In order to retrieve effective parameter of the periodic structure, people have made effort to develop the theory of homogenization, which regards the periodic structure as a homogeneous medium. This thesis mainly focuses on the proposition and validation of classical and second order homogenization. A kind of method for homogenization is applied to obtain effective parameters of multilayer structures. Moreover, classical homogenization is adopted to calculate transmission properties of dielectric multilayer structures and the dispersion relation of metallic cylinder array mounted on a smooth metallic ground plane.

.

We experimentally demonstrate one important limitation of classical homogenization when calculating the transmission property of an ultra-thin metallic grating. The measured transmission coefficient is much smaller than that calculated by classical homogenization, although the interferences may be caused by the imperfect experiment facility are eliminated. Thus we propose a new second order homogenization, which is able to get the transmission coefficient correspondent to numerical results. Furthermore, second order homogenization has been experimentally validated by several metallic grating with the same dimension except for the thickness.

Conclusion
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Chapter 1 Introduction

This thesis focuses on homogenization of metamaterials, which are periodic structures exhibiting extraordinary properties that do not exist in nature. The structuration of metamaterial being at the subwavelength scale, they can be replaced by equivalent, homogenized material.

Background

Since 1960s Veselago proposed the conception of negative reflective index metamaterials that exhibit negative permittivity ε and permeability µ, lots of scientists have made effort in this domain. After approximate 30 years, thin wires and split-ring array structures, which have negative ε and µ respectively, are invented. In order to determine the effective constitute parameters, several methods have been proposed.

The first one is to adopt the numerical tools to simulate the effective parameters of metamaterials, since the properties of effective metamaterials can be achieved from simulation by inferring refraction n and relative impedance Z, which can be derived from transmission and reflection coefficients [START_REF] Popa | Determining the effective electromagnetic properties of negative-refractive-index metamaterials from internal fields[END_REF]. Finite Element Method (FTDT), Method of Moments (MOM) and Finite Integration Technology (FIT) are applied in the numer-ical tools such as High-Frequency Electromagnetic Field Simulation (HFSS) and CST Microwave Studio (CST). The second method uses the scattering parameters to retrieve the constitute parameters, which is proposed by Smith et all in 2002 [START_REF] Smith | Determination of effective permittivity and permeability of metamaterials from reflection and transmission coefficients[END_REF]. Actually, retrieve method is mainly used to dealing with isotropic medium [START_REF] Koschny | Impact of inherent periodic structure on effective medium description of left-handed and related metamaterials[END_REF][START_REF] Smith | Electromagnetic parameter retrieval from inhomogeneous metamaterials[END_REF]. The third one is so-called homogenization, which allows us to replace the subwavelength periodic structures that have complicated boundary condition with an equivalent and effective medium. [START_REF] Bouchitté | Homogenization near resonances and artificial magnetism in 3d dielectric metamaterials[END_REF][START_REF] Arslanagić | A review of the scattering-parameter extraction method with clarification of ambiguity issues in relation to metamaterial homogenization[END_REF][START_REF] Sanchez-Palencia | Homogenization techniques for composite media[END_REF][START_REF] Guedes | Preprocessing and postprocessing for materials based on the homogenization method with adaptive finite element methods[END_REF][START_REF] Maurel | Homogenization of ultrathin metallodielectric structures leading to transmission conditions at an equivalent interface[END_REF][START_REF] Guenneau | Homogenization techniques for periodic structures[END_REF][START_REF] Mercier | Classical homogenization to analyse the dispersion relations of spoof plasmons with geometrical and compositional effects[END_REF] 

Aim of this thesis

In this thesis, in order to deal with the metamaterials with one or two-dimensional periodic structures, an approximate analytical model is adopted to homogenize the structure to obtain its transmission properties and dispersion relation in a simple and fast way. The metallic material is taken into consideration in the far infrared, thus in a frequency range where metal behaves as an opaque medium. Such metallic arrays are used in the designation of metallo-dielectric structures, as the Artificial Magnetic Conductors used in the design of the antenna, and there is currently renewed interest in such array since they are the key piece of so-called metasurfaces (with a typical resonant behavior as in the mushroom structure of Sievenpiper [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF]).

In addition to being able to produce unexpected scattering of electromagnetic waves, these structures can support guided waves, and it is for this property that they have been proposed by Pendry and coworkers [START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF]; in this context, these guided waves have been called 'spoof plasmons' since they mimic, in the far infrared regime, the behavior of plasmons observed in the visible range (plasmons are the wave guided at the flat interface between air and metal, and this requires a negative permittivity). In this thesis, this kind of metasurface is used to reshape the radiation pattern of traditional patch antenna by suppressing the guided waves on the metal ground in a certain range of frequency. [START_REF] Bhattacharya | Design, simulation and analysis of a probe feed patch antenna with benzocyclobutene as the substrate material[END_REF] Chapter 1

Furthermore, the drawbacks of classical homogenization for the ultra-thin structures are reviewed. A new method named the second order of homogenization is investigated.

Outline of thesis

The overview of this thesis is as follows:

In chapter 2, starting from the basic phenomenon in daily life, the conceptions of wave propagation and metamaterials are introduced. Moreover, a brief history of the development of metamaterials is reviewed. Several landmark discoveries after the publication of Maxwell Equations are presented, such as the proposition of the idea of metamaterials and the experimental validation of cloaking. In addition, several important applications of metamaterials are demonstrated, such as Electric Band Gap (EBG), High Impedance Surface (HIS) and Left Hand Material (LHM) that is able to realize negative-index. Finally, a short introduction and history of homogenization are shown to provide a general view of the background.

In Chapter 3, classical homogenization is investigated and validated to predict the transmission properties of a multilayer structure. Start from the simplest multilayer structure that consists of two kinds of dielectric layered medium, numerical results is provided to validate the analytical result of multilayer slab and corrugated surface. In order to solve the same problem for a metallic corrugated surface, continuous field condition is taken into consideration to calculate its transmission property. And also, a thin structure can support surface plasmons is experimental validated.

Furthermore, a meta-surface made of a finite array of grounded metallic cylinders is proposed to realize a transmission bandgap is demonstrated. Such a property has been shown to reshape the radiation field of a printed patch antenna. Also, the resonances among the metallic cylinders are analyzed, and the field distributions are shown at different frequencies.

Chapter 1

Chapter 4 starts from a phenomenon of disagreement caused by the method of classical homogenization in calculating the transmission property of an ultra-thin periodic structure. The classical homogenization of second order is thus introduced. Six different prototypes are manufactured to validate the second order homogenization, which proves that classical homogenization can be used only when the thickness of periodic structures is larger than 0.01λ , otherwise, classical homogenization of second order should be employed.

Moreover, investigations of Artificial Magnetic Conductor (AMC) that consists of ultra-thin structures by using interface homogenization are shown. The "jump" boundary condition was employed instead of bulk region boundary condition to determine the phase shift property of AMC. Experimental validations are given to show that exactly phase shift due to the different thickness of metal layer.

Chapter 2

State of art

The periodic phenomenon is the most important basic elements to constitute complicated movements of the world, even the Galaxy. In our daily life, the water wave that we see in the lake or the sea results from oscillation of the surface of water; the sound we hear results from the vibration of the sound source induce the oscillation of the air molecule from distance to excite our eardrum; the wireless video we can see on the screen is because the video information is modulated on the carrier wave that results from the oscillation of the electrons in the crystal oscillator. And, this kind of oscillation of lots of elements causes "wave". For example, more than century ago a Germany scientist Hertz experimentally proved the existence of electromagnetic wave. Until now people have found lots of properties and applications such as telecommunication, power transmission, detecting and so on.

Trying to control and tail transmission of the electromagnetic wave in the different medium is always an important and meaningful subject. In the near past several decades, scientists found that not only the properties of the material that we used in the experiment is able to affect the wave property. Moreover, the arrangement of the material has advanced impact when tailing the wave propagation, entitling traditional material with extraordinary properties that do not exist in nature.

Normally such arrangement refers to periodic, for which the structure is so-called 'metamaterial'. Moreover, in order to study inner physical mechanism, lots of methods are proposed such as Numerical calculation, Retrieval method, Field averaging method.

These methods are briefly introduced in this chapter.

Metamaterials

Introduction

'Metamaterial' is a material composed of a periodic arrangement of metallo-dielectric unit cells at a scale smaller the wavelength of the propagating wave. The 'meta' comes from Greek prefix 'µετα-', which means beyond. In another word, metamaterials describe those materials can provide original properties that could not be found in nature.

For the nature materials, their resonance frequencies mainly rely on the polarization of their molecule, whose dimension is extremely smaller than the wavelength of the incident wave. Although they can resonant in the same mechanism as normal materials, the dimension of the array and the unit cells is also much smaller than the wavelength of the incident wave. Consequently, designation of the array can affect the resonance property of this structure, which gives us a new method to manipulate the incident wave.

Actually, people's understanding of the electromagnetism can be dated back to the 19th century when James Clerk Maxwell developed the formulation of Maxwell Equation. After that, scientists have made enormous progress in the telecommunication system. More importantly, people have an advanced view towards the interaction of the electromagnetic wave and different materials, including metamaterials.

Those extraordinary characteristics of metamaterials do not only rely on the properties of the traditional materials, but also their peculiar designation including geometry, size, and shape, which give them special capable for blocking, absorbing or selecting 10 Chapter 2

waves. Well-designed metamaterials can affect the radiation or propagation of electromagnetic, acoustic and water waves. As early in the 1960s, a Russia physicist Veselago first proposed the existence of metamaterials [START_REF] Veselago | The electrodynamics of substances with simultaneously negative values of permittivity and permeability[END_REF] Although the mechanism between the electromagnetic wave and metamaterial is not very clear, he predicted that such kind of medium has new capability such as negative refractive index.

In 1990s, engineers experimentally demonstrated thin metal wires array and split ring array, shown in Fig. 2.1 (a), which has negative permittivity and permeability respectively. Generally speaking, well-designed electromagnetic metamaterials have several extraordinary properties that could not be found in nature, shown as following.

Chapter 2 1) Single Negative Metamaterials: Single negative metamaterials (SNG) have negative permittivity or negative permeability. In [START_REF] Zhang | Experimental demonstration of near-infrared negative-index metamaterials[END_REF], the authors realize DNG metamaterials by combining two SNG structures. To conduct wave reflection experiments, the slab of negative mu materials and negative epsilon materials have been joined. Like DNG metamaterials, SNGs change their parameters such as refraction index n.

2) Double Negative Metamaterials: Double negative metamaterials (DNG) are the metamaterials that have both negative permittivity and permeability. These are also known as negative index metamaterials (NIM) [START_REF] Engheta | A positive future for double-negative metamaterials[END_REF]. Another name for DNGs is left-handed media, because in this kind of medium the electric vector, magnetic vector, and wave propagating vector satisfy the left-hand rule [START_REF] Ziolkowski | Causality and double-negative metamaterials[END_REF].

3) Electromagnetic Band Gap (EBG) Metamaterials: Electromagnetic band gap metamaterials can control wave propagation by tuning the parameter to form a bandgap at certain frequency band. It is achieved either by photonic crystals (PC), or left-handed materials (LHM).

After decades of investigation, there are tremendous kinds of metamaterials are proposed, such as:

1, Textured Surface

Textured surface has extraordinary properties in comparison with smooth metallic or dielectric surfaces, such as high impedance, electric bandgap or frequency selective. For example, High Impedance Surface (HIS) is one of the important applications of metamaterials. By coupling a textured surface on the normal smooth metal surface, we can manipulate its radio-frequency electromagnetic property [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF]. The typical smooth conducting sheet has small surface impedance, however, such kind of textured surface has relatively high impedance. A well-known HIS is a mushroom-like structure, shown in Consequently, the surface impedance is very high, and the tangential magnetic field is very small. Such structure can be described as artificial magnetic conductor (AMC). 

2, Photonic Metamaterials

Photonic metamaterials are the type of electromagnetic metamaterials that designed to work in optical frequencies. Photonic metamaterials radiate the electronic waves at optical wavelengths. Furthermore, the sub-wavelength period differentiates the photonic metamaterials from photonic band gap structure. This is because the optical properties do Chapter 2 not come from the photonic band gaps, but from a sub-wavelength interaction with the light spectrum. The metamaterials with the capability of zero index of refraction (ZIMs)

and negative index of refraction (NIMs) is the active area of research in optical materials.

3, Chiral Metamaterials

A chiral medium is composed of particles that cannot be superimposed on their mirror images [START_REF] Lindell | Electromagnetic waves in chiral and bi-isotropic media[END_REF]. A chiral medium has different responses for a left circularly polarized (LCP)

wave and a right circularly polarized (RCP) wave due to the intrinsic chiral asymmetry of the medium [START_REF] Wang | Chiral metamaterials: simulations and experiments[END_REF]. Besides, cross-coupling between the electric field and magnetic field going through a chiral medium is also existent. 

Application of Metamaterials

Lots of sophisticated applications of metamaterials including optical fiber, aerospace device, detect sensor and super lens have been proposed and realized in the past decades.

Metamaterials are cross subjects involving electrical engineering, electromagnetic, optical antenna engineering, and material science. In the following, several important properties and applications of metamaterials in electromagnetic domain are shown. Actually, all the materials can be separated into four categories by using the positive or negative value of permittivity ε and permeability µ, shown in Fig. 2.5. In the first The most important and interesting materials locate at the third quadrant, whose ε and µ are all negative, thus so-called double negative material. It follows the left-hand rules because its wave propagation vector reverses in comparison with normal materials.

This double negative material has many special properties, such as negative refraction index, reversal Doppler Effect. From Snell's law, when the lights, or electromagnetic waves, propagate against the interface between air and DNM, the reflect energy do not flow on the original direction, however, reverse to the opposite one, shown in Fig. 2.6 (a). 

2, Filter

Because of the bandgap and high impedance property of metamaterials, they can be applied to design microwave devices, such as filter. In 2003, Martín proposed a left hand medium consists of an array of split-ring resonator (SRR) over a coplanar waveguide (CPW) to control the wave propagation along the CPW [START_REF] Martın | Split ring resonator-based left-handed coplanar waveguide[END_REF], see Fig. In 2007, Ali et al presented a low pass filter which provides flat pass band response but slow attenuation transmission [START_REF] Ali | High selectivity lowpass filter using negative-e metamaterial resonators[END_REF], by etching a double square C slots on the metallic ground of a transmission line, see Fig. 2.7 (b). This kind of structure improves the filter selective, besides it is easy to be manufactured.

3, Antenna

The antenna is one of the most important elements in the telecommunication system, such as radio, broadcast television, radar or wireless computer network. Since the very beginning at the 1880s when Hertz invented dipole antenna, tremendous kinds of antennas are designed for different applications. Due to various requirements, lots of parameters, such as radiation pattern, bandwidth, gain, return loss or even size, are taken into first consideration by engineers and scientists.

However, some defect of antenna comes from the intrinsic properties. For example, the radiation of traditional printed antenna is due to resonance of electromagnetic wave in Chapter 2 the dielectric between radiating patch and the ground plane. Consequently, the size of the patch antenna is hard to minimize. Meanwhile, although horn antenna is able to radiate high power electromagnetic wave, its radiation pattern is not easy to control. Thanks to the realization of metamaterial, engineers have found that by employing metamaterial, many kinds of properties of the different antenna can be enhanced.

1, Radiated Power Enhancement

DNG metamaterials can be used to increase the radiated power of small antenna [START_REF] Ziolkowski | Application of double negative materials to increase the power radiated by electrically small antennas[END_REF].

A small dipole antenna with radome made of DNG metamaterials has the larger radiated power than the conventional antenna.

2, Directivity Enhancement

Metamaterials have extraordinary property to controls the electromagnetic radiation, thus to confine the originating energy in a small angular [START_REF] Zhou | A novel high-directivity microstrip patch antenna based on zero-index metamaterial[END_REF]. A DNG material can be used to enhance the directivity of the antenna. For instance, the metamaterials antennas decrease the beam width and side lobe ratio [START_REF] Enoch | A metamaterial for directive emission[END_REF] and thus enhance the directivity and reduce the return loss of the antenna.

3, Bandwidth Enhancement

Antenna compensated with Metamaterials is able to achieve wider bandwidth as compared to the conventional patch antenna [START_REF] Lu | Bandwidth enhancement design of single-layer slotted circular microstrip antennas[END_REF]. This is achieved by use of superstrate of metamaterials over a conventional antenna or by employing of LHM.

Homogenization

In the early 1960s, the Geometrical Theory of Diffraction (GTD) was proposed and applied to solve the problem of rays that hit edges, corners or vertical of boundary surface [START_REF] Keller | Geometrical theory of diffraction[END_REF]. As the development of electromagnetic theory, engineers met more and more complicated problems in reality. Lots of Numerical methods were proposed, such as Finite-difference time-domain method (FTDT), Transmission line method (TLM), Finite 18 Chapter 2 element method (FEM), Method of moments (MOM) and so on. These numerical tools are good at solving the problem of big volume, high frequency, and complicated boundary conditions. However, these kinds of method require high-speed modern computers and relatively long time to solve the problem.

The transmission properties of metamaterials can be determined by another simplified way, because of its periodic arrangement structure. This method is so called 'homogenization', which allows us to replace the subwavelength periodic structures who have complicated boundary condition with an equivalent and effective medium. Motivated by 

Field averaging method

Another way to derive the effective parameter of periodic structures is so called "field averaging" method, a straightforward way of homogenization presented by Pendry et al.

in 2006 [START_REF] Smith | Homogenization of metamaterials by field averaging[END_REF]. It aims to obtain the average value of the field in the unit cell instead of the field that varies throughout the unit cell. In this method, averaged electric and magnetic Chapter 2 field E and H can be described as

H i = d -1 ´H•dx i E i = d -1 ´E•dx i (2.1)
where d is the length of the side of unit cell. In another words, E and H can be calculated from line integral of local field in the area of unit cell. Consequently, it resembles a finite differencing of Maxwell equation [START_REF] Smith | Homogenization of metamaterials by field averaging[END_REF].

Figure 2.9: Unit cell for field averaging Fig. 2.9 shows the definition of averaging field in unit cell of periodic structure. The general idea is that the averaging magnetic field of top surface H z is parallel to Z axis and coms from curl of electric field E x and E y which lie on the edges of the four cubic lattices.

Besides, electric field E y can be derived from the curl of magnetic field H x and H z on the edges of the adjacent cubics. In order to develop a general method, Maxwell equation subjected to the periodic boundary condition should be solved to find each mode of local fields. The curl equation of Maxwell is

∇ × E = iωB ∇ × H = -iωD (2.2) 20 Chapter 2
Etude expérimentale de structures basées sur les metamatériaux Normally, the unit cell is inhomogenous, thus for a periodic medium, the solution of Eq.2.1 has the form of

g(x) = h(x)exp(iqx) (2.3)
where q(x) is any of the components in Eq.2.1 h(x + d) = h(x) is the periodic function.

Thus, in the case of d λ , where λ is the operating wavelength in the effective medium, the averaging field can describe relative accurate field for us to determine its effective electromagnetic parameter.

Retrieval method

The general idea of retrieval method is to obtain the material parameter from its scattering properties such as transmission or reflection coefficient. Here we take 1-D problem as an example, shown in Fig. 2.11 the transmission property of slab can be expressed by transmission matrix 

W t = T •W i (2.4)
where W i = [E, H] is the incident wave, E and H are the complex electric and magnetic wave amplitude on the boundary between the slab and the air, W t is the transmission wave.

Chapter 2

According to [START_REF] Smith | Photonic band structure and defects in one and two dimensions[END_REF], the transfer matrix of such a homogenous slab is

T =    cos(nkd) - z k sin(nkd) z k sin(nkd) cos(nkd)    (2.5)
where n is refractive index and Z is wave impedance of the slab. n, Z can be expressed by its permittivity ε and permeability µ:

ε = n/Z, µ = nZ.
Thus, the scattering matrix related to the transmission coefficient can be obtain by using T matrix [START_REF] Smith | Photonic band structure and defects in one and two dimensions[END_REF]: .

S 21 = 2 
T
(2.7)

Consequently, n and z can be achieved by inverting Eq.2.7

n = 1 kd cos -1 [ 1 2S 21 (1 -S 2 11 + S 2 21 )] Z = ( (1 + S11) 2 -S 2 21 (1 -S11) 2 -S 2 

21

).

(2.8)

22

Chapter 2

Etude expérimentale de structures basées sur les metamatériaux This is the typical retrieval method to describe a homogenous slab. Generally speaking, retrieval methods is widely used because its easy way to retrieve the effective parameters of the medium in a macroscopical view such as permittivity, permeability and magnetoelectric coupling coefficient of the bianisotropic metamaterial [START_REF] Li | Determination of the effective constitutive parameters of bianisotropic metamaterials from reflection and transmission coefficients[END_REF].

Near Resonance method

Actually, there are several kinds of methods to homogenize the periodic structures, for instance, the retrieval method, are well established. However, their solution based on a two-dimensional method that ignoring the case of a linear polarized magnetic field. Thus confine their application to infinite cylindrical obstacles. GUY and his team proposed a dielectric structure performing a full three-dimensional asymptotic analysis [START_REF] Bouchitté | Homogenization near resonances and artificial magnetism in 3d dielectric metamaterials[END_REF].

In their method, they focus on the problem of complex medium in 3-D geometric domain, denote by Ω. The periodicity between the unit cell that cause diffraction by fast oscillating behavior when the wave propagate in it is infinitesimal, denotes by h, shown in Fig. As demonstrated in [START_REF] Bouchitté | Homogenization of the 3d maxwell system near resonances and artificial magnetism[END_REF], they proved that the structure behaves as local material is Metamaterials have promoted many research interests in the last decades because of their extraordinary properties that do not exist in nature to tail wave propagation in several domains such as electromagnetic, acoustic or water waves [START_REF] Chow | Quantitative analysis of bending efficiency in photonic-crystal waveguide bends at λ = 1.55 µm wavelengths[END_REF]. The most common metamaterials are made of periodic structures. When the spatial period of the structure is of wavelength size, the structures are referred as photonic or phononic crystals. When the scale of the periodicity is much smaller than the operating wavelength, the structures are considered as metamaterials. Homogenization approaches are preferred for the modeling of these metamaterials. In this case, an equivalent homogeneous (and possibly anisotropic) medium is taken into consideration. The classical homogenization is applied in the low-frequency regime assuming that all wavelengths involved in the structure are larger than the periodicity [START_REF] Asatryan | Suppression of anderson localization in disordered metamaterials[END_REF][START_REF] Maurel | Usual anderson localization restored in bilayered left-and right-handed structures[END_REF][START_REF] Mercier | Classical homogenization to analyse the dispersion relations of spoof plasmons with geometrical and compositional effects[END_REF]. Extensions of this classical homogenization have been proposed, known as high frequency homogenization [START_REF] Craster | High-frequency homogenization for checkerboard structures: defect modes, ultrarefraction, and all-angle negative refraction[END_REF][START_REF] Guenneau | Homogenization techniques for periodic structures[END_REF] or high contrast homogenization [START_REF] Felbacq | Noncommuting limits in homogenization theory of electromagnetic crystals[END_REF]. Alternatively to these homogenization methods, retrieval methods [START_REF] Fokin | Method for retrieving effective properties of locally resonant acoustic metamaterials[END_REF] or theories of effective medium [START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF][START_REF] Kelders | Ultrasonic surface waves above rectangulargroove gratings[END_REF] are also commonly used.

The electromagnetic homogenization for natural and artificial materials has a long history, and lots of theories are proposed to design effective constitutive parameters of the periodic structure. By averaging the microscopic field at the atomic or molecular scale, we can get the definition of permittivity and permeability; with the same idea, by using a proper method to average the field in the artificial periodic structure with a relatively large scale to avoid solving the fields of each unit cells, such method is known as 'homogenization' [START_REF] Mercier | Classical homogenization to analyse the dispersion relations of spoof plasmons with geometrical and compositional effects[END_REF]. Here, the relatively large scale actually is a limitation for which the wavelength of the wave should be always much larger than the periodicity of the structure.

With such limitation, this method can accurately solve the field of artificial structures with less CPU time than the traditional numerical ways. One of the simple homogenization techniques is so called retrieving method, which is able to get the effective parameters from the scattering parameters of a metamaterial sample. For example, the Nicholson-Ross-Weir (NRW) retrieval method assumes the equivalence between a complex periodic structure and a simple slab of the same thickness, usually limited to permittivity and permeability. [START_REF] Felbacq | Noncommuting limits in homogenization theory of electromagnetic crystals[END_REF][START_REF] Cordero | Tuning the wavelength of spoof plasmons by adjusting the impedance contrast in an array of penetrable inclusions[END_REF].

Homogenization for Layered Medium

In this section, the capability of classical homogenization to predict the transmission property of layered structure at the sub-wavelength scale is demonstrated. The periodic interfaces in the real problem are replaced by a slab of a homogeneous medium, with an effective mass density tensor and an effective bulk modulus. Thus, explicit dispersion relation can be derived, corresponding to guided waves in the homogenized problem [START_REF] Mercier | Classical homogenization to analyse the dispersion relations of spoof plasmons with geometrical and compositional effects[END_REF].

Homogenization approaches provide effective parameters by considering the permittivity ε, permeability µ of the materials and the geometry of the microstructure, which is dif-Chapter 3 ferent from the retrieval methods. As we mentioned before, a periodic structure can be regarded as effective medium, as long as the periodicity of the structure is much smaller than the wavelength of the electromagnetic wave. Classical homogenization related to periodic structures in this thesis should satisfy kh 1, where k is the wavenumber of EM wave and h is the periodicity of the structure. Next, the simplest one dimension periodic multilayer structures are first taken into consideration. Secondly, analytical expression and numerical validation are given to describe the transmission property of EM wave in such medium.

Multilayer medium

In the following, we calculate the field in a layered structure that consists of two kinds of penetrable dielectric for electromagnetic waves, shown in Figure .3.1(a). Transmission property of such structure described by an analytical expression derived from Helmholtz Equation is given. Furthermore, the result reveals that the transmission property can be strongly affected by not only the permittivity of the materials but also the filling fraction of the two dielectrics.

Consider a plane wave propagating in the free space, the magnetic field H can be obtained from the Helmholtz Equation

∇ • [a∇H(x, y)] + k 2 bH(x, y) = 0, (3.1) 
where a = 1/ε and b = µ, ε and µ are permittivity and permeability of the medium respectively. Magnetic field can be described as:

H( r,t) = H 0 • e j( k• r-ωt) (3.2)
where ω is the angular frequency of the plane wave, H 0 is the amplitude of vector of H( r,t), and r is the position vector of H( r,t), k is the wave vector of the propagating wave. From the theory of electromagnetic fields, we know that in the free space the 26 Chapter 3

electronic fields E( r,t) and magnetic fields H( r,t) are mutually perpendicular, and also E( r), H( r) and k satisfy the right handed screw rule as E( r) × H( r) = k, consequently, the electric field E( r,t) can be expressed as

E( r,t) = E 0 • e j( k• r-ωt) .
Before the study of the metamaterials, it is necessary to make it clear for the different plane waves. Mechanical waves are distinguished by the different oscillation direction of the particles. For example, acoustic waves are defined as "longitudinal" wave since those molecules in the air vibrate along the direction of sound propagation. On the contrary, water waves are defined as "transverse" wave because the surface of water vibrate up and down, which is vertical to the wave propagation direction. From such definition, electromagnetic wave is transverse wave.

Circular and linear polarizations are two kinds of transverse plane wave. Electric or magnetic field vectors are often used to describe the variation of the fields. Once the start point of the electric vector is fixed at a specific point, the track of the end of the vector travels along a circular path when the circular polarization wave propagates; otherwise, the track of the end of the vector travels along straight line and go back and forth, the wave is linear polarized. Since the circularly polarized wave can be composed of two linear polarized waves [START_REF] Kong | Theory of electromagnetic waves[END_REF], in this thesis only the linear polarized transverse waves are taken into consideration for simplicity.

For electromagnetic waves, the electric and magnetic field, which are always perpendicular to each other in free space, are transverse to the propagation direction. In the transverse electric (TE) mode, the electric field is transverse to the direction of propagation while the magnetic field is normal to the direction of propagation. In our calculation, we take transverse magnetic (TM) mode into consideration, whose magnetic field is transverse to the direction of propagation. To begin with, we take TM incident wave into consideration. Thus the magnetic field can be written as H = H 0 e j( k• r) with r = (x, y), where the time-dependence e -jωt was omitted because we do not take the variation of the field correspondent to time, then H should satisfies Helmholtz Equation shown in Eq.3.1.

We know that for this multilayer structure, in the principal directions of anisotropy (x,y), shown in Figure .3.1, a is a diagonal tensor and denoted [START_REF] Felbacq | Two-scale approach to the homogenization of membrane photonic crystals[END_REF][START_REF] Maurel | Enhanced transmission through gratings: Structural and geometrical effects[END_REF] :

a =   1/ε || 0 0 1/ε ⊥   (3.3)
where 1

ε || = w 1 w 1 + w 2 1 ε 1 + w 2 w 1 + w 2 1 ε 2 and ε ⊥ = w 1 w 1 + w 2 ε 1 + w 2 w 1 + w 2 ε 2
b = 1 inside dielectric medium, including the air. It means that such sub-wavelength layered grating can be described as an anisotropic homogeneous medium by using the homogenization theory of multilayers structure, and the effective permittivity along the two axis can be affected by the geometry parameters.

Chapter 3

In the following part, to begin with, several different periodic layered structures are demonstrated and analyzed. Moreover, experimental results are provided to validate these theoretical predictions as well.

Multilayer Slab

In order to calculate the transmission property of such multilayer structure, and make it possible to realize in the experiment, a slab of grating that consists of two kinds of medium layered along the Y axis is mounted in region 2, shown in Figure .3.1 (b). Region 1 and 3 are free space respectively, where ε r = 1 and µ r = 1. To determine its transmission property such as reflection or transmission coefficient when it was exposed in TM incident wave, from Eq.3.1 and Eq.3.3, Helmholtz Equation can be written as:

∇ •     1/ε || 0 0 1/ε ⊥   ∇H   + k 2 H = 0 (3.4) 
where H = H 0 • exp(-jk x xjk y y) in Cartesian coordinate system, k x and k y are the x and y components of wavevector along X and Y axis respectively. The multilayer slab in region 2, shown in Figure .3.1(b) can be homogenized into an anisotropic medium. And the effect permittivity along X and Y axis have be given as ε || and ε ⊥ respectively [START_REF] Maurel | Effective birefringence to analyze sound transmission through a layer with subwavelength slits[END_REF].

We assume that in both region 1 and 2 of Figure .3.1 (b), the total magnetic field H 1 and H 2 consist of the incident wave and reflected wave. From the Law of Reflection, we know that wave vectors of incident and reflected wave have the same X and Y component in both region 1 and 2. In the other hand, the magnetic field in region 3 only has the transmission wave. Consequently, we can have the expression of magnetic field in each region as following:

H 1 = H 0 • e -jk 1x x-jk 1y y + R • H 0 • e jk 1x -jk 1y H 2 = A • H 0 • e -jk 2x x-jk 2y y + B • H 0 • e jk 2x x-jk 2y y H 3 = H 0 • T • e -jk 3x (x-l)-jk 3y y (3.5)
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where k 1x , k 2x , k 3x are the X component of wave vector, k 1y , k 2y , k 3y are the Y component of wave vector. So, e -jk 1x x and e jk 1x x are the X component of those waves propagate to two opposite directions. A and T are the transmission coefficient in region 2 and 3, R and B are the reflection coefficient in region 2 and 3 respectively.

From the continuity condition of the field, we know that the filed on the boundary of two medium should be continuous. Besides, the first-order derivative of field along the normal vector of the boundary should also be continuous. Together with Eq.3.5, we can have two set of combined equations:

H 1 (0 -, y) = H 2 (0 + , y) H 2 (l -, y) = H 3 (l + , y) (3.6) 
and

∂ x H 1 (0 -, y) = 1 ε || ∂ x H 2 (0 + , y) 1 ε || ∂ x H 2 (l -, y) = ∂ x H 3 (l + , y) (3.7) 
we can get

k 2y = k 3y = k 1y = k 1 sin θ k 3x = k 1 sin θ k 2x = t 0 k 1 , where t 0 = (1 -1/ε ⊥ sin 2 θ )ε || (3.8)
Furthermore, transmission and reflection coefficient are achieved as :

T = 4Z r e jk 1 cos θ L M (1 + Z r + M -MZ r )(1 + Z r -M + MZ r ) R = (Z 2 r -1)(M 2 -1) (1 + Z r + M -MZ r )(1 + Z r -M + MZ r ) (3.9)
where M = e -jk 1 t 0 l and Z r = ε || cos θ /t 0 is the relative impedance of the homogenized grating with respect to the air.

In the case of TE waves (E = E(r)ẑ), we have

∇ • ∇E(r) + k 2 ε(r)E(r) = 0 (3.10) 30 
Chapter 3 from which the homogenization gives an equivalent isotropic medium

∇ • ∇E + k 2 ε e f f E = 0, with ε e f f = ε ⊥ (3.11)
So with the same method, we can get the dispersion relation as k 2x = 1/ε ||sin 2 θ and Z r = cos θ /t 0 , and the transmission and reflection coefficient can be expressed as the same formation with Eq.3.9.

Corrugated Surface

Compared to the multilayer structures that we demonstrated before, corrugated surfaces have more sophisticated configuration and provide interesting applications. In this part, we are going to show our homogenization approach can be applied to corrugated surfaces.

We consider the corrugation surface shown in Figure. reflection property of such structure from Eq. 3.5 and Eq.3.6. For the TM incident wave, we can get the expression of transmission and reflection coefficient

T = 4exp j √ ε 3 µ 3 -sin 2 θ k 1 L Z 1 M (Z 1 Z 2 + 1)(1 -M 2 ) + (Z 1 + Z 2 )(1 + M 2 ) R = (Z 1 Z 2 -1)(1 -M 2 ) + (Z 1 -Z 2 )(1 + M 2 ) (Z 1 Z 2 + 1)(1 -M 2 ) + (Z 1 + Z 2 )(1 + M 2 ) (3.12)
where

M = e -jt 0 k 1 L Z 1 = ε || cos θ /t 0 , & Z 2 = ε || ε 3 µ 3 -sin 2 θ ε 3 t 0 3.1.

Slanted Slab

In the past two sections, we have studied the transmission properties of grating and corrugated surface, whose slabs or teeth are parallel to the horizontal axis. In the following, more practical structures are proposed. The orientation of the slab is not along the x axis whereas with slanted angles α, as is shown in Figure .3.3 

a o = w 1 w 1 + w 2 1 ε 1 + w 2 w 1 + w 2 1 ε 2
.

a e = w 1 w 1 + w 2 ε 1 + w 2 w 1 + w 2 ε 2 (3.15)
Thus the Helmholtz Equation 3.1 can be written as

∇ •     a x a xy a xy a y   ∇H   + k 2 H = 0 (3.16)
In the last section, the multilayer slab in the region 2 is symmetric, so we assume that in this region the transmit and reflect wave share the same absolute wavenumber value along x axis, but with the different sign of them because of the reversed propagation direction. Besides, such assumption is proved in the result of dispersion relation. However, in slanted situation with slanted angle of α, this assumption should not be made arbitrarily like this, on the other hand we use k + 2 and k - 2 as the wavenumber along axis for the two Chapter 3

waves of different propagating direction as follows:

H 1 = H 0 • e -jk 1x x-jk 1y y + R • H 0 • e jk 1x -jk 1y H 2 = A • H 0 • e jk + 2x x-jk 2y y + B • H 0 • e jk - 2x x-jk 2y y H 3 = H 0 • T • e -jk 3x (x-l)-jk 3y y (3.17)
With the same method to calculate the field in the multilayer slab in Eq. 

H 1 (0 -, y) = H 2 (0 + , y) a x ∂ y H 1 (0 -, y) = a x ∂ x H 2 (0 + , y) + a xy ∂ y H 2 (0 + , y) H 2 (l -, y) = H 3 (l + , y) a x ∂ x H 2 (l -, y) + a xy ∂ y H 2 (l -, y) = 1/ε 3 ∂ x H 3 (l + , y) (3.18)
Therefore we can get the dispersion relation and the each wavenumber along different axis for this slanted multilayered slab:

k 3y = k 2y = k 1y = k 1 sin θ , k 3x = t 03 k 1 t 03 = ε 3 µ 3 -sin 2 θ k + 2x = k 1 [- a xy a x sin θ + 1 a x (a xy sin θ ) 2 -a x a y sin 2 θ + a x µ 3 ] k - 2x = k 1 [- a xy a x sin θ - 1 a x (a xy sin θ ) 2 -a x a y sin 2 θ + a x µ 3 ] (3.19) 
where µ 3 ,ε 3 are the permeability and permittivity of the medium in region 3. From Eq.3.5, Eq.3.18 and Eq.3.19, the transmission properties of the plane wave propagating in this slanted multilayer can be found as: where

T = 2M(Y 1 +Y 2 ) (1 -X 1 +Y 2 + X 1 Y 2 ) -(1 -X 2 -Y 1 + X 2 Y 1 )M 2 R = (1 -X 1 +Y 2 -X 1 Y 2 ) -(1 + X 2 -Y 1 -X 2 Y 1 )M 2 (1 -X 1 +Y 2 + X 1 Y 2 ) -(1 -X 2 -Y 1 + X 2 Y 1 )M 2
M = e -jLt 2 k 1 X 1 = (a x t 0 + a xy sin θ )/ cos θ Y 1 = ε 3 (a x t 0 + a xy sin θ )/t 03 X 2 = (a x t 0 -a xy sin θ )/ cos θ Y 1 = ε 3 (a x t 0 -a xy sin θ )/t 03
The calculation of different kinds dielectric layered structures is shown in the past sections. In the following part, metallic structures are investigated. Besides, spoof plasmons phenomenon, which can be supported on the textured metallic surface is briefly introduced.

Spoof plasmons

Surface plasmons (SPs) are electromagnetic surface waves propagating along a metaldielectric interface that can be observed in the visible wavelength regime. SPs have been proposed for tailoring the light propagation at sub-wavelength scale thanks to the strong confinement of light at the metal-dielectric interface [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF]. In 2004, Spoof Surface plasmons (SSP) were proposed to engineer SPs at THz and microwave frequencies [START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF]. This result has been obtained by cutting grooves on a scale much smaller than the wavelength to increase the penetration of the fields into the metal.

Corrugated surfaces are able to support the propagation of surface waves in the microwave regime. The existence of spoof plasmons has been proved experimentally [START_REF] Hibbins | Experimental verification of designer surface plasmons[END_REF].

The periodic subwavelength structure that confined electromagnetic field is investigated in microwave and THz waveguide [START_REF] Wu | Subwavelength microwave guiding by a periodically corrugated metal wire[END_REF]. The properties of these surface waves mainly depend on the geometry of the corrugations. Such spoof plasmons solutions can be obtained by the previous homogenization approach.
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Corrugated Metallic Surface

In the following part, the simplest 1-D textured metallic surface is studied, furthermore, transmission property of such structure will be derived from the method that we used for the dielectric configurations. From the electromagnetic theory, we know that magnetic field H satisfy ∆H +k 2 H = 0 in the air, and in the single substance material, no matter metal or dielectric, magnetic field H satisfy a∇H + k 2 bH = 0. For the dielectric medium, a = 1/ε and b = µ(µ = 1) for non-magnetic material, but for the metal, there is not a clear value for permittivity, since from the definition of the permittivity of metal it is infinite. Here, we have to find the value of a and b for metal before the next step.

Figure .3.5 is the sketch map for the interface between smooth metal (region 2) and air (region 1). The two kinds of boundary conditions on the interface can be written as

H| A = H| B ∂ n H| A = a∂ n H| B (3.21)
Since there is no explicit way to get the a and b, if we can give a specific value for both of them which can satisfy the phenomenon that we observed, then we can safely regard 36 Chapter 3 Obviously, the magnetic field is zero within the metal, and on the interface, the fields meet Boundary Condition.

Thus the main propagation equation in this anisotropic medium can be derived from

∇ •     0 0 0 φ   ∇H   + φ k 2 H = 0 (3.22)
and then, in the air the propagation equation can be written as

∆H + k 2 H = 0 (3.23)
we look for the solution of the evanescent wave in the air is derived from the former two 

β = k 1 + (1 -φ ) 2 cos 2 kL cos α
, where tan(kL) < 0. surface is larger than that in the free space. In another word, we can tail the wavelength by using this kind of structure on the metallic surface.
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Experimental Validation of Metallic Thin structure

Vertical thin cylinder array Surface plasmons cannot be supported by the smooth electric conductor at frequency band lower than the optical spectrum. From the investigation in the last section, the corrugated metal surface is able to sustain "spoof surface plasmons" at microwave frequency band, which has similar properties with the real surface plasmons that mainly due to its geometry, but also was restrained to be applied to some portable or miniaturized situation.

Actually, there are several kinds of structures are able to support spoof plasmons.

Recently, a split-ring resonator designed to sustain spoof plasmons was proposed in [START_REF] Navarro-Cía | Broadband spoof plasmons and subwavelength electromagnetic energy confinement on ultrathin metafilms[END_REF]. A planar waveguide based on the element of the split-ring resonator is numerically analyzed to show high out-and in-plane confinement. Moreover, in [START_REF] Shen | Conformal surface plasmons propagating on ultrathin and flexible films[END_REF], the concept of conformal surface plasmons (CSPs), surface plasmon waves that can propagate on ultrathin and flexible films too long distances in a wide broadband range from microwave to mid-infrared frequencies.

The aim of this experiment is to demonstrate the capability of the printed array to support spoof plasmons on the surface of a metallic ground plane. The rods of the proposed structure are made here by bolting cylindrical screws in a metallic plane. The schematic view and a photography of the designed structure are shown in Fig. 3.7. The length of the screws is L = 27 mm and their diameter is 3 mm. They are disposed of in a onedimensional array using a lattice constant of a=21 mm.

The array is mounted on a metallic ground plane that is placed next to a waveguide which is used to produce surface wave on the metallic ground, see Fig. 3.8 (a). The detector is fixed on a motor that can move along the horizontal bar, which is mounted to another motor. The second motor is able to move along a fixed vertical, shown in Figure .3.8 (b).

The field distribution near the array can be measured when the two motors moving correspondent to each other. The dispersion diagram of this structure is presented in Fig. 3.9. Branches that support very large wavenumbers (β ) compared to free air wavenumber (β 0 ) can be obtained.

These solutions correspond to the sub-wavelength waves that can propagate on the structure usually called spoof-plasmons.

Fig. 3.9 shows that spoof-plasmons providing a sub-wavelength propagation can be obtained with the proposed structure. The wavelength of these guided waves is comparable to the one in free space at low frequencies. This wavelength becomes smaller and smaller when increasing the frequency. The smallest values that can be observed for the first branch are near 1.9 GHz. One can also notice that an electromagnetic band gap is imposed by the structure between 2 and 5 GHz.

In order to characterize the proposed structure and provide a validation of the theoretical prediction, the experimental setup presented in Fig. 3.8 (b) is used. We use a microwave waveguide to excite the array by near-field coupling. A small loop antenna is then used to measure the magnetic near field in a plane parallel to the rods and disposed at a distance of 5 mm. The measured magnetic fields at different frequencies are presented in Fig. 3.11. We can see that when increasing the frequency, smaller wavelengths can be obtained. This result is consistent with the theoretical prediction for the first branch. Moreover, the electromagnetic band gap can be observed above 2 GHz. This is shown in the last presented field, measured at 2.1 GHz.

Another simple validation of these experimental results compared with the theoretical calculations can be made by evaluating the wavelength of the spoof-plasmon at each frequency. The obtained results are summarized in the table below. These results show the good agreement between the theoretical predictions and the experiments. for the miniaturization of microwave and optical devices based on spoof plasmon.

Application to patch antennas

In the former sections, analytical predictions, numerical and experimental validation for multilayer and thin structure are provided. At the end of the last section, the property of the metal cylinders to support or suppress EM wave is roughly demonstrated. Next, we are going to investigate into details of such ability, which can be applied to a radiating source to enhance the performance of antennas.

*The aim of the work in this part is to apply the metasurface that we have studied to enhance the directivity of the traditional antenna. Besides, it has been published in [START_REF] Gao | Reshaping electromagnetic emissions with metasubstrate based on spoof plasmons[END_REF].

We insert the paper here just after page 45 for the reader who wants get more details, or the reader can skip this part and go back to the manuscript.
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Background

Electromagnetic radiating sources involve planar structures susceptible to support surface waves. These waves are bounded to the interface, they diffract in free space when propagating to the edges of the ground plane. This mechanism is used as the main radiating mechanism in the traveling-wave antennas (or leaky-wave antennas) based on the design of a guiding structure enable to efficiently couple the surface waves to free space. It is in contrast to resonant antennas, which employ resonances of radiating elements (as monopoles or dipoles). However, even in this case, surface waves are involved but in an undesirable way. Indeed, such antennas are mounted over a larger plane surface (the ground plane), which is susceptible to support surface waves, as surface plasmons for a metallic ground plane in the optical frequencies. The antennas are designed by considering an infinite ground plane that is ignoring surface wave radiation. Because of the finite size of the ground plate in the practice, the surface waves are scattered, and thus, interact with the field of the radiating elements. It results in the appearance of undesired ripples and high-level side lobes in the radiation pattern, responsible for a decrease in the overall performances of the antenna. To avoid such perturbations, one has to prevent the wave propagation on the ground plane. This means that the surface waves have to be associated with a dispersion relation with frequency ranges where the propagation is prevented, namely with band gaps. Lots of work have been done to show the ability of the textured surface to suppress surface wave on the interface between the electric conductor and another medium. In 1999, two designs of improved antennas were proposed [START_REF] Gonzalo | Enhanced patch-antenna performance by suppressing surface waves using photonic-bandgap substrates. Microwave Theory and Techniques[END_REF][START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF],

where the planar interface of the ground plane is replaced by a periodically structured interface. In the former reference [START_REF] Gonzalo | Enhanced patch-antenna performance by suppressing surface waves using photonic-bandgap substrates. Microwave Theory and Techniques[END_REF], the structure consists in piercing a square array of air columns in a dielectric substrate. The array being at wavelength scale realizes a photonic crystal type substrate, which presents a forbidden band gap at the Bragg frequency. In the latter reference [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF], the forbidden frequency band is realized using a mushroom-like Chapter 3

array designed at a subwavelength scale.

The concept of surface impedances is used to characterize the response of the structure, resulting in the so-called high impedance surfaces, associated with forbidden frequencies for the surface waves. The effect of the excitation of surface waves on radiating elements has been studied in many contexts [START_REF] Kesler | Antenna design with the use of photonic band-gap materials as all-dielectric planar reflectors[END_REF][START_REF] Ying | Study of different realizations and calculation models for soft surfaces by using a vertical monopole on a soft disk as a test bed[END_REF]. Recently, a microstrip patch antenna array and a beam-scanning circularly polarized antenna based on the spoof plasmonic waveguide of a blind-hole array, which can efficiently convert spoof plasmon waves into free-space emissions, have been realized [START_REF] Yi | Antenna array excited by spoof planar plasmonic waveguide[END_REF][START_REF] Bai | Applications of spoof planar plasmonic waveguide to frequency-scanning circularly polarized patch array[END_REF]. A review on the application of structured surfaces to control spoof plasmon waves can be found in [START_REF] Yang | Electromagnetic band gap structures in antenna engineering[END_REF].

Dispersion Relation 1-D structure

In this section, we follow the idea of using the dispersion relation of surface waves to enhance the directivity of printed antennas. Here, we consider the surface waves, usually called spoof plasmons that we have introduced in section 2, guided at the corrugated interface of a perfect conductor, which consists of rectangular grooves with height L and volume fraction of air ϕ, shown in Figure .3.14. In this case, the dispersion relation of the spoof plasmons, derived in [START_REF] Kelders | Ultrasonic surface waves above rectangulargroove gratings[END_REF] for acoustic waves and in [START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF][START_REF] Garcia-Vidal | Surfaces with holes in them: new plasmonic metamaterials[END_REF] for electromagnetic waves with transverse magnetic polarization (the unit vector of H(x, z) along y axis, shown in 3.14) gives

k SP = k 1 + ϕ 2 tan 2 kL, for tan kL > 0, (3.26) 
where k SP is the wavevector of the spoof plasmon along x and k the wavenumber in air (or say, the frequency). Note that the restriction to tan kL > 0 is not mentioned in [START_REF] Kelders | Ultrasonic surface waves above rectangulargroove gratings[END_REF][START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF][START_REF] Garcia-Vidal | Surfaces with holes in them: new plasmonic metamaterials[END_REF] although it is essential to define the band gaps, and it can be obtained by using classical homogenization technique [START_REF] Maurel | Effective birefringence to analyze sound transmission through a layer with subwavelength slits[END_REF][START_REF] Mercier | Classical homogenization to analyse the dispersion relations of spoof plasmons with geometrical and compositional effects[END_REF]. The wavefield in air is H(x, z) = H 0 e ik SP x-αz , with

k 2 = k 2 SP -α 2 .
The forbidden frequency ranges correspond to negative values of tan kL, tence of stop bands is interpreted in terms of high impedance surface (HIS) [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF], with the surface impedance being Z s = E x /H with our notations. Being the ratio of two conserved quantities, Z s is notably continuous at the interface z = 0 between the corrugated layer and air. Thus, if Z s (0 -) is known, one can solve the problem only in the air (z ≥ 0) using the boundary condition at the equivalent surface z = 0 (obviously, the difficulty is precisely to find Z s , which requires to solve the problem for z < 0). In our two dimensional configurations, Z s imposes a boundary condition of Robin type ∂ z H(x = 0, z) = iωZ s H(x = 0, z) (since ∂ z H = iωE x when considering a time dependence e -iωt ). When looking for a surface waves, H(x, z > 0) = H 0 e ik SP x-αz , we simply get α = -iωZ s . This means that surface waves (with α real positive) will be supported for Z s having a positive imaginary part (inductive impedance). Next, if Z s tends to infinity, α and k SP = k 2 + α 2 also tends to infinity, which indeed coincides with the limits of the stop bands in our case, Eq. 3.26, at Chapter 3 tan kL → ±∞.

In the following, we use the concept of plasmon band gap (given by the condition tan kL < 0 in Eq. 3.26) to design our metamaterial substrate and we demonstrate experimentally and numerically its capability to improve the performances of the patch antenna. 

2-D structure

Brillouin Zone

It has been shown recently that the dispersion relation of surface waves in ultrathin and flexible films is practically identical to the relation provided by corrugated surfaces [START_REF] Shen | Conformal surface plasmons propagating on ultrathin and flexible films[END_REF][START_REF] Martín-Cano | Plasmons for subwavelength terahertz circuitry[END_REF]. Here, we propose to take advantage of this phenomenon to go toward a twodimensional structure. For practical consideration, we use the two-dimensional configuration illustrated in Fig. In the last section, dispersion relation of the corrugated surface was given by analytical approach, and then to predict the property of 2-D cylinder array. Here, the commercial electromagnetic simulation software CST MWS that we introduced in the last section was 

Reshaping the radiation pattern of antenna

Antenna with metasurface

We now inspect the ability of our metamaterial substrate to avoid such unpleasant effects by preventing surface wave, or spoof plasmon, to propagate. We realize a patch antenna resonating around 10 GHz. The radiating patch fed by a coax cable via a hole near the center of the ground plane is 6 × 5.8mm 2 , shown in Figure .3.17 (a). The antenna element is then placed in the center of a 6 by 6 cylinder array with L = 6 mm, as shown in the Fig. 3.17(a), and from Fig. 3.16(b), we know that this structure provides a band gap that surrounds the resonant frequency of the antenna even after adding the thin layer of the epoxy substrate.

The reflection coefficient of the patch antenna alone and antenna that is surrounded by the cylinder array, shown in Fig. 3.17(b), is given by the Network Analyser comes from 52 Chapter 3 structure can be optimized to work efficiently at these frequencies [START_REF] Lemoult | Resonant metalenses for breaking the diffraction barrier[END_REF][START_REF] Ourir | Far field subwavelength imaging of magnetic patterns[END_REF][START_REF] Jouvaud | Surface waves radiation by finite arrays of magnetoelectric resonators[END_REF].

Radiation Pattern of antenna (working in the band gap) A reduction of the backward radiation and the side lobe levels, in particular for angles higher than 90 degree, are also obtained on the two planes. An average value of reduction of 10 dB is observed. Moreover, the gain of the antenna is increased of about 2 dB at the operating frequency. This improvement is higher (of about 1 dB) than the one obtained with photonic crystals (PCs) and high impedance surfaces (HISs) when considering similar lateral dimensions.

Radiation Pattern of antenna (working out of the band gap)

In order to further investigate the role of the band structure on the radiation patterns, we consider a second metamaterial for which the spoof plasmon propagation is possible at the operating frequency ( f 0 10 GHz) of the printed antenna, shown in Figure .3.16(b).
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This is done by considering a metamaterial composed of higher cylinders (L = 15 mm).

The reflection coefficient of the antenna in this configuration is presented in Fig. 3.20(a).

As previously, the operating frequency is not significantly affected by the presence of The appearance of high secondary lobes are noticeable in the E plane at ±45 degrees, and this effect is accompanied by a decrease in the main lobe gain, which is found to be 56 Chapter 3 lower of about 2 dB when compared to the gain of the antenna alone. Clearly, the spoof plasmons mode has enabled edge effects and the directivity of the antenna has not been improved in this configuration. This confirms that the efficiency of the antenna previously observed is due to the band structure of the meta-substrate.

Electromagnetic radiation from the finite size metamaterial

In the previous configurations, we have investigated the effect of the array on the radiation pattern at the operating frequency of the antenna. We actually studied two configurations where this frequency is considered inside and outside the spoof plasmons band gap. Nevertheless, we have not yet discussed all the perceptible effects on the reflection spectrum of the antenna observed in the first configuration. While we studied the behavior of the structure at the main resonance, we have not investigated the collection of resonant peaks observed at the lower frequencies of the reflection spectrum presented in Figure .3.17(b) .

We propose now to focus on this phenomenon. It appears that such reflection coefficient response was recently observed in a finite size structure called metalens [START_REF] Lemoult | Resonant metalenses for breaking the diffraction barrier[END_REF][START_REF] Ourir | Far field subwavelength imaging of magnetic patterns[END_REF][START_REF] Jouvaud | Surface waves radiation by finite arrays of magnetoelectric resonators[END_REF]. This structure consists of a finite size periodic array of sub-wavelength resonators. The formalisms used to study this type of resonant media have shown that the coupling splits the single resonance of the atom, considered in each unit cell, to different modes that show at different frequencies. This hybridization process produces a number of modes that equals at best the number of atoms. However, due to mode overlapping and symmetries, it is not always possible to individually excite each of these modes.

While designed to mimic corrugated surfaces in order to support spoof SPs in a twodimensional configuration, our metamaterial can be considered as a cluster of a resonant grounded rods disposed of periodically according to a two-dimensional square lattice.

This overview regards this structure as a metalens and predicts the appearance of the collection of resonant modes presented in Figure .3.17 These results match the metalens behavior presented above [START_REF] Jouvaud | Surface waves radiation by finite arrays of magnetoelectric resonators[END_REF]. Thereby, we expect a far field radiation in the plane of the structure with a specific pattern at each resonant frequency. We have performed calculations and measurements in order to characterize the radiation patterns. Fig. 3.21 shows the results at the three main considered frequencies, 7.75 GHz, 7.87 GHz and 8.34 GHz respectively. We can notice that each pattern expresses the fluctuation observed in the corresponding near-field resonant mode. The *This part of work mainly focuses on the problem of the disagreement between the theoretical and measured results when we deal with the ultra-thin structure by using the first order homogenization. It is included in a chapter of a book that will be published by Intech Publisher. In order to provide the reader more details, we insert the chapter after this page. Although a slightly decrease of transmission property is achieved from e = 0.1mm to e = 1mm, there is still large disagreement between the measurement results and theoretical prediction. Moreover, in the measured results, a pulse is observed at e = 10mm.

However, such high transmission value vanishes in the theoretical results when the attenuation increases. In another word, the attenuation is not the only cause of the disagreement in the left part of those curve.

Another explanation for this disagreement is the applicability of classical homogenization when the thickness is smaller than a certain value, here we see that is e = 4mm.

A kind of modification of the classical homogenization is necessary, which is proposed by other authors and named Second Order homogenization.
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Theory

In this section, the second order homogenization is briefly explained. Generally speaking, second order homogenization is used to solve the problem of structure that the thickness e is small value. The word "homogenization" is attempted to replace the complex structure consists of periodic layers with an effective medium, shown in Figure .4.3. Wave in the bulk region can be described as the solution of Helmholtz Equation as follows:

div Σ + k 2 ϕH = 0 (4.1)
where However, when e is too small that almost can be neglect, for example k • e 1. We need to use the second order homogenization that employ the same equation of first order homogenization in the bulk, but with the different boundary condition H = 0 and Σ • n = 0, because the field of two side of the bulk is no longer continuous. Here H and Σ • n can be expressed as

Σ =   0 0 0 ϕ   ∇ • H in the bulk medium, Σ = ∇ • H in
H = hB 2 (Σ -+ Σ + ).n Σ • n = - hC 2 ( ∂ 2 H - ∂ x 2 + ∂ 2 H + ∂ x 2 ), (4.2) 
where B = -1

π log sin πϕ 2 and C ≈ pi 16 ϕ 2 .
Then with the same method that is employed in Chapter 2, the transmission properties of second order homogenization can be shown as follows:

R = - z * 1 z * 2 e ike -z 1 z 2 e -ike z * 2 1 e ike -z 2 2 e -ike T = |z 1 | 2 -|z 2 | 2 z * 2 1 e ike -z 2 2 e -ike , (4.3) 
where

z 1 ≡ (1 - cos θ ϕ ) + ikh(B cos θ + C sin 2 θ φ ) -(kh) 2 sin 2 θ BC 4 (1 + cos θ ϕ ) z 1 ≡ (1 + cos θ ϕ ) -ikh(B cos θ -C sin 2 θ φ ) + (kh) 2 sin 2 θ BC 4 (1 + cos θ ϕ ).
With this expression, the transmission coefficient of the structure at 10 GHz can be derived, and added into Figure It depicts that second order homogenization successfully predict the transmission of the metal grating when e is very small. Furthermore, the results of second order homogenization correspond to numerical result at each value of thickness e. In the following section, each prototype with different thickness of e is shown to validate the second order homogenization.
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Experiment Set up

In order to measure the transmission property of the gratings, two X-band frequency horn antennas are placed at the two ends of a electromagnetic chamber respectively, shown in vertically amounted on a motor that is located at the centre of the chamber. The motor is connected to a computer and can be rotated from 0 to 180 with 2 degree steps, as we used in the experiment of Chapter 2 to measure the radiation pattern of antenna. Here, in order to use TM incident wave, the magnetic vector of wave should be always parallel to the metal bars and vertical to the ground of the chamber. Moreover, the magnetic field vector of the horn antennas should be vertical to the ground either.

Results

In order to verify the second order homogenization theory, six prototypes with different value of thickness e at 10 GHz are manufactured and tested. Furthermore, angular sweep measurements of some prototypes are shown as a complementary. In the following part, measurement of all the prototypes is shown. Although the permittivity of the hard paper is approximately equal to 1, it still can slightly affect the transmission property of the structure. In order to eliminate the undesirable affection caused by the hard paper, another hard paper without the aluminum taps is necessary to be a reference. Thus, after the calibration of the network analyzer, the measured data of transmission between the two horn antenna throughout the empty hard paper is record as s21 r . Next, it is replaced with prototype 1 and with the same method to get its transmission value s21. From the mathematical calculation, the transmission coefficient of prototype 1 can be deduced as s21/s21 r .

(a) (b) In this experiment, the measured results of transmission coefficient are slightly smaller than that of the second order homogenization and numerical results. It can be explained by the tiny thickness of glue between the layers, which would enlarge the effective thickness and consequently making the transmission coefficient lower than the numerical results.

Nevertheless, the measured results can still meet the theoretical prediction. when the incident angle is small, for example from 0 to 50 degrees. However, for the large incident angle the measured results are lower than the numerical data. It is because the apertures that we employ to depress the undesired diffraction from the edge of the prototype are made of absorber with 5mm thickness. Consequently, when rotating the motor to realize large incident angle, the aperture would has smaller projection on the original plane. Thus, less energy pass through the aperture to cause inaccuracy in measured results. In the future work, in order to get more precise measure data, to manufacture larger prototype and larger aperture is necessary.

Prototype 4 with e=4mm (ke ≈ 0.84)

When the thickness of prototype is larger than that of prototype 3, which is e = 1mm, multilayer method is not efficient. Because the more layers are used, the more glue or The function of such small pieces epoxy is to make space between the bars. Furthermore, the bars are long enough to hide these sustainers behind the absorb to eliminate the affection. By doing this, the grating is already firm, thus the paper or hard paper is not 
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AMC

In the last section, a second order homogenization theory is provided to calculate the transmission property of the thin structures. Actually, such tiny thickness structures have been widely used in the past decades. In the modern electronic system, printed circuit board (PCB) was widely used because of its multiple advantages such as low profile, low cost, and easy manufacture. One important application is that it can be used for designation of printed microstrip antenna. However, low gain, narrow bandwidth, low directivity and other undesired properties limit its application in many research fields, such as the radar system and onboard equipment. In order to overcome those disadvantages and apply patch antenna into many other fields, lots of artificial materials for instance electromagnetic band gap structures (EBG), high impedance surface (HIS), photonic band gap structure (PBG) and artificial magnetic conductor (AMC) have been proposed for antenna designation and have improved antenna performance.

Artificial materials were first introduced in the 1960s, and lots of terminologies have been proposed for negative permittivity and permeability by different researchers. Several techniques based on metamaterials have been proposed to enhance the performance of patch antennas. One of the approaches is using multiple antennas to reduce surface wave that deteriorates radiation pattern. Frequency selective surface (FSS) and EBG structures can be used to enhance bandwidth and gain. Another method used to enhance gain and bandwidth is the use of multilayer patches, but the total volume of the antenna is also increased simultaneously [START_REF] Fokin | Method for retrieving effective properties of locally resonant acoustic metamaterials[END_REF][START_REF] Foroozesh | Performance enhancement of a microstrip patch antenna using high impedance surfaces and different ground plane sizes[END_REF].

AMC was proposed to solve the thickness problem at the beginning, then researchers 80 Chapter 4

find that AMC has many other properties. The first importance application of AMC is that those periodic structures can be engineered to achieve electromagnetic band gap.

This band gap is able to limit surface wave to propagate on the ground plane, which enables AMC structure suitable for antenna applications [START_REF] Li | Pbg, pmc and pec ground planes: A case study of dipole antennas[END_REF]. For example, an AMC surface, proposed by Sievenpiper [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF] possesses such band gap. Another valuable feature of AMC is its capability to reflect electromagnetic waves without phase shift. The traditional ground plane of the patch antenna is made of a good electric conductor, which is impenetrable for electromagnetic waves thus act as a reflector to prevent electromagnetic waves radiate to backside [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF]. However, introducing an image of a radiating source with a negative phase in comparison of the radiation can deteriorate the radiation pattern.

In order to cancel such undesirable out phase, researchers usually employ λ /4 thickness between the radiated patch and the ground plane at the beginning, which would induce relative large thickness, shown in Figure The third important property of AMC, together with HIS, to improve the impedance characteristic [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF]. Actually, for the conventional printed antenna, image current introduced by ground plane is not the only reason which is responsible for the bad performance [START_REF] Yang | Reflection phase characterizations of the ebg ground plane for low profile wire antenna applications[END_REF]-input impedance matching is also counted for this. A spiral antenna demonstrates wide impedance frequency band when adopted high impedance type artificial surface Chapter 4 [START_REF] Nakano | Effects on the radiation characteristics of using a corrugated reflector with a heli-110 Chapter 5 Etude expérimentale de structures basées sur les metamatériaux cal antenna and an electromagnetic band-gap reflector with a spiral antenna[END_REF]. An improvement of an invert F antenna is also published in [START_REF] Nakano | A low-profile inverted f element array backed by an ebg reflector[END_REF]. Moreover, AMCs and HISs have been used as a ground plane of printed microstrip antenna to enhance both impedance bandwidth and gain [START_REF] Qu | Improving microstrip patch antenna performance using ebg substrates[END_REF][START_REF] Foroozesh | Performance enhancement of a microstrip patch antenna using high impedance surfaces and different ground plane sizes[END_REF][START_REF] Best | Design of a broadband dipole in close proximity to an ebg ground plane[END_REF]. In the last section, the interface homogenization theory was introduced and validated. Actually, interface homogenization has another application such as AMC. In this chapter, we mainly focus on the validation of the analytical calculation for the transmission property of AMC structure.

Theory

The conventional metallic ground plane is able to reflect electromagnetic waves, however, the phase of the reflect wave would be shifted out of π compare to the incident wave. Thus, at the beginning for the designation of traditional patch antenna, shown in One of the most valuable properties of HIS structure proposed in [START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF] is that such structure can be tailored to reflect wave without phase shift. Consequently, the total thickness of patch antenna that is employed in such mechanism would decrease dramatically.

The accurate method to calculate the transmission property of thin structures has been proposed in the last section. Although the detailed procedures are not demonstrated in this thesis, the idea can be explained in the following way. When the thickness of the grating, or other periodic structures, is diminishing to a tiny scale, show in Figure .4.16

(a), the two boundaries would be very close to each other. In another word, the bulk region is small enough to be regard as an "interface" of the other two regions, shown in 

Validation

The method to measure the phase shift property of AMC is presented in this part. Actually, no matter what kind of measurement, a "standard" or "reference" is essential to get the phase shift correctly. To find the standard or reference when we use the Network analyzer is another story, so-called Calibration that we have mentioned in chapter 2. For AMC structure, we aim to calculate and measure its ability of phase shifting. Here, the phase shifting is compared to the simple metal surface. From the wave equation, is it clear that each point on the propagated direction corresponds to a certain phase. In another word, the different position has a different phase at a specific time. So, in order to get the exact phase shift, remaining a distance from the antenna to the reflector is very crucial. Next, Chapter 4

the experiment set up and the data processing method would be shown in the following part.

Numerical Validation

Set up of the experiment

As we mentioned before, in order to measure the phase shift, the distance "Dis" between the antenna aperture and the reflector should remain the same value during the measurement, shown in Figure .4.17. The emitting antenna and receiving antennas are placed at the same end of the electromagnetic chamber and with the same polarization to keep H vector vertical to the ground. The reflector consists of three layers, metallic grating, substrate, which is made of epoxy, and the ground plane.

In this measurement, electromagnetic waves start from the emitting antenna to the smooth metallic reflector and then go back to receiving antenna. Thus, the transmission between the two antennas should be

S 21 = E E 0 , (4.4) 
where E 0 and E is the emitting and receiving electric field respectively. Afterward, this metallic ground plane is replaced by AMC structure, transmission can be written as

S * 21 = E * E 0 , (4.5) 
where E * 0 is the receiving signal in the new configuration. From Eq.4.4 and Eq.4.5, we can get The two antennas are connected to the two ports of the analyzer to measure the emitting and receiving signal, "Dis" is the distance between the antenna aperture and the surface of the metal grating. The ground is made of absorber and the whole set up is put in a microwave anechoic chamber to remove the interference from the environment.

E * E = S * 21 S 21 , (4.6 
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In the following, several groups of AMC structures are simulated and get the phase shift by using such a method to find the ideal dimension to work at around 10 GHz.

Numerical results

In order to validate the theory experimentally in X-band (8GHz ∼ 12GHz), an ideal parameter should be chosen firstly, because the reflection property can be affected by the dimension of the structure and correspondent to the frequency band. In this part, several groups of parameters are employed to find the relation between the parameter and the phase shift property of AMC structure. 

3, Vary the periodicity of the array

Here, the different thickness of substrate layer is studied to see if the dielectric between the periodicity metallic grating and the round affect the phase shift property. From the result we can see that as the decrease of the thickness of the substrate, phase shift The thickness of the grating of prototype 2 is much bigger than that of prototype 1, so it cannot be manufactured by etching the PCBs. Chapter 5

4, Final dimension

Conclusion

In this chapter, we present the main achievements and contributions made in this dissertation to homogenize the periodic structure in different situations. Effective parameters of the one and two-dimensional periodic structures are derived by an approximate analytical model and applied to enhance the performance of the traditional antenna. The second order homogenization is proposed to overcome the inaccuracy of the classical homogenization when dealing with the ultra-thin structures.

In Chapter 3, a brief method is proposed to determine the transmission properties of the dielectric multilayer structures and corrugated surface based on the Helmholtz equation and the equivalence expression of tensor a [START_REF] Cordero | Tuning the wavelength of spoof plasmons by adjusting the impedance contrast in an array of penetrable inclusions[END_REF][START_REF] Keller | Geometrical theory of diffraction[END_REF]. Besides, this method is also applied to dealing with metallic multilayer structures, which can support 'spoof plasmons'.

In the experiment, we use a line metallic cylinder array, consists of cylinders with the height of 27mm, the diameter of 3mm and periodicity of 21mm, to approximately replace the multilayer structure to control the wavelength in the array. In the air, the wavelength is 0.2m, 0.17m and 0.15m at 1.5GHz, 1.7GHz and 1.9GHz respectively. Within the structure, we find that the operating wavelength is 0.9m, 0.125m and 0.07m respective, which are approximately correspondent to the analytical prediction.

Furthermore, by using this method, we design a two-dimensional cylinder array mounted on a metallic ground that is able to provide a band gap between 8 to 12 GHz, in other words, it can suppress the surface wave propagating on the plane. Thus, we apply this structure into the designation of traditional patch antenna to reduce the side and back radiation caused by the surface wave. Consequently, 10 dB of the side radiation is achieved, which is meaningful to reshape the radiation pattern for antennas.

In addition, in order to find out the inner physical mechanism in the cylinder array, is printed on a dielectric plate with metal layers on both sides. The feeding line excites a circular space via a microstrip line, terminated with a sector-shaped area. From the circular resonant area, the energy reaches an exponential pattern via a symmetrical slot line [START_REF] De Oliveira | A palm tree antipodal vivaldi antenna with exponential slot edge for improved radiation pattern[END_REF][START_REF] Zhou | Broadband and high-gain planar vivaldi antennas based on inhomogeneous anisotropic zero-index metamaterials[END_REF]. Yagi-Uda antenna, commonly known as a Yagi antenna, is a directional antenna consisting of multiple parallel elements in a line [START_REF] Graf | Modern dictionary of electronics[END_REF], usually half-wave dipoles Chapter 5 made of metal rods. Because of its excellent performance in high directivity, Yagi antenna was transformed to printed antenna [START_REF] Zheng | Simplified feed for modified printed yagi antenna[END_REF][START_REF] Kaneda | A broadband planar quasiyagi antenna. Antennas and Propagation[END_REF], shown in Figure .5.1(c), and also have higher directivity than other printed antennas.

However, as we mentioned before, the patch antenna is placed on a dielectric substrate over a metallic ground plane which can support surface wave and couple power into the substrate. The diffraction of these waves at the edges of the substrate can radiate into free space and couples with the main radiation of patch antenna, then affects the antenna efficiency and causes ripples and high-level side lobes in the radiation pattern. In the following part, this kind of patch antenna is used as the radiation source to test the ability of the metasurface to confine the surface wave on the metal-dielectric surface around the patch antenna.
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3, Numerical Method Solving Electromagnetic Problem

As the development of both theory and experimental tools of the wireless system, higher frequency band was in use and a more complicated system was proposed. More and more numerical method and tools are invented to meet the high-speed calculation requirement.

Finite-Difference Time-Domain method

Finite-difference time-domain is a numerical analysis technique used for modeling computational electrodynamics. As a time-domain method, FDTD solutions can cover a wide frequency range, and treat nonlinear material properties in a natural way.

The FDTD method is a general grid-based differential numerical modeling methods.

The time-dependent Maxwell's equations (in partial differential form) are discretized using central-difference approximations to space and time partial derivatives. The resulting finite-difference equations are solved in either software or hardware in a leapfrog manner:

the electric field vector components in a volume of space are solved at a given instant in time; then the magnetic field vector components in the same spatial volume are solved at the next instant in time; and the process is repeated over and over again until the desired transient or steady-state electromagnetic field behavior is fully evolved.

Finite Element Method

The finite element method (FEM) is a numerical technique for solutions of boundary value problems for partial differential equations. It is also referred to as finite element analysis (FEA). FEM subdivides a large problem into smaller, simpler, parts, which is so called finite elements. The simple equations that model these finite elements are then assembled into a larger system of equations that models the entire problem. FEM then uses variational methods from the calculus of variations to approximate a solution by Chapter 5 minimizing an associated error function.

Method of Moments

In statistics, the method of moments is a method of estimation of population parameters.

One starts with deriving equations that relate the population moments to the parameters of interest. Then a sample is drawn and the population moments are estimated from the sample. The equations are then solved for the parameters of interest, using the sample moments in place of the (unknown) population moments. This results in estimates of those parameters. The method of moments was introduced by Karl Pearson in 1894.

With the help of the numerical tools that employ the method above, the telecommunication industry develops very fast and minimize the development cycle of the equipment in a large scale.

4, Maxwell Equation

Maxwell's equations are a set of four partial differential equations, it comes from the four laws that form the foundation of classical electrodynamics, classical optics, and electric circuits. Maxwell's equations mainly describe how electric and magnetic fields are interacted and altered by each other and by other charges and currents. They are named after physicist and mathematician James Clerk Maxwell, who published those equations between 1861 and 1862. All the four elements would be introduced as follows.

Gauss's law

In physics, Gauss's law is the principle of the of the distribution of the electric field result from electric charges. The integral form of Gauss's law can be expressed as 100 Chapter 5 

‹ ∂ Ω E • dS = 1 ε 0 ˚Ω q dV,
where E is the electric field, S is the surface of the volume V that enclose the charges with total charge of q. From the divergence theory, Gauss's law can be alternatively expressed as differential form

∇ • E = ρ ε 0 ,
which tells us that the divergency of electric charges has a certain value. And also, the electric flux, which is defined as Φ E = ' S E • dS and indicates the flow of the electric field through a given area, of positive charge is a positive value, in another words, the electric field line is alway out of positive charges, shown in the picture.

Gauss's law for magnetism

The integral form of Gauss's law for magnetism, ∇ • B = 0, reveals that the magnetic field B has divergence equal to zero [START_REF] Chow | Introduction to electromagnetic theory: a modern perspective[END_REF], which means that magnetic field is a solenoidal vector Chapter 5 field. In another words, magnetic monopoles do not exist. The law in this form tells us that for each volume in space, no "magnetic charge" can build up in any point in space.

For example, the magnet has exactly same strong south pole and north pole, and single south poles without accompanying north poles (magnetic monopoles) are not exist. In contrast, this is not true for other fields such as electric fields or gravitational fields, where total electric charge or mass can found in a volume of space.

Faraday's law of induction

Faraday's law of induction, ¸∂Σ E • dl = -d dt ˜Σ BdS, is a primary law of electromagnetism to describe how a magnetic field could interact with an electric field. It is the fundamental operating principle of transformers, inductors, and many types of electrical motors, generators and solenoids [START_REF] Sadiku | Elements of electromagnetics[END_REF].

Also, from its differential form

∇ × E = - ∂ B ∂ t ,
it indicating that constantly changing magnetic field is able to generate electric field, which is an essential fundamental mechanism in electromagnetic theory.

Ampère's circuital law

Ampère's law proposed by André-Marie Ampère in 1823 [START_REF] Orfanidis | Electromagnetic waves and antennas[END_REF], determines the magnetic field generated by a given current and a changing electric field, and describes the relation between the integrated magnetic field around a loop to the electric current passing through the loop. In its original form, Ampère's circuital law relates a magnetic field to its electric current source. The law are related by the Kelvin-Stokes theorem. It can also be written in terms of either the B or H magnetic fields. Then Maxwell derived it again using hydrodynamics in his paper "On Physical Lines of Force" and it is now one of the 102 Chapter 5

Maxwell equations, which form the basis of classical electromagnetism:

˛∂Σ B • dl = µ 0 ¨Σ J d S + µ 0 ε 0 d dt ¨Σ E d S.
Where J is the enclosed conduct current or free current density, and dS is the surface element where the current flows by and the electric field passes through. The full set of Maxwell's equations, both integral and differential form describe the electromagnetic field in any kind of medium, are shown in Table .5.1. In vacuum or air, there is no conductive current J and the charges, so by employing J = 0 and ρ = 0, the Maxwell equation in vacuum is given as:

∇ • E = 0 (1) 
∇ • B = 0 (2) 
∇ × E = - ∂ B ∂ t (3) 
∇ × B = µ 0 ε 0 ∂ E ∂ t (4) 
(5.1)
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The equation here is symmetric for E and B except for the factor of µ 0 ε 0 and a minus sign in Eq.5 [START_REF] Asatryan | Suppression of anderson localization in disordered metamaterials[END_REF]. If we take the curl of E in Eq.5 [START_REF] Asatryan | Suppression of anderson localization in disordered metamaterials[END_REF], and insert it into Eq.5 (4), then we can obtain

∇ × (∇ × E) = -µ 0 ε 0 ∂ 2 E ∂t 2 .
From the vector identical equation From Maxwell equation Eq. ( 1) ∇ • E = 0, then becomes

∂ 2 E ∂t 2 = 1 µ 0 ε 0 ∇ 2 E. (5.2)
With the same method we can derive the same expression of magnetic field as

∂ 2 B ∂t 2 = 1 µ 0 ε 0 ∇ 2 B. (5.3) 
It is clear that electromagnetic wave have the same form wave equation as that of mechanical wave of Eq.5.2. Although the mechanical wave and electromagnetic wave has the totally different physical mechanism, from the basic principle of oscillation and electromagnetic rules, the same form of wave equation is derived, which demonstrate the unity and beauty of mathematic and physics.

The expression of the electromagnetic wave in free space is the solution of Helmholtz Equation, thus from Eq.5.3, the expression of magnetic filed can be written as H( r,t) = H 0 • e j( k• r-ωt) .

(5.4)

In order to simplify the expression, here we use magnetic field intensity H in stead of Magnetic induction intensity B. Where H 0 is the amplitude of H, k is the wave vector and | k| = 1 µ 0 ε 0 in free space. Hertz proved the theory by engineering instruments to transmit and receive radio pulses using experimental procedures that ruled out all other known wireless phenomena. The unit of frequency was named as "hertz" in his honor [START_REF] Susskind | Heinrich hertz: a short life[END_REF].

From then on, investigation for the electromagnetic waves from theory to the application.
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 21 Figure 2.1: (a) Split-ring and wires array. (b) Cloaking

Fig. 2 . 2 , 2 Figure 2 . 2 :

 22222 Fig.2.2, designed by Sievenpiper[START_REF] Sievenpiper | High-impedance electromagnetic surfaces with a forbidden frequency band[END_REF]. The structure consists of an array of square metal patches, connected to a metal ground by vertical conducting vias. When the unit cells are much smaller than the operating wavelength, its behavior is similar to resonant LC
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 23 Figure 2.3: EBG Structure
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 24 Figure 2.4: Different kinds of Chiral metamaterials
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 25 Figure 2.5: Categories of materials based on the value of ε and µ

Figure 2 . 6 :

 26 Figure 2.6: Application of left hand materials

Figure 2 . 7 :

 27 Figure 2.7: (a) Split-ring resonator perform as filter to provide band gap for a coplanar waveguide [41];(b) Square C slot act as low pass filter on a traditional transmission line [1].
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 28 Figure 2.8: Homogenizaed materials
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 210 Figure 2.10: Scattering parameter on a homogenous 1-D slab
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 2 Figure 2.11: Diffracting structures

Figure 3 .Figure 3 . 1 :

 331 Figure 3.1 (a) shows the side view of a grating that we considered. An alternating layers, whose thickness are w 1 and w 2 , of two non-magnetic dielectric material (with relative permeability almost equal to 1) with relative permittivities ε 1 and ε 2 are proposed.
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 3232 Figure 3.2: (a)Corrugated surface (b) Homogenized corrugated surface

Figure 3 . 3 :

 33 Figure 3.3: Slanted Multilayers slab and Corrugated surface

  3.5, we can get the scattering properties. The continuity relation at the interfaces y = 0 and y = l are imposed by the structure of Eq. 3.1, namely the continuity of the field H and the continuity of the normal component of the vector [a • ∇H], which lead to

  Figure.3.4 shows the side view of the 1-D corrugated metallic surface whose periodicity is h = 3mm with metal fraction ϕ = 2/3. However, the method that we deal with metallic layers is different from of dielectric materials, because of its impenetrable property for eletromagnetic waves.

Figure 3 . 4 :

 34 Figure 3.4: Metallic Corrugated Surface

Figure 3 . 5 :

 35 Figure 3.5: Interface of smooth metal and air
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 3 , and find that H = e -α(y+L)+iβ x for y > L H = A cos(Ky)e iβ x for 0 < y < L (3.24) which can satisfy the boundary condition. By applying the continuity for the perpendicular component of H on the interface φ ∂ 1 H(x, L + ) = ∂ 1 H(x, L -), the dispersion relation is obtained :

Figure 3 . 6 :

 36 Fig.3.6 shows the dispersion relation of metal corrugated surface, where β is the x com-

Figure 3 . 7 :

 37 Figure 3.7: The schematic view of the three dimensional structure composed of an array of rods disposed on a metallic plane (L = 27 mm and h = 21 mm).

Figure 3 . 8 :

 38 Figure 3.8: (a) A photography of the realized structure and the setup used for the experimental characterization. (b)Experimental facility to measure the field distribution near the cylinder array.
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 39 Figure 3.9: The dispersion diagram of the considered structure.
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 3310 Fig.3.10 (a) shows the measured transmission magnitude, between 1.7 and 2.7 GHz,

Figure 3 . 11 : 3 Table 3 . 1 : 3 resultsFigure 3 . 13 :

 3113313313 Figure 3.11: The magnetic field distribution measured at different frequencies [1.5 (a), 1.7 (b), 1.9 (c) and 2 GHz (d)] using a small loop probe at a distance of 5 mm from the structure.
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 483314 Figure 3.14: Schematic view and dispersion diagram of a corrugated surface (factor ϕ = 0.46 and a = 13 mm) for two different groove lengths.

  Start by considering the simplest structure (one dimensional case) with rectangular grooves and parameters ϕa = 6 mm and a = 13 mm. Two different groove lengths, L = 6 and L = 15, mm are considered. The corresponding dispersion relations given by Eq.3.26 is shown in Fig.3.14. The light line that corresponds the dispersion relation in the vacuum is also given for comparison. It is clear that the maximum value of the black continuous line, which stands for depth of the grooves L = 6mm, is 8.4 GHz, in another word, such dimension of grooves is able to provide a band gap above 8.4 GHz. Meanwhile, the lower red dash lines are the first mode of L = 15mm, and the other one is the first mode. So, the bandgap that L = 15mm can provide is from 3.8 to 9.5 GHz. Spoof plasmon modes are clearly observed over a wide band at low frequencies for both structures, and also, the band gap is obtained in each geometry and can be easily tuned by the length of the groove.

Figure 3 .

 3 Figure 3.15: (a) Square array (b) Unit cell of square array

Figure 3 .

 3 Figure 3.16: (a) Schematic view of the metamaterial made of an array of grounded rods. (b) Dispersion diagram of the proposed metamaterial calculated for two different cylinder lengths. The light line is plotted as well (dotted line).
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 3183 Figure 3.18: Experiment set up

E

  and H planes for the realized antenna. The results are presented in Figs.3.19. A significant enhancement of the directivity of the antenna is achieved due to the metamaterial substrate.

Figure 3 .

 3 Figure 3.20: (a) Reflection coefficients of the antenna in the absence and in the presence of the metamaterial surface. (b) and (c) Radiation patterns of the printed antenna surrounded by the metamaterial measured respectively in the E plane and in the H plane.

Figure 3 . 21 :

 321 Figure 3.21: Electric field distribution (left) and radiation patterns (center for 3D and right for 2D patterns) calculated at the resonant mode frequencies : f 1 = 7.75 GHz (a), f 2 = 7.87 GHz (b) and f 3 = 8.34 GHz (c). The frequencies are defined in Figure.3.17(b). Measurements are also given for the in-plane 2D patterns.

Figure 3 . 22 :

 322 Figure 3.22: Radiation Pattern and Magnetic Field Distribution on plane

Figure 4 . 1 :

 41 Figure 4.1: (a) Top view of the set up to measure the transmission property of periodic structure. (b) The result of measured transmission coefficient of classical homogenization.

Figure. 4

 4 Figure.4.1 (a) shows the top view of the set up to measure such periodic structure that consists of thin metal bars with thickness of e, width of l and was periodically arranged along x axis. The theoretical and measured transmission coefficients are shown in Figure.4.1 (b). The blue dash line is the transmission coefficient derived from classical homogenization theory, and the red circles depict the measured results of such structurewith different thickness e from 0.03mm to 20mm respectively. It is clearly that when e is larger than 4mm, where k • e ≈ 0.84 and k is wave vector of the incident wave, the result of classical homogenization correspond to the measured data. However, in the other case, a significant disagreement between them is observed when e < 4mm.One of the possible reasons is the loss. In the experiment, which is demonstrated in the later section, metal bars are made of aluminum that is not a perfect conductor. Thus a certain value of attenuation would exist when electromagnetic waves transit through the grating, therefore decrease the transmission property. But in the theoretical calculation,

Figure 4 . 2 :

 42 Figure 4.2: Transmission coefficient of different lossy

Figure 4 . 3 :

 43 Figure 4.3: In the figure (a), the problem of the multilayered medium is the usual continuity conditions on the boundaries of the layers. In figure (b), an equivalent slab made of an effective homogeneous and anisotropic medium and jump conditions was applied at the boundaries of the slab.

  the air, and ϕ = l/h is the filling factor of the metal and the air in the grating. For the classical homogenization e is relatively large, for instance k • e > 1. On the boundary of the bulk region, jump condition is H = 0 and Σ • n = 0, where H ≡ H + + H -, which means that on the boundary of the bulk region, the electromagnetic wave is continuous.64Chapter 4

  .4.1 (b). these curves can almost correspond to measured results, shown as follows:

Figure 4 . 4 : 66 Chapter 4 4. 2 Figure. 4 . 5 .

 44664245 Figure 4.4: Results of the transmission coefficient of the structure in Figure.4.1 (a), where width of the bars is l = 3.5mm and periodicity is h = 4.5mm, blue dash line is the results of classical homogenization, black curve and red curve are the analytical and numerical results of second order homogenization respectively, red circles are the measured results of thin structure.

Figure 4 . 5 :

 45 Figure 4.5: Schematic of Structured metallic layers

4 . 1 .

 41 Moreover, the overview of different materials that are used to support the prototypes is mentioned. All the elements of the prototypes are made of metal or other materials covered with aluminum paper, whose thickness is larger than microwave skin depth of aluminum to exhibit as metal bars in the radiation of electromagnetic waves. All the information is provided in Table.4.1. The glue and scotch are used to sustain the structures. Chapter 4

Figure. 4 . 5 .Figure 4 . 6 :

 4546 Figure.4.5. They are connected to port 1 and 2 of the network analyzer. The grating is

Chapter 4 Prototype 1

 41 Figure.4.7 (a).

Figure 4 . 7 : 4 Figure. 4 . 7 (Figure 4 . 8 : 1 Figure. 4 . 4 Prototype 2 Figure 4 . 9 :

 4744748144249 Figure 4.7: (a) Photograph of prototype 1 (b) Transmission properties of measured results and Numerical, classical and second order homogenization of prototype 1.

72 Chapter 4 Figure 4 .

 7244 Figure 4.10: (a) Photograph of prototype 3 (b) Transmission properties of measured results and Numerical, classical and second order homogenization of prototype 3. (c) Numerical angular sweep results for prototype 3. (d) Measured angular sweep results for prototype 3.

  other materials are employed to assemble the layers, consequently affect the measured results. Prototype 4 consists of 25 plastic bars that are covered by aluminum paper tightly and the thickness and width of the bars are e = 4mm and l = 3.5mm respectively. These bars are aligned on a plane table and parallel to each other. Meanwhile, several small pieces of epoxy plate of dimension 4 × 5mm 2 are inserted between every two bars, shown in Figure.4.11 (a).

Figure 4 .

 4 Figure 4.11: (a) Photograph of prototype 4 (b) Transmission properties of measured results and Numerical, classical and second order homogenization of prototype 4. Numerical (c) and measured (d) angular sweep results for prototype 4.

Figure 4 . 5 .

 45 Figure 4.12: (a) Photograph of prototype 5 (b) Transmission properties of measured results and Numerical, classical and second order homogenization of prototype 5.

Figure. 4 .Figure 4 . 6 . 4 Prototype 6

 44646 Figure 4.13: (a) Photograph of prototype 6 (b) Transmission properties of measured results and Numerical, classical and second order homogenization of prototype 6. Numerical (c) and measured (d) angular sweep results for prototype 6.
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 4414 Figure.[START_REF] Bai | Applications of spoof planar plasmonic waveguide to frequency-scanning circularly polarized patch array[END_REF].14 clearly shows that in each frequency, the difference between classical and second order homogenization is acceptable when the thickness of this structure e is larger than 4mm, which can be validated by the experiment results. Also, it proved that the classical homogenization can be applied into relatively large value of e. Furthermore, second order homogenization is much precise in calculate the transmission property, especially at 9.5GHz it correspondent to measurement data pretty well.What is more, the transmission calculated from classical homogenization remains close to 1 when the thicknesses e < 0.2 mm. However, transmission that from second order homogenization decreases when the frequency reach 12 GHz, which correspond to

4. 3

 3 Application to the tuning of the reflection phase of

  .

  4.15, especially at lower frequency band. By using AMC structure instead of traditional metal ground, the volume of the antenna can be dramatically reduced.

Figure 4 .

 4 Figure 4.15: schematic map for the function of relector

Figure. 4 .

 4 Figure.4.15, in order to depress the interference between the radiated wave r1 and the reflected wave r2, normally the distance d between the patch antenna and the metallic reflector should be λ /4, where λ is the effective wavelength of the radiated wave in the substrate.

Figure. 4 .

 4 Figure.4.16 (a). For the bulk region with big thickness situation, the component of the magnetic vector along the normal direction of the boundary is continuous on the both

Figure 4 . 16 :

 416 Figure 4.16: Bulk boundary to interface boundary
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 2121 ) then the phase of the two sides of Eq.4.6 also should be equal. Besides, the traditional metallic plane reflector would induce π phase shift, thus the phase shift caused by the AMC structure should be φ shi f t = arctan{ S * e jπ } . (4.7) 84 Chapter 4 (a) Preview of AMC structure (b) Set up of experiment

Figure 4 .

 4 Figure 4.17: (a) 3-D view of the AMC structure that consists of three layers: 1, the unit cell of metal bars whose width are l, thickness are e and periodicity is h; 2, the substrate layer; 3, the metallic ground plane. T is the total thickness of the three layers. (b) Experiment set up to measure the phase shift.

1 ,

 1 Fixed width of the bars First, all the dimensions are fixed, for example the width of the bars is set as l = 1 mm, the thickness of the bars is e = 1.5 mm and the total thickness of AMC are T = 2.5mm, except the periodicity of the array h, which is varied as h = 5, 7, 9, 12mm respectively. The(a) l=1mm (b) l=3mm

Figure 4 . 18 : 2 ,

 4182 Figure 4.18: Study for the relation between the periodicity and the phase shift while other dimensions are fixed as e = 1.5 mm and T = 2.5 mm. (a) l = 1 mm, (b) l = 3 mm.

Figure 4 . 19 :

 419 Figure 4.19: Study for the relation between the width of the bars and the phase shift while other dimensions are fixed as h = 9 mm, e = 1.5 mm and T = 2.5 mm

Figure 4 . 20 :

 420 Figure 4.20: Study for the relation between the total thickness of substrate for AMC structure and the phase shift while other dimensions are fixed as h = 3 mm, l = 8 mm and e = 2.5 mm

Figure 4 . 21 :

 421 Figure 4.21: Phase shift property of final dimension of AMC structure, whose periodicity h = 4.5mm, width l = 3.5mm and total thickness of the structure T = 2.5mm, whereas the different thickness of metallic layer e = 0.03mm, 1.5mm and 2mm respectively.

Figure 4 . 22 :

 422 Figure 4.22: Prototype 1 of AMC structure consists of three layers. The top one consists of a one-side PCBs, which was etched into 1-D array with periodicity of h = 4.5mm. The middle layer is an epoxy substrate and the bottom layer is an epoxy substrate with one side copper layer as the reflector, both of them are 1mm thick.

Figure. 4 .Figure 4 .Figure. 4 .

 444 Figure.4.23 (b). The substrate is 1mm thick, and one side is covered by copper layer.

Figure 4 . 24 :

 424 Figure 4.24: Measurement and numerical data for phase shift of the prototypes in X-band.
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 5 further study has been done. We notice that there are weak resonances when we tune the band gap of the array. Actually, resonances are correspondent to each mode of transmission pattern, which have been measured at the different frequency. In other words, the near field excited by the radiated patch between the cylinders can be mutual canceled or lapped because of the different frequency. As a consequence, different near-field distribution and band gap properties are formed.In chapter 4, we find the disagreements between the classical homogenization prediction and the experimental results when we study the transmission property of the ultrathin metallic grating. Besides such disagreements always remain although we eliminate the interferences caused by the experimental facility. Thus, we propose a new method to homogenize the thin structures, so-called second order homogenization. In this method, jump boundary condition is proposed to replace the original bulk boundary condition. Six different prototypes with different thickness are manufactured to experimentally validate the second order homogenization. The measured transmission coefficients at different incident angle reveal that seconder order homogenization can determine the precise outcome of the transmission property for the thin metamaterial structures.Moreover, investigations of thin Artificial Magnetic Conductor (AMC) structures have been conducted by using interface homogenization. The 'jump' boundary condition was employed instead of bulk region boundary condition to determine the phase shift property of AMC. Experimental validations are given to show that phase shift due to the different thickness of the metal layer.Chapter Patch antennaAt microwave frequency (300 MHz∼300 GHz), because the requirement of low profile and portable size for the modern communication system, many kinds of printed patch antenna were widely used in many types of equipment due to its easy for manufacture and designable size. The original type of patch antenna was proposed by Howell at 1972[START_REF] Bhattacharya | Design, simulation and analysis of a probe feed patch antenna with benzocyclobutene as the substrate material[END_REF], shown in Figure.5.1(a). After several decades' development, more and more types of printed patch antenna were invented to meet the different requirement in reality.

Figure 5 . 1 :

 51 Figure 5.1: schematic view of several printed antenna

Figure. 5

 5 .2 (a) demonstrates the top view of the patch antenna which is located on the dielectric layers above the metallic ground plane, shown in Figure.5.2 (b).

Figure 5 . 2 :

 52 Figure 5.2: (a) Top view of printed patch antenna. (b) Side view of the patch antenna.

Figure 5 . 3 :

 53 Figure 5.3: Electric force line between two positive charges

  Law for magnetism' S B • d S = 0 ∇ • B = 0 Faraday's Law induction ¸C E • d l = -d dt ˜S B d S ∇ × E = -∂ B ∂ t Ampère circuital Law ¸C B • dl = ˜S(µ 0 J + µ 0 ε 0 ∂ E ∂t )d S ∇ × B = µ 0 (J + ε 0 ∂ E ∂ t )

  [START_REF] Feynman | The Feynman Lectures on Physics[END_REF],A × (B ×C) = B(A •C) -C(A • B), when A and B are replaced by differential operator ∇, we can have ∇ × (∇ × E) = ∇(∇ • E) -(∇ • ∇)E.

  11 + T 22 + (ikT 12 +

			T 21 ik	)	S 11 =	T 11 -T 22 + (ikT 12 -T 11 + T 22 + (ikT 12 +	T 21 ik T 21 ik	) )
									(2.6)
	S 22 =	T 22 -T 11 + (ikT 12 -T 11 + T 22 + (ikT 12 +	T 21 ik T 21 ik	) )	S 12 =	2 det(T ) T 11 + T 22 + (ikT 12 +	T 21 ik	)
	for the homogenous material, we have T 11 = T 22 = T s , det(T ) = 1 and S is symmetric,
	thus	S 21 = S 12 =	T s +	1 2	1 (ikT 12 +	T 21 ik	)
		S 11 = S 22 =		1 2 T s + (ikT 21 -1 2 (ikT 12 + T 12 ik T 21 ) ik	)

Table 4 .

 4 

			1: Different value of e for each prototype		
		P 1	P 2	P 3	P 4	P 5	P 6
	Thickness e	0.03mm	0.24mm	1mm	4mm	14mm	20mm
	k • e	0.0063	0.05	0.21	0.84	2.93	4.19
	Length of						
		405mm	150mm	150mm	150mm	150mm	400mm
	prototype						
							Metal /
		aluminum	aluminum	enclothed	en-	en-	
	Bars						en-
		paper	paper	epoxy	clothed	clothed	
							clothed
	Sustainer	Y	Y	Y	N	N	N
	Glue	Y	Y	Y	N	N	N
	Scotch	N	N	N	Y	Y	Y
			68				Chapter 4

Table 5 .

 5 

		1: Maxwell equation	
	Name	Integral Form	Differential Form
	Gauss's Law	'	

S E • dS =

Agilent Company that we mentioned before. In both cases, a minimum of the reflection is obtained around 10 GHz, corresponding to the operating frequency of the antenna.

Although a slight red shift, the presence of the array does not significantly affect the operating frequency. This shift is due to the modification of the effective permittivity caused by the use of the metamaterial. What is more, it is also depicted in Fig. 3.17(b) that there are three resonances appeared at frequencies, f 1 = 7.75 GHz, f 2 = 7.87 GHz and f 3 = 8.34 GHz, although very weak in the present case; additional results on these low-frequency resonances are reported at the end of this section, where we show that the Chapter 3

Experimental validation

From the discussion of the parameter for the three prototypes, three group of parameter are determined, shown in Table 4.2. The results of each prototypes are demonstrated one by one in the following.