based on method of moments (MoM), finite element method (FEM), and finite-
difference time-domain (FDTD) with periodic boundary conditions have made the design
process of FSSs substantially easier. In [95], self-similarity characteristics of fractal
geometries are exploited for the design of a dual-band FSS. In [96], design of a reconfigurable
frequency selective surface with traditional elements integrated with RF MEMS switches
operating at Ka-band is reported. Also the application of ferroelectric substrates for tuning the
surface frequency behavior is considered in [97]. The use of superconductors in the design of
very low loss FSSs is comprehensively studied in [98], also FSS are used like circuit analog
absorbers, filters, polarizers and some recent applications such as radio frequency
identification RFID tags [75] [99], robotic guided paths, photonic bandgap structures [100],
collision avoidance, electromagnetic interference EMI protection [101] and secure building
applications [102] . An interesting use of FSS on fabrics for wearable applications is
mentioned in [103]. The first conceptual work about “periodic surfaces” was patented by
Marconi and Franklin in 1919 [104]. FSS studies starting with Marconi and Franklin's
invention have been continued by many researchers up to now. There has been a great interest
in these structures especially since 1960's. However, the name “Frequency Selective Surface”
was patented for the first time by Yee in 1993 [105]. The definitions and discussions about
FSS phenomena are clearly declared by Munk, guru of FSS, in [75]. The first concept which
should be understood is "Periodic Surface™ since it constitutes the nature of FSS structures. A

periodic surface consists of identical elements of infinite arrays in one or two dimensions.

The factors affecting the performance of FSS structures can be listed as:
e Type of elements (patches vs. slots),
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e Shape of elements,

e Dimensions of elements,

e Inter element spacing,

e Array configuration (i.e. rectangular, triangular, hexagonal etc.),

e Alignment of elements in multi-layer structures.

Moreover, the electrical properties of the substrate material also determine the
performance of FSS. Therefore, there are numerous combinations of various parameters in

order to reach an optimum solution for a specific problem.

In modern military platforms such as ships, aircrafts and missiles, frequency selective
surfaces are widely used for antennas and radar cross section (RCS) reduction. The RCSs of
complicated objects such as antennas are difficult or impossible to control over a wide
frequency range [106]. The most efficient and cost-effective approach in these situations is to
shield the scattering object from the threat radar. This can be accomplished by retracting the
object and covering the cavity in which it is housed with a shutter. If the object is an antenna,
then, obviously, the system served by this antenna cannot operate when it is stowed. An
alternate approach is to cover the antenna with an FSS that is transparent at the antenna
operating frequency, yet opaque at the threat radar frequency. Considering the shape and
structural constraints of military platforms, the antenna and the FSS radome should be
carefully designed as an integrated module such that the module should have the radiation
performance of the antenna, and the filtering performance for anti-interference and low RCS
(see chapter 4). Otherwise, a bad design such as setting up the antenna behind an FSS radome
blindly may lead to an increase in the RCS, a degradation of the radiation performance of the
antenna as well as its impedance matching properties, strong undesired electromagnetic

interference (that may destroy the whole electronics of the system), etc.

In literature very few papers can be found about an integrated design of antenna and FSS
radome (see chapter 4). Structural integration of antenna and an FSS structure was firstly
reported in [107]. But in [107] FSS was used only to enhance the antenna radiation efficiency
due to its high impedance characteristic. Multilayer FSS combined with open-end waveguide
radiator arrays have been presented in [103][104], in which only filtering performance of the

integrated module has been investigated using multi mode equivalent network method.

In this section, a detailed investigation of periodic surfaces including their resonance

mechanisms, analysis method and some unit element types are provided (with HFSS).
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2.2. Type of elements: patches and slots (apertures)

FSS structures are constructed with any of two types of elements: metallic patches on
dielectric slabs or slots in metals. The metallic patches exhibit a capacitive behavior and low
pass filtering characteristics (see figure 2-2.a). If the patches and apertures are replaced as
shown in figure 2-2.b, the structure can be made inductive, which results in high-pass filtering
properties [108]. In order to govern desired filtering characteristics, capacitive and inductive

models can be arranged together.
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Figure 2-2: Transmission characteristics and models of FSS with respect to electrical properties:

(a) Capacitive (b) Inductive [108]

By modification and utilization of different element types together, different filtering
characteristics like low-pass, high-pass, band-pass and band-stop, can be obtained. As
mentioned above, if the elements are pure capacitive, corresponding is a low-pass filter.
Reversely, if the elements are pure inductive, a high-pass characteristics comes up. The size
of patches in figure 2-2.a is greater than the size of the apertures, which results a high
capacitance and a negligible inductance with respect to the capacitance. In figure 2-2.b, the
same situation is present for the apertures against small patches which creates an almost pure
inductive medium. These characteristics are modified by making the inter-element apertures
between the patches comparable and vice versa. In this way, FSS elements can be arranged in

order to include both capacitive and inductive properties together. If patches are modified in
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this manner a band-stop filtering effect is observed. Similarly, due to the duality principle,

apertures can be utilized in order to achieve band-pass performance.
2.3. Shape of elements

Munk groups FSS elements according to their shapes in four main categories [101] (see
figure 2-3), which are namely;

1. The center connected or N-poles
2. The loop types

3. Solid interior or plate types

4

Combinations

The center connected or N-poles is the basic form for many FSS structures such as single
dipole, three-legged, anchor, the Jerusalem cross and square spiral elements. Simple dipoles
are arrayed in two dimensionally periodic sense which demonstrate a band-stop
characteristics when illuminated.

=y

Group 1: "Center Connected” or "N-Poles"
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Group 2: “Loop Types"

Group 3: "Solid Interior" or "Plate Type"

Group 4: "Combinations”

Figure 2-3 : Classification of FSS elements [75]

A patent for FSS was granted in 1974 to Munk for his work about the stabilization of FSS
performance against oblique incidence [109]. Munk determined that the spacings between the
unit cell elements must be smaller than 0.4\ so as to preserve the FSS characteristics for

different scan angles. Furthermore, in order to provide small inter-element spacing, he
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claimed that the elements should be miniaturized. The most commonly used method to

miniaturize a resonance structure is to load it either capacitively or inductively.

As shown in figure 2-4, the dipole elements (Figure 2-4.a) are loaded by two shorted
wires segment (figure 2-4.b) which supplies the required inductance to obtain the resonance
frequency of half wavelength dipole elements in smaller sizes. The characteristics of the
unloaded dipole elements are very sensitive to the angle of impinging waves as seen in figure
2-5. When the shorted loading segment is inserted between smaller dipole elements, the

stabilization is observed to increase significantly.

According to Munk [101], the reason is the impedance of the shorted dipole elements
which is much higher compared to the mutual impedance. Thus, the effect of the mutual
impedance, which normally changes with the scan angle and modifies the behavior, is
diminished. The loaded model has narrow-band characteristics since the impedance of the
shorted dipoles varies dramatically with frequency. Therefore, Munk suggests that kind of
FSS elements for applications where wide scanning and minimum bore-sight error are desired
[101].
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Figure 2-4 : Dipole elements a) Regular half wavelength dipoles b) Loaded dipoles[109]
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Figure 2-5 : Reflection curves of standard dipoles for different angles of incidence [109]

The band reject performance of the single dipoles is poor since secondary resonance
occurs in oblique incidence cases for parallel polarization. This situation may cause
transmission of undesired signals of stop-frequency band for parallel polarization cases. The
unloaded tripole element improves the bandwidth performance with respect to single dipoles.
The smaller inter-element spacing is another advantage of the unloaded tripoles. However, the
second harmonic excited by parallel polarization still occurs for these elements. The anchor
elements are constructed by tuning the tripole element with an end capacitance. The
modification results in a broader bandwidth and smaller spacing. The Jerusalem cross consists
of crossed dipoles loaded at the ends similar to anchor elements. The capacitive loading
decreases the fundamental resonance frequency. The second harmonic null shifts upward in
frequency. For Jerusalem cross, another null also takes place in upper band, which is defined
as "free space grating lobe™ by Munk [101].The last member of "center connected” elements
is the square spiral. The interesting feature of the square spiral element is its dual filtering
characteristics. In other words, the element can be used as either band-pass or band-stop filter

due to the higher null position in frequency.

The second group of elements called “loop types” consists of three or four-legged,
circular, square and hexagonal loops. The invention of the four legged loaded element by
Munk in [109], aims to decrease the inter-element spacing in order to strengthen the stability
against oblique incidence and to increase the bandwidth of operation. Since the model is
symmetric in two orthogonal axes, both vertical and horizontal polarizations are filtered
equally. As a natural consequence, the same equivalent circuit model parameters apply for

both polarizations.
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The three-legged loaded element is modeled as a consequence of the four-legged element.
The bandwidth and stability performance is more powerful with respect to unloaded model.
The three legged loaded element has a wider broadband than the four legged elements since

the inter-element spacing is significantly smaller which can be observed from figure 2-6.

Figure 2-6 : Array of three-legged loaded FSS elements [101]

The hexagonal loop element is better than the other members of loop family in terms of
the location of the first null which occurs at a higher frequency like the square spiral of the
first group. Solid interior FSS elements contain the circular, triangular, square, hexagonal
plates or the apertures of the corresponding shapes for the reflecting or transmitting
characteristics, respectively. According to Munk [101], the main disadvantage of this group is
the size of elements, which should be around 4/2 and results in a higher inter-element spacing.

Thus, these elements are more sensitive to the angle of incidence.

The last group of elements is constructed combining the elements of the three groups
above. The number of possible combinations is countless. As a consequence of the capacitive
effect of loading, the element sizes and inter-element spacing decrease. Thus, the oblique
incidence performance of the four-legged loaded element enhances. Any combination of the

elements can be applied in order to benefit the major advantages of different types.
The performance parameters for FSS structures can be listed as follows:

e Bandwidth
e Sensitivity to angle of incidence
e Pass-band flatness

e Selectivity
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Bandwidth definition for FSS model can be made with respect to either transmission or
reflection performances. In terms of transmission properties, the frequency points where the
transmitted signal is 3dB below of maximum transmission value can be defined as a
bandwidth criterion. It is also possible to define bandwidth of operation using reflection
characteristics of FSS model. In this case, a pre-determined value for reflected signals, i.e. -10
dB, can be regarded as the limits for bandwidth determination. These definitions are valid for
band-pass cases. However, for band-stop FSS, duals of the definitions are applicable. For
example, 3dB below of resonance reflection of a band-reject FSS can be chosen as bandwidth

measure.

In aspects of bandwidth characteristics, FSS can be constructed for narrow or wide band
operations. Single element dipoles create a narrow-band filtering behavior. For the
applications where a wide spectrum of frequency is required, wideband FSS structures can be
employed. Numerous articles about wideband FSS can be found. For example, Zhou et. al.
designed an ultra-wideband FSS consisting of three metallic layers and two very thin
dielectric layers [110]. The upper and bottom layers of the model are rectangular patches
while the middle layer is a square grid as shown in figure 2-7.a. The prototype fabrication of

the FSS seen in figure 2-7.b consists of an array of 67x67 unit cells.
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Figure 2-7 : Wideband FSS structure a) Three dimensional unit cell model b) Prototype of
fabricated FSS [110]
Rather than single band of operation, it is also possible to achieve dual-band filtering
responses with FSS structures. figure 2-8 show a dual-band reject FSS which consists of two

nested rectangular loops placed on the same surface. The model can be further modified such

that a band-pass filtering occurs between two nulls of rejection frequencies.
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Figure 2-8 : Double square loop FSS model [111]

Another dual-band FSS model described by Yee in [105] consists of three metal layers
and two dielectric layers between them. The outer metallic sheets have arrays of apertures
while the inner sheet has patches. Yee also suggests the implementation of both low and high
frequency FSS arrays on the same metallic sheet as shown in figure 2-9. With this
configuration, a dual-band frequency selective surface is obtained. When the crossed dipole
elements are used, FSS rejects the signals of two predetermined frequencies. If the elements
are crossed apertures, FSS transmits the impinging waves of two different wavelengths. The

sheets are kept apart from each other using the dielectric substrates.

Figure 2-9 : Dual-band FSS model [105]

An extension to dual-band FSS could be the concept of "multi-band filtering™. The multi-
band pass or reject FSS can be designed by applying different sized elements together or
fractal elements. As an example of the recent work about this concept, a tri-band stop FSS
developed by Kim and Choi can be found in [112]. In this model, three distinct resonance
frequencies are created using the ternary tree shaped loop loaded with a tripole element (see
figure 2-10). Two of the resonance frequencies originate from the loop and the third one from

the tripole placed inside the loop.
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Ternary
tree loop

Tripole

Figure 2-10 : Tri-band FSS model [112]

As the design and fabrication technologies developed, new types and applications of FSS
structures have arised enormously. Fractal elements have unique properties like small element
size due to the confined. Her interesting implementation is the introduction of the fractal
elements for multiban geometry which creates a long curve in a low space [106]. Thus, the
spacings between the fractal elements become closer than the non-fractal ones.

The major point about the fractal elements is the self-similarity property which provides
multiband behavior [107]. Self-similarity is the replication of the major element at a different
scale with iterations (see figure 2-11). The multiband frequencies change with respect to the
replication scale.

Vvwy

initiator first iteration second weration

Figure 2-11 : Iterations of the Sierpinski FSS [107]

Sensitivity to angle of incidence, top flatness and selectivity properties of FSS structures
are directly related with the constructional aspects. Instead of single metal sheet, FSS
structures can consist of double metallic layers with dielectric substrates between the FSS
layers or superstrates on them. The main targets for such modifications to FSS structures are
to create a flat-top pass-band and to increase the selectivity with a fast roll-off. First of all,
using two cascaded FSS layers, as shown in figure 2-12, enhances the before-mentioned
properties (see figure 2-13). However, the structure is still weak for the illuminations at

different angles of incidences.
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Figure 2-13 : Comparison of transmission performances of single and double layer crossed dipole

aperture FSS

Another adaptation is to place dielectric layers of equal thickness and dielectric
coefficient on both sides of metallic FSS layer as shown in figure 2-14. The single FSS with
dielectric layers favors in broadening the bandwidth with respect to the case without dielectric
layers. Nevertheless, the model suffers from the rough in-band characteristics. In other words,

the flatness cannot be provided with this modification. As observed from figure 2-15, the

resonance frequency of single FSS layer moves down from fo to fy/+/€;-
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Figure 2-15 : Transmission responses of single FSS layer with and without dielectric slabs

In order to overcome both flatness and selectivity problems with a stable oblique
incidence performance, "hybrid™ FSS structures can be utilized. According to Munk, a real
hybrid FSS consists of two outer dielectric layers, two cascaded metallic FSS sheets and a
dielectric slab between them [101]. The outer dielectric layers have the same thickness and
dielectric constant and serve for constant bandwidth performance against oblique incidence
and polarizations. The middle dielectric layer determines the flatness of transmission curve in
the pass band. FSS sheets are responsible for the bandwidth and resonance frequency. The
invention patented by Munk called “Space Filter”, a sandwich type FSS consisting of slot
metal sheets and dielectric layers, was patented in 1978 [113]. With this invention, Munk
claimed that the bandwidth of the FSS remains constant over a wide range of angle of
incidence. The new structure includes the cascaded dielectric and metal layers with different
thicknesses and models respectively. It is possible to construct a band-pass or band-stop space
filter using the corresponding elements, i.e., slots or patches. The drawing in figure 2-16
exhibits the multilayer hybrid FSS model. The outermost dielectric layers are used to provide
the necessary conductance yielding to constant bandwidth for varying angles of incidence.
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The intermediate dielectric layer ensures the coupling between the periodic arrays. The total
thickness of the FSS is around an odd multiple of one quarter wavelength.
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Figure 2-16 : The schematic of a multilayer “Space Filter” [113]

Hybrid configuration of crossed dipole aperture FSS is constructed as described above
(figure 2-17). The transmission response of the hybrid FSS model is observed to be enhanced
in terms of band-pass flatness and bandwidth with respect to single metallic layer of crossed
dipole aperture FSS ( Figure 2-18). Hybrid model is also more powerful against oblique

incidence cases when compared to single layer FSS.
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Figure 2-17 : Hybrid FSS configuration of crossed dipole aperture element
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Figure 2-18 : Transmission responses of single layer and hybrid crossed dipole aperture FSS
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So far, the characteristics of planar FSS are discussed, however, for some applications
like nose radomes on the aircrafts, the angle of incidence of the incoming wave can reach to
very high values due to the shape of the radome. Therefore, conformal FSS structures are
required in order to decrease the RCS of curved structures successively, while creating no
significant effect on the performance of the antenna. Implementation of FSS on curved
radomes decreases the out-of-band target RCS of the antenna effectively since the incoming
signal is scattered to other directions, not reflected back. Other major application of
conformal FSS is the dual band reflector antenna systems. In this case a conformal FSS can
be designed as a sub-reflector, which reflecting the signals of one of the operation frequencies
to main reflector and transmiting the other (see Figure 2-19).

Main reflector

d FSS subreflector ™ «
> N
Feed, f; %

Feed, f»
Figure 2-19 : Utilization of conformal FSS in a dual band reflector system [114]
In [115], a multi-layer array approach using open-ended waveguide antenna array
combined with FSS structures conformed on a cylindrical surface is presented. A novel
fabrication approach for conformal FSS structures on doubly curved bodies is explained in

[116]. Design of a conformal FSS as a sub-reflector in a satellite is studied in [117].

Since the shape of the application surface is limited to one or doubly curved bodies, FSS
structures are necessarily to be designed as conformal implementation surfaces. The
researchers have thoroughly studied about FSS problems from 1960's up to date. With the aid
of new advanced CPUs, the analysis and design durations have dramatically decreased.
Different FSS structures are discovered as the fabrication and analysis techniques are

improved. However, still there are challenging topics about FSS to be intensively investigated
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and improved. One of these challenging issues is the application of FSS structures to
conformal bodies. The conformal application brings extra difficulties different from that of
classical planar problems. The effect of the elements at the end of the arrays can be neglected
for large arrays of FSS. However, in curved FSS, the periodicity cannot be kept in two
dimensions. On singly curved bodies like cylinders, only the periodicity in longitudinal
dimension is conserved. Thus, after a planar unit cell solution, one has to prove the design
with a curved structure analysis. There are some extra difficulties in designing conformal
FSS. For example, the stable performances against angle of incidence are a must for
conformal implementations since the incident wave can impinge on the surface of a curved
FSS structure at very large angles. Thus, FSS model has to maintain its characteristics under
these conditions. The orientation and registration of the elements on a curved surface also

play a key role in the performance of FSS.
2.4. Analysis methods for fss structures

In order to efficiently analyze various FSS problems, different solution methods may be
applicable. The analysis methods used to design and improve the performance of the FSS
structures can be detailed as follows. The pioneers of the FSS design were first applied the
mode matching technique, which was normally used for waveguides, to solve the FSS
problems. After mode matching analysis, the equivalent circuit approach is adopted to FSS
structures from a perspective of transmission lines [118]. Due to the incapabilities of both
techniques to handle the problems for the types different from the standard models like
rectangular patches and apertures, more accurate numerical methods, such as method of
moments, finite element and finite difference methods, are developed.

To start with the mode matching technique, it is applied by calculating the waveguide
modes at the discontinuities on a basis of entire domain [118]. The procedure includes
equating the expansions of fields to the boundary conditions of the discontinuity region [119].
When the scattered fields are desired to be calculated from periodic structures, the expansion
into Floquet modes is required. In mode matching technique, the appropriate basis and test
functions are used to find the unknowns of the problem, i.e, amplitudes of the fields. The
transmission and reflection parameters are directly gathered in terms of field amplitudes into the
S-matrix of the layer. The multiple layer problems are also possible to be handled with mode
matching technique in a manner of cascaded networks. In [120], the numerical analysis of an

arbitrarily shaped FSS with a combination of mode matching and S-matrix methods is revealed.
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Another method derived for FSS analysis is the circuit equivalent method which was
firstly applied by Anderson [121]. To him, the method is best fitted for the periodic, free
standing, thin and perfectly conducting metal structures where the dimensions are smaller
than the wavelength of the impinging wave. The impedance between the strips is described as
inductive if the polarization of the wave is parallel with respect to strip alignment. Shunt
capacitive elements exist if the polarization is perpendicular. The oblique incidence cases for
the equivalent circuits of gridded square and double square FSS are analyzed up to 45°
referenced to the normal [122]. The method is repeated with a novel attitude for the ring patch
FSS in [123]. The equivalent network parameters for ring elements under oblique incidence
are determined and the transmission characteristics of the analysis and measurements are
compared. Some differences between the results are observed by the authors [124]. They
attribute the disagreement mainly to the test environment and the weak accuracy of the circuit
equivalent method than other full wave numerical solutions. If the FSS model is easy to
model by lumped elements, the equivalent circuit approach can be employed to solve such
kind of problems. When the FSS model gets complicated, i.e. hybridized, multilayer or
conformal designs, the circuit equivalent method becomes inaccurate when compared to full

wave solutions. The main drawbacks of circuit equivalent method can be listed as follows:

e The cross-polarization effects are ignored, i.e., the equivalent circuit parameters
are valid for only the illumination.

e Method is incapable to handle FSS problems with large angle incidence.

e The coupling between the adjacent FSS elements is not considred.

e Analytical solutions of FSS parameters exist for a limited number of element

types.

Hence, the circuit equivalent method is not adequate to solve all FSS problems. However,
if one will work with a well-known FSS model like rectangular loop or the Jerusalem cross,
whose parameters are defined analytically, circuit equivalent approach can be a good starting

point to observe the effects of any parameter quickly.

Method of Moments (MoM) can be utilized for the solution of the operator equations of
the induced currents or fields defined on an illuminated surface [125]. The characteristics of
the FSS structures, i.e., transmission and reflection properties, can be extracted from these
solutions [126]. The convergence of the solutions is mainly determined by the basis and test

functions. MoM application for FSS brings some difficulties when the medium is multi-
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layered or a thickness is defined for metal surfaces since it becomes more difficult to handle
the Green’s functions for 3-D structures [119].

Finite Element Method (FEM) is normally applied for bounded domain structures. The
unbounded nature of FSS problems require some specific boundary conditions which
eliminate the reflected fields while absorbing the incident and scattered fields appropriately.
FEM is easily adapted to complex geometries and anisotropic media [127]. However, the
solutions of the FEM equations require a high calculation capacity which is achieved by the

high performance work stations.

Finite Difference Time Domain (FDTD) method is implemented in order to obtain
broadband responses since a wide band analysis can be gathered in a single simulation. The
detailed analysis of FSS with FDTD method is investigated in [128]. An important advantage
of FDTD method is that there is no need for any matrix conversion to solve the problems
which makes it easier when compared to other methods. However, in FDTD, the data load can

be very excessive since storage at any time instant is required.

The general approach to begin an FSS design is the "unit cell” characteristics. Due to the
periodic nature of FSS structures, infinite array approximations are applicable. Unit cell
method employs the periodic solution of an FSS model. Using the unit cell model, the
performance of an FSS structure under the infinite array conditions can be determined with
the help of an electromagnetic simulation software like HFSSe, CSTe, etc. [129]. In unit cell
analysis, it is possible to create phase difference between the periodic boundaries, which
corresponds to the oblique incidence case. The performance of a curved FSS structure has to
remain stable under varying angles of incidence. Hence, this feature is required to be tested

with the unit cell analysis at first.
2.5. Design approaches for curved FSS structures

The conformal FSS design requires extra points to consider when compared to planar
FSS applications. The model of FSS structure is critical since the good conformability
properties are needed. The circular elements are generally preferred by the designers due to
good conforming properties. The singly curved structures are easier compared to the doubly
ones since the periodic properties can still be maintained on a singly curved body. However,
for the doubly curved cases, the periodic nature of the FSS array is very difficult to be
preserved. For example, on the surface of a sphere, it is impossible to arrange the FSS

elements in a two dimensionally periodic sense. Thus, different approaches should be
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introduced to realize the FSS performance on a doubly curved structure. One of the
approaches is to use an FSS model which is insensitive to shifts in the alignment of elements
in multilayered structures. In the single element planar unit cell design period, the

performance of the FSS model can be tested in aspects of the predefined properties.

Furthermore, a different periodicity approach can be implemented which preserves the
period between the inter-elements in one dimension and the subsequent sequences of FSS
elements in the orthogonal dimension. Another method for the doubly curved structures can
be to optimize the performance of the total structure by arranging the positions of the
elements using the finite model analysis. This method would give the most reliable results,
however, it is inefficient and time-consuming compared to other approaches.

2.6. Design methodology for conformal frequency selective surfaces

The design procedure for the conformal FSS applications starts with the determination of
the unit cell model definitions as in the planar cases. The required characteristics like band
pass/band stop filtering, levels of insertion loss or reflection coefficients, oblique incidence
performance etc., are specified. Then, the starting points for the unit cell parameters are
determined either by using circuit equivalent approach if applicable or through simulation
based fast search or by scaling the known model parameters for a specific application. The
starting point determination brings the designer to a feasible solution region instead of
searching the final optimum sizes in the whole space. Generally, the optimum design
parameters will be within the close neighborhood of these starting values. The next step is to
analyze the FSS unit cell. The design is first verified for the normal incidence case with 2D
infinite planar array model. FSS performance for the oblique incidence cases can also be
observed and fine tuning of unit cell parameters to satisfy the design goals for oblique
incidences is pursued. Oblique incidence conditions are created by applying phase differences

to the periodic boundaries of the unit cell [130].

The array topology is very important for the conformal FSS applications. The placement
of the elements on a doubly curved structure is not straightforward as for the planar or singly
curved applications. When the surface is planar or singly curved, i.e. cylindrical surfaces, the
periodicity between the FSS elements can be preserved in two dimensions. However, if the
surface is doubly curved, i.e. spherical surfaces, the simple periodicity techniques are not
applicable since it is impossible to maintain the periodicity in two dimensions on these

surfaces. Instead, alternative techniques for the arrangement of the FSS elements are required
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as mentioned before in this chapter. Therefore, the designer is strongly suggested to determine
the final array parameters like inter-element spacing and array configuration. These
modifications will benefit in the realization of the eventual FSS radome structure as shown in

chapter 4. FSS parameters can also be optimized for the new array topologies [130].

Verifying FSS performance using the curved models is essential since the real application
surface will not be planar. The unit cell analysis of the single element is utilized for planar
and infinite conditions, which does not fit the real operation conditions. The interaction
between the conformal elements may be different from the planar arrays. Furthermore, the
edge diffractions can be taken into account with only a finite conformal analysis. Therefore,
the analysis of the FSS model with singly or doubly curved models is required in order to
observe the filtering characteristics of curved FSS elements. However, the finite models
usually create a heavy calculation load which cannot be solved by even high performance
work stations [130].

4 . - .
e Define FSS characteristics (Band pass/stop, Insertion loss,
Unit Cell Oblique incidence performance)
Definitions e Determine the starting points for unit cell parameters
(Circuit equivalent approach, Simulation based search)
- J
4 _ . N
: e Design for normal incidence
HEE Unl't (GElL e Optimization of unit cell parameters
Analysis e Verification for oblique incidence cases
\ %
4 _ _ N
e Array configuration
Array Design e Aray verification
e Optimization
- J
Conformal ___ _ R
Structure e Optimization of singly and/or doubly curved structres with
Analysis finite/semi-finite structure analysis
S J
i 4 I
sE:deOJeQirs; ¢ Finalization of design procedure before fabrication
gerio q g e Check for the realization of the final structure
- J

Figure 2-20 : Flowchart representation of conformal FSS design procedure
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We can overcome this problem by a semi-finite solution, the edge diffractions and the
performance of curved elements can be observed in the finite dimension. On the other hand,
the periodicity in the longitudinal dimension makes the problem convenient to analyze by

reducing the calculation load [130].

When the finite or semi-finite curved FSS analysis is completed, the design procedure
before fabrication is finalized. Nonetheless, the designer needs to check the final version of
the FSS structure in aspects of realizability for fabrication process. The design procedure for

the conformal FSS applications is also summarized with a flow chart in figure 2-20.
2.7. Conclusion

This chapter set out to better understands the frequency selective surface and to gain a

better understanding of its design methodology and the results of this investigation show that:

e There are four main categories of FSS.

e There are many factors affecting the performance of FSS structures, such as the
Bandwidth ,Sensitivity to angle of incidence ,Pass-band flatness ,Selectivity .

e There are many different solution methods may be applicable to design and
improve the performance of the FSS structures, such as the electrical properties.

e They are constructed with any of metallic patches on dielectric slabs or slots in

metals.
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3.1. Introduction

In the last few years, different applications and expected uses of metamaterials in
electromagnetic engineering require a precise knowledge of their electromagnetic properties
and several steps of design, in any case the metamaterial homogenization is an important step
in the design process, because it is related to the environnemental scale and to the effective

medium nature (isotropy, chirality ...).

This chapter introduces the metamaterials homogenization. It is divided in two principal
parts: the first one treats the effective medium properties and the homogenization criterion.
The second one deals with the methods used to extract the effective electromagnetic
parameters of the homogenized medium. This last is described by the effective dielectric

permittivity ¢, magnetic permeability x and magneto-electric coupling ¢,. These effective

parameters extraction methods use either the S parameters method or the field averaging (field

summation) method in the material region of interest.
3.2. The effective media

The most elegant and concise ways to state the fundamentals of electricity and magnetism
are represented by Maxwell's equations, which are a set of equations describing the
interaction between fields, sources, and material properties. Impinging fields in a system can
influence the organization of electric and magnetic dipoles in a medium. Fields can induce
polarization and magnetization to some degree, depending on the particular material involved.
The electromagnetic properties of a material are described by two material parameters: the
dielectric permittivity ¢ and the magnetic permeability u, which characterize the coupling

between the material and the electric and magnetic field components, respectively. These two

parameters, along with other values, which are the refractive index n=~/5,u and the

impedance z = \/% are essentially macroscopic effective parameters. They are used to

describe the overall average response of the material as a whole. Microscopically, a piece of
crystal consists of atoms arranged in a periodic or non periodic manner with a lattice constant
of a few angstroms. On the atomic scale, in each atom or molecule, tiny electric dipoles can
be excited by the electric component of incident wave and subsequent radiation of the energy
in the dipoles occurs with a certain delay in time. The excited dipoles create a periodic local
field in the crystal, referred to as Lorentz local field; therefore the field distribution inside the

crystal is certainly not uniform. However, the incident wave does not really feel the
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underlying inhomogeneity in the crystal, nor does it feel the processes of absorption and
radiation. On the macroscopic scale, the detailed features and responses of the

inhomogeneous structure are averaged, and relationships can be established between the
macroscopic field vectors in Maxwell’s equations, namely the electric field E, the magnetic

field H , the electric displacement field D and the magnetic flux density B . This is the origin
of the permittivity and permeability parameters of materials. At different frequency range, this
complicated physics is usually described using the transmittance and reflectance of waves
with a certain retardation (delay). In addition, absorbed waves account for losses in the
material and can be related to the imaginary parts of the complex constitutive parameters that

are electric permittivity, magnetic permeability, and refractive index.

Similarly, the scale of inhomogeneities in a metamaterial is much smaller than the
wavelength of interest. The inhomogeneity scale corresponds to the lattice constant of the

artificial structure for the case of periodic metamaterial as shown in figure 3-1.
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Figure 3-1: Composite material with (a) periodic (b) non-periodic structure

In figure 3-1, the largest heterogeneity length scale | should be small enough compared to
the smallest wavelength scale A, that is of physical importance. For a periodic medium (in the
left of the figure) | is the unit cell size while in a random medium (in the right of the figure) it

should be the smallest size of a sphere which at any position is a statistical representative of
the entire body.

Then the key of homogenization is when the size of the unit cell is much smaller than the
operating wavelength [131][132]. This property is called the homogenization criterion. Since
the metamaterial can be seen as a homogeneous medium, the effective parameters can be

determined and the effective electromagnetic response is validated as shown in figure 3-2.
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Figure 3-2 : A two-phase heterogeneous unit cell (left) and its equivalent to homogeneous unit
cell [133]

This fact explains again why metamaterials made from basic constituents are identified as
materials instead of devices [134]. From the point of view of Maxwell’s equations, a material

is a collection of sub-wavelength units with global properties described by ¢ and x . Through

the dedicated design of meta-atoms, which is usually a delicate metal-dielectric structure,
metamaterial research allows us to tailor the electromagnetic response of media in an
unprecedented manner. Finally, there are cases such as bianisotropic media where the
electromagnetic response is not sufficiently described with &€ and u tensors because of the
complexity of the unit scatterers. Such structures may require additional material parameters
like magnetoelectric coefficients, which link the electric field vectors and the magnetic ones.
Although some important metamaterial elements like split-ring resonators are bianisotropic to

some extent.
3.3. Effective parameters extraction

In cases where spacing between scattering elements are much smaller than the operating
wave length, the metamaterial can be considered as homogenous and it responds to
electromagnetic waves in a similar way [135]. In these cases, It is possible to describe
metamaterials as continuous materials [136] being characterized by effective parameters
without considering local fields distributions. This part of this chapter treats classical and
numerical homogenization approache, which is the S parameters extraction method (Fresnel
inversion method). However, there is another method called the field summation method

which is an averaging approach [137].

48



Chapter 3: Effective parameters extraction of homogenized metamaterials

3.3.1. Fresnel inversion extraction methods

Smith et al [138] proposed a method to extract the constitutive parameters by using
scattering parameters S, which is suitable to be applied for both numerical simulation and
experimental measurements. Several reports have been published [139], most of them deal
with the isotropic parameters of permittivity and permeability. However, it has already been
demonstrated [140] that most metamaterials are intrinsically bianisotropic due to the
asymmetry of the composite components such as split-ring resonators. For a bianisotropic
metamaterial, the propagation wave vector is related not only to permittivity and permeability
but also to the magnetoelectric coupling coefficient [140]. Moreover, there are some special
metamaterial designs that take advantage of the property of bianisotropy. Consequently, in
order to obtain a true picture for these metamaterials, it is important to present not only the
effective parameters of permittivity and permeability but also some other important

parameters, such as the magnetoelectric coupling coefficient ¢£,. Only then one can provide

true data for the effective parameters. Figure 3-3 shows the schematics of a homogeneous

bianisotropic material slab.
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Figure 3-3: Transmission and reflection coefficients in bianisotropic metamaterial
The metamaterial effective parameters extraction requires two steps [141]:

1- Computation of the homogenized metamaterial forward and backward wave
impedance (z*, ') and complex refractive index (n) which are expressed in terms of reflection

and transmission coefficients (S;;) for a unit cell.

2- Retrieval of the electromagnetic constitutive parameters (permittivity, permeability

and magnetoelectric coupling coefficient) from the S;; of the unit cell.
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3311 Metamaterial wave impedances and refractive index computation

In figure 3-3, a plane wave polarized in the y axis propagates along the z direction and is
incident upon the structure. We suppose that the configuration, in figure 3-3 has a
bianisotropic property, the electric field in the y direction induces a magnetic dipole in the x
direction, while the magnetic field in the x direction also induces an electric dipole in the y
direction [142].

By assuming that the medium is reciprocal [143] and that the harmonic time dependence
is e”)* implying that &" >0and x >0 simultaneously at all frequencies. We use primes and
double primes for denoting real and imaginary parts of a complex quantity.

From Maxwell's curl equations [143] and according to [137] we obtain the following

expressions:

—A i«/A2—4AA
Z+_ 2 2 173 (3_1)

2/,
AT+
7 =— (3-2)
' +A,
Where A, =S —(1-S,)1-S,,) (3-3)
Az = 2(311 - Szz) ( 3-4 )
A3 = (1+ 811)(1"‘ Szz) - S221 (3-5)
S, +S
A =21t 92 3-6
* S11 - Szz ( )
And n:i[ianT)"izﬂm-j(|nT)'] (3-7)
k,d
Where
T = elkond (3-8)

And (m=1, 2, 3,...) denotes the branch index value. It can be seen from equation ( 3-7
)that the index n have multiple solutions depending on m values, the correct choice of m for

unique retrieval of n can be realized by different technique [144].
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Note that the correct sign of z*, z and n corresponds to that for which the passivity

conditions are satisfied: (z*)' >0, (z7)' > 0,and (n)" = 0.

3.3.1.2 Calculation of the constitutive electromagnetic parameters

According to [137]. We deduce the effective parameters expressions:

@I -@risrd)
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1—~ 2 2
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3.3.2. Validation of the constitutive parameters result by inversion method FI

In order to validate and test the retrieval method, based on Fresnel inversion method, we
compare the results obtained with those available in the literature [138].

As a test structure we use that of smith et al in [138]. This later, shown in figure 3-4,
consists of two types of conducting elements, a split ring resonator (SRR) and wire both made
of copper (thickness 17 um). The split ring and the wire are positioned on opposite sides of
the dielectric slab of thickness 0.25 mm.

®
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Figure 3-4 : The split ring resonator SRR (a)-symmetric (b)-Asymmetric
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The extracted electromagnetic parameters of the symmetric and asymmetric unit cell are

shown in figures 3-5to 3-7 respectively.
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Figure 3-5 : Comparison between our extraction program results (left) and those obtained from
[138] (right) for symmetric unit cell: (a)-(a’) Magnitude of S, (b)-(b”) phase of S

Figure 3-5 shows a good agreement between our results and those obtained by Smith and

al in [138] for the symmetrical unit cells.
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Figure 3-6 : Comparison between our extraction program results (left) and those obtained
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relative dielectric permittivity ¢, (d)-(d’) relative magnetic permeability u
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Figures 3-5 to 3-7 show a good agreement between our results and those obtained by

Smith and al in [138] for the symmetrical and asymmetrical unit cells. The asymmetrical unit

cell is obtained by shifting the conductor wire 0.75 mm away from its centered position

corresponding to the symmetrical one.

3.4. Design of the homogenized metamaterial

Our planar metamaterial is a periodic arrangement of cross unit cells, it has two equal

periods a in the x and y directions as shown in

figure 3-8-(a). The cross type unit cell consists of a metallic cross shape conductor

printed on a dielectric substrate of thickness d. The metallic conductor has a length L, a width

w and a thickness t, as shown in figure 3-8-a.

(a)

(b)

Figure 3-8 : Homogenized metamaterial: (a) unit cell, (b) metasurface
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Figure 3-9 : (c) permittivity and permeability. (d) Refractive index

3.5. Symmetric and asymmetric connected cross type metamaterial

The difference between the symmetric and asymmetric connected cross unit cells can

be shown in the scattering parameters S. The scattering parameters are the means of
characterizing the artificially structured metamaterial.
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This section gives a comparative study of parameters for symmetric and asymmetric

metamaterial structures.

We have in section 3.3, methods used to calculate all the material parameters for a
general bianisotropic structure based on numerical simulation of wave propagation in periodic

media.

The bianisotropy arises due to coupling between the electric and magnetic fields. We can
easily verify the bianisotropic character of the structure, if there reflection scattering

parameters are different(S;; # S,3).

Figure 3-10 : Metamaterial connected cross unit cell: (a) symmetric; (b) asymmetric

—

The incident wave in the figure 3-10 is a plane wave with its wave vector k in the z°

direction and the E field polarized in the y-direction, while the magnetic field vector H

oriented along x-direction.

The dimensions of the symmetric cross unit cell are the same as for the asymmetric
structure, where the period a = 1 mm, the thickness d = 1.168 mm, the conducting strip width

w = 0.1 mm and the metallization thickness t = 0.035 mm.
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Figure 3-11 : (a) Magnitude and (b) phase of the calculated S parameters for the symmetric unit

cell (c) Magnitude and (d) phase of the calculated S parameters for the asymmetric unit cell

Figure 3-11, shows the amplitude and the phase information of the calculated S

parameters for the symmetric and asymmetric cross type metamaterial.

It can be seen that S, is equal to S,, and S,, is equal S,, for the symmetric cell.

However, for the asymmetric structure there is a great contrast in the phase of S, andS,,.

The extracted electromagnetic parameters of the symmetric and asymmetric unit cell for
different values of the thickness d are shown in figure 3-13.
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Figure 3-12 : Symmetric and asymmetric unit cell S parameters for different values of d (a) -S11
(b) - S12
Evidently ¢ of symmetric unit cell is close to zero, while { of asymmetric structure

shows great variations. Indeed, in general the values of ¢ depend strongly on how the surface

of the composite is terminated.
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Figure 3-13 : Symmetric and asymmetric unit cell magnetoelectric coupling coefficient £ for

different values of d, (a) real parts, (b) imaginary parts
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Figure 3-14 : Forward impedance (Z)gp (or Z*)for the symmetric and asymmetric unit cell for

different values of d, (a) real part, (b) imaginary part
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The impedance is clearly different, as shown in figure 3-14 and figure 3-15. Obviously
the symmetric unit cell presents the same impedance for the forward and backward
propagation ( (Z)ep=(Z)sw). However, the asymmetric unit cell presents different wave

impedances for the forward and backward propagation.
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Figure 3-16 : Refractive index n, of the symmetric and asymmetric unit cell for different values

of d, (a) real part, (b) imaginary part

The refraction index n in figure 3-16 is nearly the same for the symmetric and

asym metric structures.

From the point view of fabrication process, it is clear that the asymmetric structure with
the conductor cross printed in the top face of a printed circuit board, is easier to fabricate. For

this reason, we have chosen to use in our design the asymmetric cross unit cell.
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Figure 3-17 : Effective permittivity & of the symmetric and asymmetric structures for different

values of d, (a) real part, (b) imaginary part

From figure 3-17, it can be seen that the plasma frequency shifts to lower values when the

value of d increases.

The plasma frequency shifting it’s not surprising, as there is likely an interaction between
the substrate and the conductor that leads to somewhat different material properties depending

on their relative positions.
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Figure 3-18 : Effective permeability ¢ of the symmetric and asymmetric structures for different

values of d, (a) real part, (b) imaginary part

We note in figure 3-18 a great contrast for the permeability between the symmetric and
asymmetric structures. As we know a straight current carrying conductor produces circular
magnetic field lines around itself at all points along its length. The direction of rotation of this
magnetic field depends upon the direction of current flow through the conductor, the “right

hand” rule.

The real part of permeability in the symmetric unit cell is greater than in the asymmetric
cell. Due to the magnetic field lines in the symmetric structure are more than number and

intensity of which are in the asymmetric structure as shown in figure 3-19.
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Figure 3-19 : Pattern of magnetic field lines around a conductor in (a) symmetric unit cell,

(b)

(@)

(b) asymmetric unit cell
The refractive properties of the two structures are very similar. The refractive index is
nearly the same for the two structures, as it can be seen in figure 3-16. From figure 3-11, it is
clear that the magnitude of S;; and S,, for the two structures are very close. However, their

phases are very different. The position of the cross within the dielectric slab affects the S;;
parameters phase, which lead to great difference between the backward and the forward

impedances of the asymmetric structure as shown in figure 3-14 and figure 3-15.

The imaginary parts &, and N account for losses in the structure caused by the
electric and magnetic damping and the finite conductivity of conductors. Note that &, # and

N must be positive in a passive medium due to the conservation of energy [145]. Due to their
passive nature, we observe from figure 3-16, figure 3-17, and figure 3-18 that the constitutive
parameters (permeability, permittivity and refractive index) of the symmetric and asymmetric
unit cells have positive imaginary parts. Except for the symmetric unit cell which presents a

negative permeability but the imaginary part it’s very close to zero.
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3.5.1. Power analysis

In this section we are concerned with the power properties of the wave propagation in the

forward and backward directions on the symmetrical and asymmetrical structure.
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Figure 3-20 : Transmitted powers P, (a) symmetrical, (b) asymmetrical, for different values of d
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Figure 3-21 : (a) Absorbed powers in the forward (p,) rp, and (b) in the backward (p,) sw for

symmetrical and asymmetrical structure for different values of d
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Figure 3-22 : (a) Reflected powers in the forward (p;) rp, and (b) in the backward (p;) gw for
symmetrical and asymmetrical structure for different values of d

3.5.2. Transition from the symmetric to the asymmetric unit cell

The passage from the symmetric to the asymmetric unit cell is shown in figure 3-24,

which represent the different positions of the cross like conductor in the dielectric slab.

P, i

t

P —————
Q

Tl
N
=l

Figure 3-23 : Different positions of the conductor

Figure 3-24, shows the results for the magnetoelectric coupling parameter ¢ when we
shift the conductor from position P4 to P7 and from P4 to P;.
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Figure 3-27 : Transmitted powers P, (a) backward direction, (b) forward direction for different

values of p
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Figure 3-28 : (a) Absorbed powers forward (P, )rp and backward (P, )sw, (b) Reflected powers
forward (P, )rp and backward (P, )gw for different values of positions P

From figure 3-25-a in the real part of the permittivity effective, we note that the plasma
frequency shifts to the lower frequencies range when the conductor cross position shifts away
from the center (P4). The shifting of the plasma frequency depends only on the distance
between the conducting strip position and the center of the dielectric slab (P4) it’s independent
from the shifting direction (backward or forward). Hence, for positions which are symmetric
to the medium position Py, such as P3 and Ps, P, and Pg, P, and P+, the unit cell has the same
behavior. It presents the same plasma frequency and the forward and backward impedances
are equal. For the central position P4, which corresponds the symmetric unit cell, the
magnetoelectric coupling coefficient is null as it can be seen in figure 3-24.

As it can be seen in figure 3-24, that for d =1.041 mm the metamaterial presents a
plasma frequency close to 40 GHz and the refractive index in figure 3-26-a presents a flat

profile close to zero corresponding to the desired ultra-refraction (0 < n «< 1).
3.5.3. The parameters of the unit cell used

In this section we are concerned with the power properties of the wave propagation in the

forward and backward directions on the new unit cell.

(b)

Figure 3-29 : Unit cell chosen, (a) disconnected type, (b) connected type, d=0.914mm, w=0.1mm,

a=1mm
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The constitutive parameters (g and ) and the refraction index n of the metamaterial are
obtained by the Fresnel inversion method using the S parameters of the unit cell.
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Figure 3-31: (a) Refractive index (n), (b) magnetoelectric coupling parameter ({)

Figure 3-31 shows the real part and the imaginary part of the refractive index n and

magneto-electric coupling coefficients .
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Figure 3-32 : (a) Absorbed powers forward (P, )rp and backward (P, )sw, (b) Reflected powers

forward (P, )rp and backward (P, )sw
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Figure 3-35:(a) Refractive index (n), (b) magnetoelectric coupling parameter (C)

70



Chapter 3: Effective parameters extraction of homogenized metamaterials

: . 0,060 — 0,060
i e N -4 ’ :
6,5x10" | Disconnected type | 7,0x10 | Disconnected type | et
0,055 Lo 0,055
-4
6,0x10™ / 810" 4050 x-"i 0,050
3 o~ F6,0x10" 0,045 . 0,045
5,5x10 ra . 8 J {,X' s
[
g / F5,5x10 & 0040 X‘ﬂ 0,040,
$s,0x10* > co 105- 0,035 ~ 0,035
L5.0x
" / 0,030 B 0,030
45x10 -4,5¢10"
j/ —*—Pa_ ’ 0,025 —*—Pr __ 10,025
4,0x10" ——Pa, M 40x10* 0,020 *—Prowlloo20
T T T
25 30 35 40 45 50 25 30 35 40 45 50
Frequency(GHz) Frequency(GHz)
@) (b)

Figure 3-36: (a)-Absorbed powers forward (P, )rp and backward (P, )sw, (b)- Reflected powers
forward (P; )rp and backward (P, )aw
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Figure 3-37: Impedance (Z) forward and backward

Figure 3-30 and figure 3-34 shows the effective permittivitye and the effective
permeability p for our unit cell in the two cases obtained by a finite element method based
commercial simulation code. It can be seen that the real part of the permittivity (€) and the
permeability (1) and the refractive index (n) and the magneto-electric coupling (C) in the

disconnected unit cell is greater than in the connected unit cell.
3.6. Conclusion

This chapter has argued that the homogenization theories are typically valid when the

unit-cell size is much small compared to the wavelength A.

There are two methods to extract the electromagnetic properties of metamaterials. The
first one based on S-parameter which is suitable to be applied for both numerical simulation
and experimental measurements. The second one is based on the electromagnetic field
distribution within the unit cell (field cards) known as the field summation method (FSM).
We have compared S- parameters extraction methods with different published litterateur and

we found that generally there is a good agreement between each other.

71



Chapter 4: Inclusion designs and applications

4.1. Introduction

Within the huge number of new applications of metamaterials, one of the most productive
ones is the implementation of multilayer FSS radome in the near-field region of a microstrip

patch antenna.

A radome can protect the antenna against malfunctions or serious damages caused by
debrisorice. Other than protecting radiating elements from their physical environment, another
crucial important function is to reduce the Radar Cross Section (RCS) [146]. Frequency
selective surface (FSS) could transmit the in-band wave and reflect the out-of-band power to
other unimportant direction. The reflecting signal may also be detected by multistatic radar
system, hence this approach can be classified as a fictitious RCS reduction technique [147].
Different from traditional FSS, an absorptive/transmissive FSS was proposed firstly in a
patent [148]. According to the patent, the absorptive/transmissive structure could reduce the
electromagnetic signature of the radome and antenna without disrupting the electromagnetic
waves generated by the antenna, while absorbing the energy of electromagnetic wave at a
particular frequency or range of frequencies. However, this patent only stated the working
principle of the radome, and no any quantitative results were presented. Costa and Monorchio
synthesized an absorptive/transmissive radome using designed resistive surface and metallic
periodic surface [146]. Zhou et al. designed and fabricated another absorptive/transmissive
radome using magnetic material. Its transmitting and absorbing properties were verified by
simulation and experiments [149]. Liu et al. proposed and manufactured an
absorptive/transmissive radome using resistors loaded double square loop (DSL) and
convoluted slot [147]. Chen and Fu verified its performance and influence on antenna using a
planar antenna [150] .They improved the radome by replacing the resistors loaded DSL metal
layers and convoluted slots with resistors loaded incurved square loop (ISL) and miniaturized
FSS, respectively [151]. They also designed an absorptive frequency selective surface with
good transmission at high frequency [152][153]. All the above structures had only one
passband. But in modern society, many equipments, such as mobile phone, have two or more
working frequencies. In other words, two or more passbands are needed in order to guarantee
their normal operation, cause of this in the following section will deal with an agile
antenna/radome system consisting in of four layers of metasurfaces provide 11 operating
frequencies by an outside command, in addition to that, the antenna/radome system gain is

improved and the radiation pattern half-power beamwidth is reduces in both E- and H-planes.
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4.2. Radome characteristics and types

The radome cover of a radar sensor is the backbone of the design as it can have influence
on sensitivity, radiation pattern and immunity to vibrations. The motive of an efficient radome
design is to reduce reflections at the surface of the cover and transmit waves losslessly [154].
Thus, the cover material can be thought of as a lens which either focuses or disperses waves
uniformly. For this purpose a constant and uniform thickness of the material is required and it
must also have a good surface smoothness. The radome surface should preferably be covered

with a hydrophobic substance like a variant of silicon or Teflon.

It was from the time of World War II, 1940’s that radome become such a boiling topic in
the microwave community. Materials such as plywood, polyseterene fiber, plexi glass etc.
were employed and it became the state of the art. Significant contributions were made during
that period by Cady [155][156] who described the electrical design of normal and streamlined
radomes and their installation, together with the theory of reflection and transmission of
electromagnetic waves through dielectric materials. Hansen, [156] focused on large ground
radomes, their environmental, structural and design problems, as well as on methods of
construction, including metal spaced frame radomes covered with thin dielectric materials,
etc. Nowadays Frequency Selective Surfaces, Transformation optics, Rasorbers, etc are used
to improve the radome performances. As antennas operating frequency increases, the radome

materials also changed and so did their construction, installation, tooling and transportation.
Classically the radome constructions can be classified as follows:

e Air pressure supported dielectric structure

e Self-supporting dielectric structure

e Widely spaced metallic or non-metallic frames supporting dielectric
windows

e Metal surfaces covered with dielectric covered slotted or other shaped
windows.

One can also distinguish them based on their dielectric wall construction: [157]
a. Style A: Radomes are half wave wall solid radomes (see figure 4-1),

b. Style B: Radomes are thin-wall monolithic or non-monolithic structures with a wall
thickness equal to or less than 0.1A wavelengths at the highest operating frequency,as shown
in figure 4-1,
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; :

Figure 4-1 : Solid wall [156]
c. Style C: Radomes are also called A-sandwich multilayer walls. These consist of three

layers: two high-density skins and a low-density core material. The dielectric constant of the

skins is greater than the dielectric constant of the core material.
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Figure 4-2 : (a) Low dielectric constant with honey comb core, (b) Low dielectric constant with
foam core
d. Style D: Radomes (C-Sandwich) are multilayer walled structures having five or more
dielectric layers. These have an odd number of high-density skin layers and an even number
of low-density core layers. The dielectric constants of the skins are greater than the dielectric
constants of the core materials. As the number of layers is increased, the broadband frequency

performance is improved.
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Figure 4-3: (a) Double sandwich, (b) More than five layers
e. Style E: Radomes are defined here in as all possible radome wall construction not
fitting into styles A through D. These include the B-sandwich and others. The B-sandwich is
similar to the A-sandwich except it consists of two low-density skins and a high-density core
material. The dielectric constant of the skins is less than the dielectric constant of the core

material.
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Figure 4-4 : High dielectric constant core
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4.3. Radome interaction with the antenna

The antennas employed in the radar application have very strict requirements and hence it
needs to be thoroughly checked as the radome can alter their performances [157] [156] in the

following ways:

a. Transmission loss: This results from the reflection against the radome walls, reflection
and diffraction around the corners and edges as well as polarization shift. The remainder of
the loss occurs from dissipation within the dielectric layers. The material loss tangent or tand

is a measure of these dissipative losses.

b. Pattern and polarization distortions: This result in the change of main beam direction

and shape, increase in side lobe level and cross polarization components also increases.

c. Boresight Error (BSE): BSE is a bending of the angle of arrival of a received signal
relative to its actual angle of arrival or line of sight. This phenomenon occurs due to
distortions of the electromagnetic wave-front as it propagates through a dielectric radome
wall. BSE depends on frequency, polarization, and antenna orientation. In production, the

radome manufacturing tolerance affects the BSES characteristics of the radome.

d. Registration error: Registration error is the difference in uplink frequency and
downlink frequency BSE in the case of radome-enclosed SATCOM antennas. It is important
that this parameter be sufficiently small to assure that both the transmit beam and receive

beam peaks are coaligned on the same satellite.

e. Antenna Voltage Standing Wave Ratio (VSWR): The antenna VSWR can greatly
increase from RF power reflected from the inner radome wall surface. Inspite of these
disadvantages, on the other hand one gets a large number of operational, structural as well as
economic advantages when the radome is mounted. To mention a few, the antenna now is
protected from the harsh environment and does not need any special maintenance. Although
the radome, will wither with time. The over-all system is much more accurate and reliable as

it is not susceptible to any changes.
4.4. Basic radome requirements

Radomes have to satisfy aerodynamic, structural and electromagnetic requirements, as
well as environmental and installation problems, such as occur when they are installed on
ship, submarine, ground, aircraft, missile, vehicle etc. The electromagnetic requirements

could call for certain limits to transmission loss, aberration, polarization, pattern distortion,
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reflection levels etc., while the structural design must satisfy the shape, size and load

requirements under all conditions with an adequate safety factor.
4.4.1. Environmental requirements [157]
Typical environmental conditions that may be called for are:
a. Temperature: Ground radomes —56°C to +80°C,
b. Relative humidity: 100%,

c. Pressure: Ground radomes may have to stand pressures resulting from wind speeds of
up to 240km/h,

d. Loads: Ice, hail and snow loads have to be allowed for, together with possible impact

loads from birds, stones etc,
e. Rain: On ground radomes, rain adhesion should be minimized,

f. Vibration, shock and acceleration: Ground radomes should withstand seismic loads,

e.g. up to 1g, depending upon site,

g. Fire, lightning and radiation hazards: Materials should be fire retardant, and the
radome should withstand salt, dust, insects, fungi, fuels, etc.

4.5. Advances in radome material

The key to obtain an optimized radome performance is evaluating the electrical properties
of the material at possible wavelengths. The influential parameters are the material dielectric

constant and the dissipation loss factor at the frequency of interest.[155]

The radome wall constructions are typically of either the monolithic type or the sandwich
design type by a multilayer FSS type metamaterial. Since the focus in this thesis is mostly on
multilayer FSS radomes, a detailed outline and some commonly used materials shall be
presented.

The radomes often incorporate fiber reinforcement in order to enhance the mechanical
properties. Thus the relative dielectric constant that we obtain from the mixture [155] is as
follows:

_ Vrlog €g + Vg log Ep
me Vg + Vg

(4-1)
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Where,
€m = Relative dielectric constant of mixture
€r = Relative dielectric constant of the resin
Vr = Volume of dielectric resin
Ve = Volume of reinforcement fibers
Equation (4-1) assumes that the mixture is uniform and isotropic.

Table 4-1 lists down few materials which are commonly used in the X band. But as we
are dealing in the mm-wave band, radomes are manufactured without reinforcement. These
are mostly termed as the organic materials. There is also another type of material called the
inorganic or ceramic material. The advantage that inorganic materials have is that they can
last at very high temperatures such as 500°C. These materials are suitable for high velocity
applications such as missile systems. To name a few, aluminium oxide, Rayceram,

Pyroceram, etc.

After 1999, when Rodger M. Wasler formally defined metamaterials, there was an
advancement to study antenna radome metamaterials. Research was done using multilayered
structures composed of two materials which together had a refractive index as close to air or
below (mention reference number Liu et al). They can be used to compensate BSE, improve

gain, directivity, etc. but yes they come at the price of a narrower beam-width.

Another type of inclusions on the radome walls are commonly known as Frequency
Selective Surfaces (FSS) [158]. This layer can be arranged inside, outside or even embedded
within the radome wall. They are usually a periodic array of etched antenna elements that can
be used to either reflect or transmit electromagnetic waves with a frequency discretion. A FSS
can take many forms and strips, slots, cross, square loops, omega units and Jerusalem crosses

have all been used in array configuration on the radome surfaces.

Table 4-1 : Some characteristics of radome materials.

Material Permittivity (€) Loss tangent ()
Polycarbonate 2.9 0.005
E-glass 6.06 0.004
Epoxy 4.4 0.016
Nylon 3.03-3.21 0.014-0.02
Teflon 2.1 0.0003
Polystyrene 2.55 0.0004
Rogers 2.2 1
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4.6. Microstrip antenna characteristics

The radiating element, of the antenna/radome system, is a microstrip patch antenna,

shown in Figure 4-5, operating at 43.5 GHz.
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Figure 4-5 : Antenna slot feeding details ; I = 0.5, Ls = 25, Ws = 20, hs = 0.05, Lp = 0.257,
Wp = 0.184, w;=8 [units = mm]

Figure 4-6 : The radiation patterns of the patch antenna, (left) E-plane, (right) H-plane

The radiation pattern, in the -E and -H plane, of the proposed antenna is shown in Figure
4-6 .1t is clear from the plots that the antenna is directional and the maximum realized gain
obtained is 7.3 dB. The main lobe beam-width in both E and H plane are 66 ° and 80°,

respectively.
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Figure 4-7 : The reflection coefficient of the patch antenna
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Figure 4-7, shows the simulated return loss of the antenna alone. The S;; holds the
importance parameter in any antenna design as it depicts how well the signal could be

transmitted from the antenna.
4.7. Antenna/radome design

In this section we use a new FSS metamaterial surface as a radome with single layer
superstrate suspended above a microstrip patch antenna (MPA), operating at 43.5 GHZ, for
the gain enhancement. The single metamaterial layer superstrate is composed of a periodic

arrangement of FSS unit-cells, Figure 4-8 shows the antenna/radome system with one layer.
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Figure 4-8 : Configuration of the proposed patch antenna covered with metamaterial FSS radome,

h;=3.2mm, d;=1.24mm (a) perspective view and (b) side view
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Figure 4-9 : Comparison of the radiation patterns of the proposed patch antenna and the proposed

radome with one layer, (left) E-plane, (right) H-plane

It can be observed from Figure 4-9 that the FSS radome increases considerably the
antenna/ radome system gain, and enhances the directivity, in both E- and H-planes. The
maximum realized gain obtained in this case is 9.4 dB. The main lobe beam-width in both E

and H plane are 48° and 52°, respectively.
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Figure 4-10 : Comparison of the reflection coefficient of the patch antenna alone and the

proposed radome with one layer

It is observed from Figure 4-10 that the resonance frequency of the patch antenna is

slightly shifted to lower frequency when it is loaded with the FSS radome.
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Figure 4-11 : Configuration of the proposed patch antenna covered with metamaterial FSS

radome, h,=1.96 mm, d,=1.6 mm, (a) perspective view and (b) side view
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Figure 4-12 : Comparison of the reflection coefficient of the patch antenna alone and the

proposed radome with two layers.
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From the figure 4-12, it’s can be seen that the resonance frequency of the patch antenna is

slightly shifted to lower frequency region due to the FSS radome.
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Figure 4-13 : Comparison of the radiation patterns of the patch antenna alone and the proposed
radome with one and two layers, (left) E-plane, (right) H-plane

It can be seen from the figure 4-13 that loaded a patch antenna by two FSS radome layers

can:

e Increases the maximum realized gain from 7.3 dB to 12.1 dB.
e Reduces the main lobe beam-width in both E-and H-plane from 66° and 80° to
32°and 38°, respectively.
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Figure 4-14 : Configuration of the proposed patch antenna covered with metamaterial FSS

radome, h3=1.6 mm, d;=1.4mm, (a) perspective view, (b) side view
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Figure 4-15 : Comparison of the radiation patterns of the patch antenna alone and the proposed
radome with one and two and three layers, (left) E-plane, (right) H-plane

It’s clear from the figure 4-15, that the maximum realized gain obtained in this case is
14.7 dB. The main lobe beam-width in both E and H plane are 24° and 26°, respectively.
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Figure 4-16 : Comparison of the reflection coefficient of the patch antenna alone and the

proposed radome with three layers

As shown in Figure 4-16 the resonance frequency of the antenna is slightly shifted to

lower frequency region.

(a)
———T
\ d,
h \‘ |
‘ /Infinite FSS
/
() M !
hz¢ >
X y | ‘
Air laver hllt p——— = = = =~ = = = = 7 =~ 7 7 TPatchantenna

Figure 4-17 : Configuration of the proposed patch antenna covered with metamaterial FSS

radome, h,=1.8 mm, d,=1.8 mm, (a) perspective view, (b) side view
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300

240 . B
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20- radome with two layers 20- radome with two layers
—a—radome with three layers —4A—radome with three layers
radome with four layers radome with four layers

Figure 4-18 : Comparison of the radiation patterns of the patch antenna alone and the proposed

radome with one, two, three and four layers, (left) E-plane, (right) H-plane

Frome the figure 4-18 we can conclude that the maximum realized gain obtained in this
case is 16.3 dB and the main lobe beam-width in both E and H plane are 20°, it is clear from
the plot that loading a microstrip antenna with a metamaterial FSS radome can focuses the
radiation beam width and thereby enhances the antenna directivity. The half-power beam
width of the antennas, at the operating frequency in E-and H-plane respectively, are observed
to be 66° and 80° for the antenna alone, 20° in both E-and H-plane for the antenna with a FSS

radome composed by four metamaterial layers.

—aA— antenna alone
—e—radome with one layer
radome with two layers
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Figure 4-19 : Comparison of the reflection coefficient of the patch antenna alone and the

proposed radome with four layers
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From figure 4-19, it can be seen that, the resonance frequency of the patch antenna is
slightly shifted to lower frequency region, by about 1 %, when loaded with the FSS radome

layers.
4.8. Frequency agile antenna/radome system

The agile antenna/radome system is composed by four layers and it has two
configurations. The two configurations of the agile antenna/radome system are shown in
figure 4-20 and figure 4-22 respectively, the FSS radome layers are composed by a connected
cross type metamaterial unit cell or disconnected cross type metamaterial unit cell, (see
chapter 3, figure 3-29), for each configuration we have four combinations, In the first four
cases we command each disconnected FSS layer to be a connected FSS layer using switches,
we start with the first position then in each case the connected FSS layer change the position

to the upper position.

} ~ Infinite FSS (disconnected type)
4i°

<€ - Infinite FSS (connected type)

PN w b~

~ Patch antenna X

Figure 4-20 : Agile antenna/radome system (first configuration)

The simulation results of the resonance frequency of the proposed agile antenna/radome
system for the first four cases are shown in figure 4-21. It can be seen that the resonance
frequency shift to lower frequency band when a FSS layer made by a disconnected cross type

metamaterial unit cell commanded to be a connected FSS layer in different positions.
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Figure 4-21 : Resonance frequency of each possible combination
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Figure 4-22 shows the last four combinations of two connected FSS layers, firstly we

command the two first disconnected FSS layer to be a connected FSS, then the others.

}(- = Infinite FSS (disconnected type)

}(— = Infinite FSS (connected type)

PN w &

~ Patch antenna

Figure 4-22 : Agile antenna/radome system (second configuration)
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Figure 4-23 : Resonance frequency of each possible combination

We'll wrap up with the table 4-2 that its shown the resonance frequency of all the
simulated possible combinations, it can be seen that our proposed agile antenna/radome
system based on metamaterial FSS layers is programmable according to the wished resonance
frequency, some cases has two resonance frequencies like the case number 5 and 6, notice that

the lower frequency LF it’s in the case number 8 and the higher frequency HF it’s in the case

number 6.
Table 4-2 : Resonance frequency of all cases.

Agile antenna/radome system Resonance frequency Gain
(Ghz) (dB)

Antenna Alone 43.63 7.3

Cases Layer 1 Layer 2 Layer 3 Layer 4 -- --
Case 1 Connected Disconnected Disconnected Disconnected 40.18 12.58
Case 2 Disconnected Connected Disconnected Disconnected 38.54 12.81
Case 3 Disconnected Disconnected Connected Disconnected 36.72 12.97
Case 4 Disconnected Disconnected Disconnected Connected 35.45 12.09
Case 5 Connected Connected Disconnected Disconnected 38.9 41.09 13.01
Case 6 Connected Disconnected Connected Disconnected 37.63 449 12.88
Case 7 Connected Disconnected Disconnected Connected 36.54 12.82
Case 8 Disconnected Disconnected Connected Connected 34.54 12.93
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4.9. Conclusion

The work presented in this chapter examined the possibility of focusing the antenna

radiation pattern using an FSS radome, the obtained results show that:

e Loading a microstrip patch antenna with a FSS radome can focuses the
radiation beam width to 20° in both E- and H-planes and thereby enhances the patch
antenna directivity and then increase the realized gain from 7.3 dB to 16.3 dB, so the
realized gain is increasing by about 9 dB compared to that of the patch antenna alone.

e Changing the behavior of a metamaterial FSS radome to be in the connected or
disconnected state in different positions can shift the resonance frequency to lower or

upper wished operating frequency.

Much more work is still needed in the understanding, analysis, design, and fabrication of

both metamaterials and metasheets for radomes.
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Conclusion

Our goal in this work is to design an agile FSS radome based on metamaterial FSS layers
invisible to the electromagnetic waves as much as possible, on the other hand, improve the
performances of a patch antenna such as the realized gain and the radiation pattern and agile
frequency system, hence, a range of different operating frequencies controlled, using an
external active control system, that’s why we design an agile FSS radome layer which has two
different behaviors and they can be controlled through external command system. This agile
metamaterial layer is obtained by a periodic structure based on agile cross type unit cell. The
agility is achieved by connecting or disconnecting the wires of the cross. This agile
metamaterial, based on connected or disconnected cross unit cell, behaves as an effective

medium with a refraction index close to zero (n;) or greater than unity (n,), respectively.

This thesis has provided a deeper insight that when a patch antenna loaded with a

metamaterial FSS radome can:

e Change the resonance frequency to lower or upper wished one in a fairly
important frequency range; these findings suggest that in general we can change the operating
frequency of an integrated patch antenna covered by a FSS radome without changing the patch
antenna itself, according to the final chapter the FSS radome proposed, provide eleven different
operating frequencies, these frequencies are obtained as a simulation results but we can expect
in advance some frequencies that we looking for by modifying the FSS radome characteristics,
such as the type design of the cross unit cell composing the FSS layer, the thickness of the
metamaterial FSS layer, the number of the FSS layers and the position or the distance between
each other.

¢ Increase the realized gain by about 9 dB compared to that of the patch antenna
alone; the patch antenna gain improvement without changing the antenna dimensions becomes
one of most researchers questions, because of insufficient space between the other electrical
components, the evidence reviewed in this thesis seems to suggest that increasing the number
of FSS radome layers, from 1 to 4, increases the antenna/radome system gain from 9.4 to 16.3
dB, respectively.

e Focus the radiation beam width to 20° in both E- and H-planes; according to the
results obtained in the last chapter, as the number of the FSS radome layers increases, we

conclude that the radiating system half-power beamwidth decreases from 66° (antenna alone) to
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20° (antenna/radome with 4 layers) in the E-plane and from 80° (antenna alone) to 20°
(antenna/radome with 4 layers) in the H-plane.

e Enhance the patch antenna directivity; these findings provide additional
evidence that as the number of the FSS radome layers increases, the energy radiated by the

patch antenna becomes more concentrated, therefore more directive and presents a higher gain.

Taken together, these studies support the notion that adding a FSS radome layer or
changing the behavior of a metamaterial FSS radome layer to be in the connected or
disconnected state in different positions by an external active control system can improve the
functioning of the patch antenna according to our needs.

88



References

[1] The Discovery of Quasicrystals “Scientifc Background on the Nobel Prize in
Chemistry”, 2011.

[2] A. Castanié, ].-F. Mercier, S. Félix, A. Maurel “Generalized method for retrieving
effective parameters of anisotropic metamaterials” 260.2065, Optical Society of
America, 2014.

[3] S. Firdous, M. lkram “Polarized Laser Beam Scattering through Turbid Medium
for Application in Tissue Imaging”, Science Asia 31, 2005.

[4] N. Vojnovi¢l, M. Mitrovi¢l, B. Jokanovi¢ “Modeling of Tunneling Effects in
Epsilon-Near-Zero Waveguide”, December, Microwave Review, 2012.

[5] R.S. Kshetrimayum, “A brief intro to metamaterials”, 10.1109, MP.1368916, 44 -
46, 2005.

[6] V.Veslago, L.S. Braginsky, V.Shklover, C.Hafner,“Negative Refractive Index
Materials”, 10.1166, jctn.3000, 189-218, 2006.

[7] F.Capolino,” Theory and Phenomena of Metamaterials”, Metamaterials
Handbook, by Taylor and Francis Group, LLC, 2009.

[8] A. Sergei, Tretyakov,” Research on negative refraction and backward-wave
media: A historical perspective”, Lausanne, 28.2-2.03, P.0. 3000, FI-020,15TKK,
2005.

[9] M. Vladimir, Shalaev , “Optical negative-index metamaterials”, nature photonics
VOL 1, January, 2007.

[10] P. Claudio, Di.Carlo, A. F.Brunetti, M. Mauro, U.Giacomo, D.Alain, K.Viktor, K.
Mikko, F.A.Maria, D.Massimiliano, S.Alberto, Z. Vitaliy, B. Faycal, B. Thomas, M.
Stephan, T. Emanuela, C. Sorin, G.Aurelien “Design and Fabrication of a 1 THz
Backward Wave Amplifier”, Terahertz Science and Technology, ISSN 1941-7411
Vol.4, No.4, December, 2011.

[11] A. N. Grigorenko,A. K. Geim, H. F. Gleeson,Y. Zhang, A. A. Firsov,[. Y.
Khrushchev & J. Petrovic “Nanofabricated media with negative permeability at
visible frequencies”, 438, pages335-338, 2005.

[12] T.Li,Chen, X-fengShen, X-ming, S.Du-fang “Transfer Matrix and Dispersion
Relation of 1D photonic Crystal Composed of Single negative or Double negative
Materials”, 2011.

[13] X. Zhang, “Optical Negative Index Metamaterials”, thesis In The University of
Michigan, 2011.

[14] T. jun. cui, D. R. Smith, R. liu “Metamaterials: Theory Design and
Applications”,10.1007,978-1-4419-0573-4, 2010.

[15] N. Fang, H. Lee, C. Sun, X. Zhang “Sub-Diffraction-Limited Optical Imaging with a
Silver Superlens”, Science 22 Apr: Vol. 308, Issue 5721, pp. 534-537,Doi:
10.1126, science.1108759, 2005.

[16] H. Chen, C.T. Chan, P.Sheng, “Transformation optics and metamaterials » ,2010.

[17] C. Caloz, T.Itoh, “ Electromagnetic Metamaterials, Transmission Line Theory and
Microwave Applications” Wiley-IEEE Press, 2005.

[18] G. V,Eleftheriades, K.G.Balmain “Negative Refraction Metamaterials:
Fundamental Principles and Applications” Wiley-1EEE Press, 2005.

[19] A. A, Oliner, “A periodic-structure negative-refractive-index medium without
resonant elements”, Presented at USNC, URSI, San Antonio, 2002.

[20] V. Zhurbenko “Passive Microwave Components and Antennas”, In-Tech, ISBN
978-953-307-083-4, 2010.

89



[21] D. Schurig, ]. B. Pendry and D. R. Smith “Calculation of material properties and
ray tracing in transformation media”, 9794-9804, 2006.

[22] B. Choudhury, R. M. Jhal “A Review of Metamaterial Invisibility Cloaks”, CMC,
vol.33, no.3, pp.275-308, 2013.

[23] E. Moghbeli, H. Ranjbar, A AMohammad and R. Forouzeshfard “The effect of
geometric parameters of a single-gap SRR metamaterial on its electromagnetic
properties as a unit cell of interior invisibility cloak in the microwave regime”,
108,Pages 626-633, 2018.

[24] V. Hippel, and R. Arthur, “Dielectrics and Waves,” Cambridge, MA, MIT Press,
1954,

[25] Balanis, C, “Advanced Engineering Electromagnetics,” New York: John Wiley &
Sons, pp. 44-60, 1989.

[26] N. Engheta, and R. Ziolkowski, (eds), “Metamaterials Physics and Engineering
Explorations”, New York, John Wiley & Sons, 2006.

[27] M. C. K, Wiltshire, “Bending of Light in the Wrong Way,” Science, 292, pp.60-61,
2001.

[28] www.wave-scattering.com/negative.html.

[29] H. Lamb, “On Group-Velocity,” Proc. London Math.Soc. 1, pp. 473-479, 1904.

[30] V. G. Veselago, and E. E. Narimanov, “The Left Hand of Brightness: Past, Present
andFuture of Negative Index Materials,” Nature Materials 5, pp. 759-762, 2006.

[31] A. Sihvola, “Metamaterials in Electromagnetics,” Metamaterials, Vol. 1, Issue
1,pp. 2-11, 2007.

[32] E. Shamonina, and L. Solymar, “Metamaterials: How the Subject Started,”
Metamaterials, Vol. 1, Issue 1, pp. 12-18, 2007.

[33] Y. Hao, R. Mittra, “FDTD Modeling of Metamaterials Theory and Applications, ”
British Library, ISBN-13: 978-1-59693-160-2, 2009.

[34] W, Kock, “Metallic delay lenses,” Bell Syst. Tech. ]., Vol. 27, pp. 58-82, 1948.

[35] A. W. Rudge, et al, “The Handbook of Antenna Design,” Volume II, London,U.K,
Peter Peregrinus Ltd, 1983.

[36] ]J. Brown, “Artificial Dielectrics,” Progress in Dielectrics, Vol. 2, pp. 195-225,
1960.

[37] W. Rotman, “Plasma Simulations by Artificial Dielectrics and Parallel-Plate
Media,” IRETrans. Ant. Propag., Vol. 10, pp. 82-95, 1962.

[38] J. B. Pendry, A. ]J. Holden, W. ]. Stewart, and I. Youngs.Extremely low frequency
plasmons in metallic mesostructures.PhysicalReviewLetters, vol. 76, no. 25, pp.
4773-4776, 1996.

[39] ]J. B. Pendry, A. ]J. Holden, D. ]. Robbins, and W. ]. Stewart,”Magnetism from
conductors and enhanced nonlinear phenomena,” IEEE Transactions on
Microwave Theory and Techniques, vol. 47, no. 11, pp. 2075-2084, 1999.

[40] J. Pendry, A.Holden, D.Robbins, and W.Stewart, “Low frequency plasmons in
thin-wire structures,” Journal of Physics: Condensed Matter, vol. 10, p. 4785,
1998.

[41] C. Caloz, T. Itoh, “Electromagnetic metamaterials transmission line theory and
microwave applications,” The Engineering approach, a john wiley & Sons, INC,
2006.

[42] H. S. Chen, L. X. Ran, ]. T. Huangfu et al, “Left-handed materials composed of only
S-shaped resonators,” Physical Review E, vol. 70, no. 5, Article ID 057605, 2004.

[43] N. Engheta, R. W. Ziolkowski, “Metamaterials Physics and engineering
explorations,”IEEE, 2006.

90



[44] S. Schelkunoff, , and H. Friis, “Antennas Theory and Practice,” New York, John
Wiley &Sons, 1952.

[45] H. ]J. Schneider, and P. Dullenkopf, “Slotted Tube Resonator: A New NMR Probe
Headat High Observing Frequencies,” Rev. Sci. Instrum., Vol. 48, No. 1, pp. 68-73,
1977.

[46] W. H. Hardy, and L. A. Whitehead, “Split ring resonator for use in magnetic
resonance from 200-2000 MHz,” Rev. Sci. Instrum, Vol. 52, No. 2, pp. 213-216,
1981.

[47] M. V. Kostin, and V. V. Shevchenko, “Artificial Magnetics Based on Double
Circular Elements,” Proc. of Bianisotropics, Perigueux, France, pp. 49-56, 1994.

[48] R. Marques, et al, “Left-Handed-Media Simulation and Transmission of EM Wave
sin Subwavelength Split-Ring-Resonator-Loaded Metallic Waveguides,” Phys.
Rev. Lett., Vol. 89, No. 18, p. 183901, 2002.

[49] S. Hrabar, ]. Bartolic, and Z. Sipus, “Waveguide Miniaturization Using Negative
Permeability Material,” IEEE Trans. Antennas Propagat., Vol. 53, No. 1, pp. 110-
119, 2005.

[50] P. Mookiah, and Kapil R. Dandekar, “Metamaterial substrate antenna array for
MIMO communication system,” IEEE transactions on antennas and propagation,
vol. 57, no. 10, October, 2009.

[51] S. E. Mendhe and Yogeshwar Prasad Kosta, “Metamaterial properties and
applications,” International journal of information technology and knowledge
management January-June, Volume 4, No. 1, pp. 85-89, 2011.

[52] S. Raghavan and V. Rajeshkumar, “An overview of metamaterials in biomedical
applications,” Piers Proceedings, Taipei, March 25-28, 2013.

[53] M. Anand,“Applications Of Metamaterial In Antenna Engineering”, ISSN: 2320-
8163, PP. 49-52, 2014.

[54] P.Josep, F.Gonzalez,“Multifunctional Metamaterial Designs for Antenna
Applications”, PhD Thesis Dissertation, Universitat Politecnica de Catalunya ,
Barcelona, June, 2015.

[55] M.d. Zulfiker Mahmud, M. Tariqul Islam, ID, N. Misran, M.].Singh and K.Mat “A
Negative Index Metamaterial to Enhance the Performance of Miniaturized UWB
Antenna for Microwave Imaging Applications”, 7, 1149, doi:10.3390,
app7111149, 2017.

[56] T. J.Cui, D.R.Smith, R.Liu, “Metamaterials Theory Design and Applications,”
Springer, 2010.

[57] N. Engheta, R. W. Ziolkowski, “Metamaterials Physics and engineering
explorations,” IEEE, 2006.

[58] S. Anlage, S. M,“The physics and applications of superconducting metamaterials”.
Journal of Optics, 024001. 10.1088/2040-8978, 2010.

[59] E. Shamonina, Solymar, L, “Properties of magnetically coupled metamaterial
elements”, ].Magn. Magn.Mater. 300, 38-43, 2006.

[60] R. Syms, R.A, Shamonina, E, Kalinin, V, Solymar, L, “A theory of metamaterials
based on periodically loaded transmission lines: interaction between magneto
inductive and electromagnetic waves,” ]. Appl. Phys. 97, 064909, 2005.

[61] ].D. Baena, Jelinek, L, Marques, R, Mock, Gollub, J, Smith, D.R, “Isotropic frequency
selective surfaces made of cubic resonators,”Appl Phys. Lett. 91, 191105, 2007.

[62] A. Alu, Engheta, N, “Achieving transparency with plasmonic and metamaterial
coatings,” Phys. Rev. E 72, 016623, 2005.

91



[63] G.W. Milton, Nicorovici, N.P, “On the cloaking effects associated with anomalous
localized resonance,” Proc. R. Soc. A 462, 3027-3059, 2006.

[64] U. Leonhardt, “Optical conformal mapping,” Science 312, 1777-1780, 2006.

[65] ].B. Pendry, Schurig, D, Smith, D.R, “Controlling electromagnetic fields,” Science
312,1780-1782, 2006.

[66] A. Greenleaf, Lassas, M, Uhlmann, G, “non-uniqueness for Calderons inverse
problem,” Math. Res. Lett. 10, 685-693, 2003.

[67] A. Greenleaf, Lassas, M, Uhlmann, G, “Anisotropic conductivities that cannot be
detected by EIT,” Physiol. Meas. 24, 413-419, 2003.

[68] F.C. Chang, J. Shiu, Y.Z.Yin1, C.W.Lin ”"A Novel design of Antenna for biosensing
applications”, doi 10.5162,IMCS2012,4.5.3, IMCS, 2012.

[69] S.A. Cummer, Popa, B.I, Schurig, D, Smith, D.R, Pendry, ], “Full-wave simulations
of electromagnetic cloaking structures,” Phys. Rev. E 74, 036621, 2006.

[70] D. Schurig, Mock, ].], Justice, B.J, Cummer, S.A, Pendry, ].B, Starr, A.F.S, Smith, D.R,
“Metamaterial electromagnetic cloak at microwave frequencies,” Science 314,
977-980, 2006.

[71] Z. Liang, Yao, P, Sun, X, Jiang, X, “The physical picture and the essential elements
of the dynamical process for dispersive cloaking structures,” Appl. Phys. Lett. 92,
131118, 2008.

[72] H.J. Lee, Yook, ].G, “Biosensing using split-ring resonators at microwave regime,”
Appl.Phys. Lett. 92, 254103, 2008.

[73] J.F. O'Hara, Singh, R, Brener, [, Smirnova, E, Han, ], Taylor, A.J, Zhang, W, “Thin-
film sensing with planar terahertz metamaterials: sensitivity and limitations,”
Opt. Express 16,1786-1795, 2008.

[74] Ben A. Munk, “Frequency Selective Surfaces: Theory and Design,” 1st ed. New
York: John Wiley & Sons, Inc, 2000.

[75] Information on frequency selective surfaces http://www.ofcom.org.uk.

[76] B. Hooberman, “Everything you ever wanted to know about frequency-selective
surface filters but were afraid to ask”, 2005.

[77] D.John, Kraus and Ronald ]. Marhefka, “Antennas for all Applications,” 3rd ed.
New York: McGraw-Hill, 2002.

[78] Z.Sahraoui, “Les antennes agiles a base de metamateriaux,” Universite Amar
Telidji Laghouat.Thesis, 2013.

[79] D. ]. Kozakoff “Multi-frquency and ultrawideband antenna radomes,” Antenna
Systems 2011, USA, September, 2011.

[80] R.-X. Wy, Y. Gu, and L. Tan, “Optimizing the directional radiation of metamaterial
antenna,” in Proceedings of 7th International Congress on Advanced
Electromagnetic Materials in Microwaves and Optics, metamaterials, pp. 106-
108, France, September, 2013.

[81] L.-M. Si and X. Lv, “CPW-fed multi-band omni-directional planar microstrip
antenna using composite metamaterial resonators for  wireless
communications,” Progress in Electromagnetics Research, vol. 83, pp. 133-146,
2008.

[82] P. P. Bhattacharya, R. Khandelwal, R. Gera, and A. Agarwal, “Smart radio
spectrum management for cognitive radio,” International Journal of Distributed
and Parallel Systems (IJDPS), vol. 2, no. 4, pp. 12-24, July, 2011.

[83] P.-Y. Qin, F. Wei, and Y. J. Guo, “A Wideband-to-Narrowband Tunable Antenna
Using A Reconfiurable Filter,” IEEE Transactions on Antennas and Propagation,
vol. 63, no. 5, pp. 2282-2285, 2015.

92



[84] G. Prema and P. Gayatri, “A frequency reconfiurable rotatable antenna design for
cognitive radio systems,” International Journal of Engineering Research and
Technology (IJERT), vol. 2, no. 12, pp. 1342-1349, December, 2013.

[85] S. Attachi, C. Saleh, M. Bouzouad ,“Microstrip antenna gain enhancement with
metamaterial radome”, DOI 10.1007/s00339-016-0641-3, Springer-Verlag
Berlin Heidelberg, 2016.

[86] K. Shobhit. Patel, ]. Sonagara, D. Kartodiya and V. Sorathiya, “High gain
metamaterial radome design for microstrip based radiating structure”, MRX2-
101260.R1, 2018.

[87] L.P.S.Antonio, G.A. Adaildo “Software for project and analysis of frequency
selective surfaces”, journal of MOEA Vol.11,No.1, june, 2012.

[88] F. O’Nians and ]. Matson, “Antenna Feed System Utilizing Polarization

Independent Frequency Selective Intermediate Reflector,” U.S. Patent,3,231,892,
Jan. 25, 1966.

[89] B.A. Munk, and R.. Luebbers, “Reflection Properties of Two-Layer Dipole
Arrays,” IEEE Trans. Antennas. Propag., vol. AP-22, pp. 766-773, Nov, 1974.

[90] G.G. Macfarlane, “Quasi-stationary field theory and its application to
diaphragms and junctions in transmission lines and waveguides,” ]. Instn.Elect.

Engrs., vol. 93, Pt. III-A pp. 703-719, 1946.

[91] H.G. Booker, “Slot aerials and their relation to complementary wire aerials
(Babinet’s principle),” J. Instn. Elect. Engrs., vol. 93, Pt. IlI-A pp. 620-626,1946.

[92] ]. Huang, T. Wy, and S. Lee, “Tri-band frequency selective surface with circular
ring elements,” [EEE Trans. Antennas. Propag., vol. 42, pp. 166-175,Feb. 1994.

[93] R. Mittra, C.H. Chan, and T. Cwik, “Techniques for analyzing frequency selective
surfaces-a review,” Proc. I[EEE, vol. 76, pp. 1593-1615, Dec. 1988.

[94] M.Bozzi, L.Perregrini, “Analysis of multilayered printed frequency selective
surfaces by the MoM/BI-RME method”, IEEE Trans. Antennas

Propag,vol.51,N0O.10,0ctober, 2003.

[95] J. Romeu and Y. Rahmat-Samii, “Fractal FSS: A novel dual-band frequency
selective surface,” IEEE Trans. Antennas Propag. vol. 48, pp. 1097-1105, Jul.
2000.

[96] B.Schoenlinner, A. Abbaspour-Tamijani, L.C. Kempel, and G.M. Rebeiz,
“Switchable low-loss RF MEMS Ka-band frequency-selective surface,” IEEE
Trans. Microw. Theory Tech., vol. 52, pp. 2474-2481, Nov, 2004.

[97] E.A.Parker and S.B. Savia, “Active frequency selective surfaces with ferroelectric
substrates,” Proc. Inst. Elect. Eng. Microwaves, Antennas and Propagation, vol.
148, pp. 103-108, Apr, 2001.

[98] D. Zhang, Y. Rahmat-Samii, H.R. Fetterman, S. Prakash, R.F. Bunshah, M. Eddy,
and J.L. Nilsson, “Application of high Tc superconductors and frequency
selective surfaces: Experiment and theory,” IEEE Trans. Microw. Theory Tech.,
vol. 41, pp. 1032-1036, Jun/]Jul, 1993.

[99] A. Lazaro, A. Ramos,D. Girbau, and R. Villarino, A Novel UWB RFID Tag
Using Active Frequency Selective Surface, Antennas and Propagation, IEEE
Transactions, vol.61, pp. 1155-1165, Mar. 2013.

[100] A. S. Barlevy, D. F. Sievenpiper, Y. Rahmat-Samii, Photonic Bandgap
(PBG)Structures of Multiple Metallic Periodic Screens: Efficient Electromagnetic
Characterization, Antennas and Propagation Society International Symposium,
IEEE, vol.2 , pp. 1216 - 1219, June. 1998.

93



[101]

[102]

[118]
[119]

[120]

[121]

H. Y. Chen, Y. K. Chou, An EMI Shielding FSS for Ku-band Applications, Antennas
and Propagation Society International Symposium (APSURSI), pp. 1 -2, July. 2012.
K.L. Ford, ]J. Roberts, S. Zhou, G. Fong and ]. Rigelsford, Reconfigurable
Frequency Selective Surface for Use in Secure Electromagnetic Buildings,
Electronics Letters, Volume:49 , Issue: 14, pp. 861-863, July. 2013.

A. Chauraya, R. Seager, W. Whittow, S. Zhang, and Y. Vardaxoglou,
Embroidered Frequency Selective Surfaces on Textiles for Wearable Applications,
Antennas and Propagation Conference (LAPC), pp- 388-391, Nov. 2013.

G. Marconi and C.S. Franklin, Reflector for use in wireless telegraphy and
telephony, U.S. Patent, 1,301,473, 1919.

S. James Yee, “Frequency Selective Surface (FSS)”, U.S. Patent, 5,208,603, 1993.

D. H. Werner and R. Mittra, Eds., Frontiers in Electromagnetics, Piscataway, NJ:
IEEE Press, ch. 1-3, 1999.

J. Romeu, Rahmat-Samii, Y, Fractal Elements and Their Applications to
Frequency Selective Surfaces, Aerospace Conference Proceedings, vol. 5, pp. 77-
81, 2000.

F. Bayatpur, Metamaterial-Inspired Frequency-Selective Surfaces, Doctorate
Thesis, 2009.

B. A. Munk, Periodic Surface for Large Scan Angles, U.S. Patent, 3,789,404, 1974.
H. Zhou, S.-B. Qu, ].-F. Wang, B.-Q. Lin, H. Ma, Z. Xu, P. Bai and W.-D. Peng, Ultra-
wideband Frequency Selective Surface, Electronics Letters, vol. 48, no. 1, Jan,
2012.

R. ]J. Langley and E. A. Parker, Double-Square Frequency-Selective Surfaces and
Their Equivalent Circuit, Electronic Letters, vol.19, no.17, pp. 675-677, 1983.

D. H. Kim and ]J. I. Choi, Design of a Multiband Frequency Selective Surface, ETRI
Journal, vol. 28, no. 4, pp.506-508, Aug, 2006.

A. Benedikt. Munk, Space Filters, U.S. Patent, 4,125,841, 1978.

Z. Sipus, M. Bosiljevac and S. Skokic, Analysis of Curved Frequency Selective
Surfaces,Final Report, May, 2008.

G. Gerini and L. Zappelli Multilayer Array Antennas With Integrated
Frequency Selective Surfaces Conformal to a Circular Cylindrical Surface, [EEE
Transactions On Antennas And Propagation, vol. 53, vo. 6, June. 2005.

[. M. Ehrenberg, S. E. Sarma and B. Wu, Fully Conformal FSS via Rapid 3D
Prototyping Antennas and Propagation Society International Symposium
(APSURSI), July. 2012.

G. Sen, S. Mahato, T. Mandal, S. Mondal, S. Majumdar and P.P. Sarkar,
Design of a Wide Band Frequency Selective Surface for Multiband Operation of
Reflector Antenna, 5th International Conference on Computers and Devices for
Communication, Dec, 2012.

A. Wexler, Solution of Waveguide Discontinuities by Modal Analysis, IEEE Trans.
Microwave Theory Tech., vol. 15, no. 9, pp. 508-517, Sept, 1967.

H. Loui, Modal Analysis and Design of Compound Gratings and Frequency
Selective Surfaces, Doctorate Thesis, 2006.

N. Don, A. Kirilenko, M. Bozzi, L. Perregrini , Numerical Simulation of
Frequency Selective Surfaces Perforated with Arbitrarily Shaped Apertures,
Physics and Engineering of Millimeter and Sub-Millimeter Waves Symposium
Proceedings, pp. 301 -303, 2007.

[. Anderson, On the theory of self-resonant grids, Bell Syst. Tech. ]., vol. 54, no. 10,
pp- 1725-1731, Dec. 1975.

94



[122]

[123]

[124]

[125]

[126]

[136]

[137]

[138]

[139]

C. K. Lee and R. ]J. Langley, Equivalent circuit models for frequency selective
surfaces at oblique angles of incidence, IEE Proc. H, vol. 132, no. 6, pp. 395-399,
Oct. 1985.

X. Yao, M. Bai and ]. Miao, Equivalent Circuit Method for Analyzing
Frequency Selective Surface With Ring Patch in Oblique Angles of Incidence,
Antennas and Wireless Propagation Letters, IEEE, vol. 10, pp. 820-823, Aug. 2011.
G. Liu, H.J. Wang, ].S Jiang, F. Xue, M. Yi “A High-Efficiency Transmitarray Antenna
Using Double Split Ring Slot lements”, IEEE, DOI: 10.1109/LAWP. 2409474, 06
March, 2015.

R. F. Harrington, Field Computation by Moment Methods, New York, NY:
Macmillan, 1968.

R. Mittra, C. H. Chan, and T. Cwik, Techniques for analyzing frequency
selective surfaces - a review, Proceedings of the IEEE, vol. 76, no. 12, pp. 1593~
1615, Dec. 1988.

I. Bardi, R. Remski, D. Perry, and Z. Cendes, Plane Wave Scattering From
Frequency-Selective Surfaces by the Finite-Element Method, IEEE Transactions
On Magnetics, vol. 38, no. 2, pp. 641-644, Mar. 2002.

D. B. Davidson, A. G. Smith, and J. ]. van Tonder, The analysis, measurement and
design of frequency selective surfaces, in Proc. 10th International Conference on
Antennas and Propagation, vol. 1, pp. 156-160, Apr. 1997.

CST Microwave Studio ® <https://www.cst.com/Products/CSTMWS>, Last
visited on March 2014.

A. Dalkili¢ “Analysis and design of conformal frequency selective surfaces”, a
thesis submitted to the graduate school of N.A.S.M.E.T.University, june. 2014.

T. ]. Cui, D. R. Smith, and R. Liu, “Metamaterials Theory, Design, and applications,”
Springer, 2010.

L. Solymar E and Shamonina, “Waves in Metamaterials,” Oxford, 2009.

V.A. Amirkhizi, and S. Nemat-Nasser, “Microstructurally based homogenization of
electromagnetic properties of periodic media,” Science Direct. C. R. Mecanique
336-24-33, 2008.

W. Cai and V. Shalaev, “Optical Metamaterials Fundamentals and Applications”.
Springer, 2010.

S. Arslanagi¢, T. V. Hansen , N. A. Mortensen, A. H. Gregersen, O. Sigmund, R. W.
Ziolkowski , and O. Breinbjerg, “A review of the scattering parameter extraction
method with clarification of ambiguity issues in relation to metamaterial
homogenization,”. The Danish Research Council for Technology and Production
Sciences, 2012.

U. C. Hasar and J. ]J. Barroso, “Retrieval approach for determination of forward and
backward wave impedances of bianisotropic metamaterials,” Progress In
Electromagnetics Research, Vol. 112, 109-124, 2011.

D,Bensafieddine,” Design of metamaterial agile radiation pattern Microstrip
Antenna ”,Ms, thesis, UATL, 2015.

D. R. Smith, “Electromagnetic parameter retrieval from inhomogeneous
metamaterials,” Department of Electrical and Computer Engineering, Duke
University, Box 90291, Durham, North Carolina 27708, USA, Physical review E 71,
036617, 2005.

C.croenne, ].Mlerat, N.Malléjac, O.Acher,D.Lippens,“Extraction ab-initio effectifs
parameters of metamaterial, ” journal of microonde.

95



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

C. E. Kriegler, M. S. Rill, S. Linden, and M. Wegener, “Bianisotropic Photonic
Metamaterials, ” IEEE JOURNAL OF Selected Topics In Quantum Electronics, Vol.
16, No. 2, March/April 2010.

L.Zhenya, R. Yang, X. Shi, and J. Zhang, “Determining the effective electromagnetic
parameters of bianisotropic metamaterials with periodic structures,” Progress In
Electromagnetics Research M, Vol. 29, 79-93, 2013.

Li, Z, K. Aydin, and E. Ozbay, “Determination of the effective constitutive
parameters of bianisotropic metamaterials from reflection and transmission
coeffcients, ” Phys. Rev. E, Vol.79, 026610-1-7, 2009.

A. B. Constantine, “Advanced Engineering Electromagnetics,” John Wiley & Sons,
19809.

J. Barroso and U. C. Hasar, “Resolving phase ambiguity in the inverse problem of
transmission/reflection measurement methods,” Int. J. Infrared Milli. Waves, Vol.
32,857-866, 2011.

L. Chen, Z. Lei, R. Yang, X. Shi, and ]. Zhang, “Determining the effective
electromagnetic parameters of bianisotropic metamaterials with periodic
structures,” Prog. Electromagn. Res. 29, 79-93, 2013.

F. Costa, A. Monorchio, “A frequency selective raome with wideband absorbing
properties,” IEEE Transactions on Antennas and Propagation, Vol. 60, No. 6,
2740-2747,2012.

L. Liu, Y. Li, Q. Meng, et al., “Design of an invisible radome by frequency selective
surface loaded with lumped resistors,” Chin. Phys. Lett.,, Vol. 30, No. 6, 064101,
2013.

W. S. Arceneaux, R. D. Akins, and W. B. May, “Absorptive/transmissive radome,”
US Patent 5,400,043, 1995.

H. Zhou, L. Yang, S. Qu, et al, “Experimental demonstration of an
absorptive/transmissive FSS with magnetic material,” IEEE Antennas and
Wireless Propagation Letters, Vol. 13, 114-117, 2014.

Q. Chen, and Y. Fu, “A planar stealthy antenna radome using absorptive frequency
selective surface,” Microwave and Optical Technology Letters, Vol. 56, No. 8§,
1788-1792, 2014.

Q. Chen, J. Bai, L. Chen, and Y. Fu, “A miniaturized absorptive frequency selective
surface,”[EEE Antennas and Wireless Propagation Letters, Vol. 14, 80-83, 2015.
Q.Chen, L. Chen, J. Bai, and Y. Fui, “Design of absorptive frequency selective
surface with good transmission at high frequency,” Electronics Letters, Vol. 51,
885-886, 2015.

Q. Chen, L. Liu, L. Chen, J. Bai, and Y. Fu, “Absorptive frequency selective surface
using parallel LC resonance,” Electronics Letters, Vol. 52, 418-419, 2016.
R.F.beam Microwave GmbH. Radome(radar enclosure). 2013.

R.H.] Cary. Handbook of Antenna Design, volume 2. Cambridge UniversityPress,
1983.

E. G. Geterud. Design and Optimization of Wideband Hat-Fed Reflector Antenna
with Radome for Satellite Earth Station. PhD thesis, Chalmers University of
Technology, 2012.

D. J. Kozakoff. Analysis of Radome-Enclosed Antennas. Boston: Artech House,2
edition, 1997.

Wu. Dapeng. “planar antenna development and utilization for automotive radar
applications76-81 GHz”, 2016.

96



