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Abstract

In this thesis, we aim to design a broadband absorber that can effectively operate at low frequencies. To achieve such an aim, we take advantage of the properties of the metamaterial to reach a stage in which the former is capable of replacing the present bulky anechoic chamber.

After studying the state of the art of metamaterial absorber, we choose the pyramidal design to be the basis of our research view of its suitable properties for our application. We perform a complete parametric study to adjust its geometrical parameters and material properties to obtain the best absorption response. Besides, we enhance its relative absorptive bandwidth by making a novel curved altitude design. The latter two modifications lead to an increase in the Relative Absorptive Bandwidth (RAB) from 63.3% in the literature to 73.4% with an absorption level greater than 80%. In addition, we discuss the requirements needed to reach a low-frequency band absorber that can be summarized by the necessary high relative permittivity material dielectric substrate and the need for bigger dimensions. After applying these requirements, we succeeded to shift the frequency to UHF bands. We achieved a miniaturized unit cells by applying minimal surface geometry as a novel way in miniaturizing absorber. Moreover, to widen the broadband absorption of the conventional pyramidal absorber, we present different new absorber prototypes. We cite the prototype with a total thickness of 12.7 cm, consisting of 35 curved resonant layers where numerical simulations show an enhanced design with an absorption band from 0.3 GHz to 30 GHz.

Concerning the second proposed prototype, the latter is dedicated to combining complementary bands for different pyramidal structures dimensions in one unit cell. After introducing many enhancement factors and taking into account optimization, this prototype reached a well-combined band with a relative absorptive bandwidth of 128.69%. These prototypes are tested using the numerical simulator High-Frequency Structure Simulator (HFSS). All calculations were performed on an HPC of 24 cores with a system memory of 192 GB RAM. For the reliability of the results, discrete frequency analysis mode was adjusted with numerous data points to reach simulation results with a very high level of precision. 
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General introduction

Recently, almost all telecommunication systems that include television broadcasting, mobile phone (3G/4G/LTE/5G) frequencies and Wi-Fi applications are in the lower microwave region ranging from 0.3 to 30 GHz. It is experiencing unprecedented development not only in indoor communication but also in monitoring security systems as well. Nowadays, active and passive components are integrated into various systems, which are developed to be more and more compact and robust. Together with high performance in terms of absorption level, relative frequency bandwidth, insensitivity to polarization and angle of incidence, thin and flexible perfect absorbers are welcome and are even requested in these systems.

The current absorbers in research started during the Second World War. They were created both in USA and Germany. The first applications of absorbers were limited to the signature of the planes and the submarine periscopes while trying to not increase their mass. Today, their use has diversified to other applications including Electromagnetic Compatibility (EMC), reduction of interference between bands of frequencies in telecommunications systems, sensors and thermo photovoltaic systems. Moreover, an absorber is essentially used in test chambers of the electromagnetic property called "Anechoic Chambers". The latter is a shielded room covered with absorber materials on all walls, ceiling, and floor to prevent any reflection.

The lining materials of current anechoic chambers are designed to absorb in the microwave region view the numerous application cited before (0.3 GHz-30 GHz). Despite its high performance in terms of the absorption coefficient, bandwidth, and its insensitivity to polarization and angle of incidence, anechoic chambers are expensive to acquire, and it is difficult to achieve good echo-free conditions at low frequencies. It also suffers from its immensity and its fragility on the surface. Despite of the evolution that has occurred in electromagnetic engineering in which metamaterial science contributes, the anechoic chamber remains the unique solution presented for low broad frequency band absorber.

Metamaterial research is recent; they are periodic arrangements of artificial microstructures that exhibit singular properties not found with natural materials. The improvement brought by this type of material compared to different conventional categories lies in the reduction of the thickness for the structure to pass under the quarter-wavelength of the lowest wavelength of the desired band [1]. Herein, some efforts and works have been devoted to this area aiming to design a lowfrequency Metamaterial Absorber MA with small-size unit cell [2][3]. In spite of the validity of these approaches, there is still a lack of sufficient progress to the design and fabrication of highperformance low-frequency broadband MA resulting from the sensitive perfect absorption conditions.

To add novelty in this research area, we propose in this work the design of a low-frequency broadband MA. For that, we take the challenge to benefit from metamaterials to design a broadband absorber that can effectively operate in low frequencies trying to discover the potential of metamaterial to test the feasibility of the latter in replacing the present anechoic chamber.

In the first chapter, we discuss the state of the art with some key points concerning the techniques of different existing absorbers. We will focus on the contribution of MA in literature.

The history, the theory, and the characterization of the metamaterial perfect absorbers (MPA) and the engineered way to obtain the broadest band is addressed in this chapter. From this bibliography, we will select a metamaterial structure based on its properties to be suitable as a basic unit in our study.

In the second chapter, we cover a detailed study about the selected structure from chapter one. Looking toward studying the effect of its geometrical and material properties parameters, a parametric study is done. That was useful to do the necessary optimizations in order to reach the best absorption response. In this section, we enhance this structure and improve its absorption response by a new geometrical modification.

Through the third chapter, we study all the requirements needed to achieve a low-frequency response. Besides, we will apply these requirements to design and investigate small-size MA.

In the last chapter, we present different novel structures based on pyramidal absorber that give an ultra-broadband absorption. We investigate its response and show the Relative Absorptive Bandwidth (RAB) reached by these structures.

Chapter 1: State of the Art

Introduction

The motivation for studying absorbers comes mainly from their efficient use in potential applications. These applications include emitters, sensors, spatial light modulators, IR camouflage, anechoic chambers and wireless communication.

Absorbers in the mentioned applications are presented through different classical and commercial categories: dielectric, structural, resonant, magnetic and metamaterial. Each category is developed by different scientific researches but nowadays researches focus on the metamaterial category view its miniaturization capacity.

Anechoic chambers is considered as a developed dielectric absorber, and now it is considered as a principal way to achieve a broadband response at low frequency in spite of its fragility, humidity sensibility and bulkiness as addressed in this chapter. We will start by presenting the characterization of the different conventional and commercial absorber material.

We highlight the properties of the latter operating in narrow and broad band of absorption to draw a conclusion concerning its pros compared to the commercial absorbers found in literature.

Categories of Main Industrial Absorber

In this section, we sum up the main absorber categories presented historically.

Dielectric Absorber

This type of absorber is basic. These are foams, polymers or honeycomb structures loaded with carbon or metal particles (iron, aluminum, copper)... These materials are realized to have the highest dielectric loss constant thus transforms into heat the maximum of the incident wave. The impedance of this type of material is not strongly adapted to the impedance of the free space. Thus, they can present a strong reflection at their interface. These materials can be found in industry. Recent research on dielectric absorbers is focusing more on conductive polymer materials [1]. They have the particularity of having a low relative permittivity and a very strong dielectric loss. The manufacture of this type of material is quite complex where it is usually deposited on textile to have a certain strength.

Structural Absorbers

It is known that a wave is reflected at the interface of the material proportionally to the impedance of the latter. From this observation, three categories of absorbers (pyramidal, progressively loaded and impedance matching layers) were developed to improve the diffusion of the wave in a dielectric absorbing layer. For good attenuation over a wide band, this type of material requires large thickness with a significant weight. We mainly focused on the pyramidal absorber structure that is used in the anechoic chamber.

Pyramidal Absorbers

The pyramidal absorbers are typically thick materials with regularly spaced structures of pyramidal or conical shape disposed perpendicularly to the surface [4]. The pyramidal absorbers have been developed in such a way that the interface has a gradual transition from the impedance of air to that of the absorber. The height and periodicity of the pyramids tend to be in the order of the wavelength. These absorbers provide very good performance. The disadvantage of pyramidal absorbers is their thickness and tendency to be fragile. This category is applied to manufacture anechoic chambers (Fig. 1.1). 

Taped Loaded Absorber

This type of material is generally composed of a plate of a low loss material associated with a plate of a material with high losses. The advantage of these materials is that they are thinner than pyramidal absorbers but less efficient [1] (Fig. 1.2).

Matching Layer Absorber

Matching Layer Absorber attempts to reduce the thickness required for progressively loaded materials. This type of absorber provides an absorption transition layer between the incident wave and the absorbent materials. The transition layer has an impedance value between the impedances of the two media. The idea is to have an impedance transition between different environments. This matching occurs when the thickness of the matching layer is a quarter of the wavelength of the incident wave with:

1 0 3 Z Z Z  (1.1)
Impedance matching then occurs only at the desired frequency. Therefore, this type of absorbent is narrow band [1] and very thick at low frequency (Fig. 1.2). 

Resonant Absorber

They are called also tuned absorber. They include the Dällenbach layer [5], Salisbury [6] and Jaumann [7] layers. In this class of materials, the impedance is not necessarily adapted between the medium of the incident wave and the absorbing one. These materials are thin and do not absorb all the energy to which they are subjected. They operate through the destructive interference of the reflected waves. The mechanism employed uses reflection and transmission at the first interface. The reflected wave undergoes 180° phase shift.

The transmitted wave travels through the absorbing medium to the metal plane that reflects it.

This second reflection also undergoes a phase shift of 180° in absorbing medium before the propagation of waves towards the medium of the incident wave. If the optical distance traveled by the transmitted wave is a multiple of half wavelengths then the two reflected waves will be out of phase at the interface, which will cause destructive interference. If the amplitude of two reflected waves is equal then the total reflected intensity is zero (see Fig. 1.

3).

For that, this kind of absorber requires a considerable thickness essentially in lowest frequency regions when the wavelength is dimensional. 

Magnetic Absorber

These materials are based on the use of iron or ferrite particles. An important advantage of magnetic absorbers is the fact that, despite their small thickness, they offer very good reflection attenuation characteristics in low frequencies starting from 30 MHz. The biggest disadvantage, however, is the relatively high price and the heaviness as well as the limitation of frequencies up to 1 GHz. Magnetic absorbers should be considered in all the cases where pyramid absorbers cannot be used due to limited space.

Anechoic Chamber

Current Anechoic Chamber present high-performance broadband electromagnetic absorbers spread along all surfaces by periodic units. Such an absorber belongs to the dielectric structural absorber category explained before. Each unit consists of a single block of polyurethane foam, pyramidal-shaped with a carbon-based aqueous solution. They are suitable for broadband applications and are used to line semi-anechoic and fully anechoic chambers for antenna measurements, Radar Cross Section, compact ranges, telecom, Electromagnetic Compatibility (EMC), and military applications.

Description of its Structure

The lining materials of anechoic chambers are made from two distinctly different types of materials although both types are commonly met in different areas of the same chamber:

-Closed-cell polyurethane or polystyrene foam molded into a steep pyramidal shape and "dosed" with carbon then painted with a fire-resistant paint. The principle of this type of absorber is to mimic free space by "progressive impedance"; i.e., absorbing the radio or microwave by internal reflection through a resistive structure that has a progressively larger shape during which the wave energy is being converted into heat.

-Ferrite tiles which are made as thick pieces with a central fixing hole. They are made from sintered iron/nickel material, which is ground to a precise shape so that large wall sections can be precisely assembled. Ferrite linings operate well at lower frequencies where the wavelength is too long for pyramidal absorbers to work effectively. 

Dimension VS Operating frequencies

Pyramid absorbers are available in many sizes. The required dimensions depend mainly on the wavelength of the lowest usable frequency specified for the anechoic chamber. These dimensions differ slightly between companies. However, we present in Table 1.1

the relation between frequencies and the height of a required pyramid as presented by one of the most sophisticated companies [8].

By referring to Table 1.1, to reach good absorption performance at low frequency, the height of APM must be higher than 1 meter of altitude, which is considered as a bulky structure in a test chamber.

Ferrite Material

Pyramidal Foam 

Anechoic Chamber Disadvantages

The Polyurethane foam material of pyramids is sensitive to atmospheric humidity, fragile and support a limited incident wave power view its highly flammable properties [8]. An anechoic chamber is until now the unique solution for measurement application in spite of all these entire disadvantages because it can insure an absorption bandwidth more than one decade from 0.3 GHz.

Trying to resolve such a problem, the next section introduces our proposed way to find a new type of absorber in broadband operation with miniaturized dimensions using "Metamaterial".

Metamaterial Absorber

Metamaterial is introduced as an effective medium where the designer can control the electromagnetic properties by engineering the geometry that exhibits unnatural material with singular properties. Such kinds of materials are usually made of assemblies of dielectric and metallic elements at scales that are much smaller than the wavelength and exhibit singular dispersion properties such as negative permittivity (εeff) and permeability (μeff) [9][10][11].

Thanks to these properties, the metamaterial can be used to manipulate electromagnetic waves by absorbing, filtering, enhancing or bending waves. As a consequence, extensive potential applications are foreseen as microwave and optical filters, high sensitivity detectors, low profile directive antennas, right-and left-handed phase shifters, invisibile cloaks, ultra-thin total absorbers and so on [12][13][14][15][16][17][18][19][20][21][22][23]. Particularly, the branch of metamaterial perfect absorber (MPA) has garnered interest because it can achieve unity absorptivity of electromagnetic waves at scales that are much smaller than the wavelength. Since the first experimental demonstration of MPA in 2008 by N. I.

Landy et al. [24], a large number of efforts [25][26][START_REF] Sun | An extremely broad band metamaterial absorber based on destructive interference[END_REF][START_REF] Zhu | Switchable metamaterial reflector/absorber for different polarized electromagnetic waves[END_REF][START_REF] Cheng | A polarization insensitive and wide-angle dual-band nearly perfect absorber in the infrared regime[END_REF][START_REF] Wei | Artificial metal with effective plasma frequency in near-infrared region[END_REF][START_REF] Munday | Large integrated absorption enhancement in plasmonic solar cells by combining metallic gratings and antireflection coatings[END_REF] have been made on Metamaterial absorbers to achieve multi-band absorption, broadband absorption, polarization-insensitive absorption, and wide incident angle absorption. Normally, metamaterials can be realized through several kinds of structures such as photonic crystal structures [START_REF] Seo | Isotropic left handed material at optical frequency with dielectric spheres embedded in negative permittivity medium[END_REF][START_REF] Rennings | A novel clustered dielectric cubes metamaterial (CDC-MTM)[END_REF][START_REF] Shumpert | Parallel-plate mode reduction in conductor-backed slots using electromagnetic bandgap substrates[END_REF][START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF], Transmission line (TL) based structures [START_REF] Caloz | Transmission line approach of left-handed (LH) materials and microstrip implementation of an artificial LH transmission line[END_REF][START_REF] Eleftheriades | Planar negative refractive index media using periodically LC loaded transmission lines[END_REF][START_REF] Grbic | Periodic analysis of a 2-D negative refractive index transmission line structure[END_REF][START_REF] Caloz | Dual composite right/left-handed (D-CRLH) transmission line metamaterial[END_REF], resonant structures [24], and full dielectric materials [START_REF] Vandenbem | Mie resonances of dielectric spheres in facecentered cubic photonic crystals[END_REF]. MPA belongs to the resonant structure, so it operates in narrow band.

In the coming section, we present the different ways of absorption achieved by metamaterials in a narrow band. After that, we present the ways applied to broaden the band of absorption.

Categories of Metamaterial Absorber

In literature, almost metamaterial absorber is presented based on the resonant category by different principles. We address in this section the main principles of metamaterial absorber and we will cite its efficiency view its absorption level, incident angle sensitivity, polarization sensitivity based on an overview of some models in the literature. The periodically arranged metallic layers should be carefully designed to provide a certain resonance at the targeted frequency. Fulfilling the impedance matching condition to the free space is achieved by varying the dimensions of the resonators which can have various shapes such as ring, cross, patch, circular, snowflake and so on. Under this impedance matching condition so that reflectivity on the device vanishes and all the incidence EM waves should be coupled to the device.

The second dielectric layer plays a basic role by trapping the incident electromagnetic wave EM wave. At the resonant frequency of the absorber, the EM waves are bouncing back and forth inside the resonator so that the EM energy is dissipated efficiently.

In other words, the generic metal-dielectric-metal structure plays a role in the resonant cavity with a lifetime in the cavity related to the frequency selectivity of the resonance through the quality factor. The primary role of the third metallic layer is to stop any transmission of the impinging wave. Besides, we will see in the following chapters devoted to plasmonic-type structures that the metallic regions facing the structured top metal layers support backside local currents flowing in the opposite direction to the top ones.

To sum up, when an EM wave is impinging on such a tri-layered medium, the fact that the transmission is zero and the reflection vanishes at the resonance means that all the EM energy is absorbed justifying the term of PMA. More details about this operating principle will be discussed in the next chapter. After simulation using Ansys HFSS [START_REF] Sellier | Absorbants à métamatériaux: étude théorique et expérimentale[END_REF], we can see that the modification of the incidence around the axis has several effects. We observe the resurgence of some dark modes and degradation of the performances with the increase of the angle.

Mie Resonance Based

Ferroelectric materials, such as BaTiO3(BTO), Pb(Zr,Ti)O3 (PZT) and LiNbO3 (LNO)

have attracted much interest owing of their applications in many domains including high-density capacitors, filters, oscillators, resonators and tunable microwave devices [START_REF] Bao | Barium strontium titanate thin film varactors for room-temperature microwave device applications[END_REF][START_REF] Cole | The influence of Mg doping on the materials properties of Ba1-xSrxTiO3 thin films for tunable device applications[END_REF][START_REF] Cole | La doped Ba 1-x Sr x TiO 3 thin films for tunable device applications[END_REF][START_REF] Tagantsev | Ferroelectric materials for microwave tunable applications[END_REF].

Among these ferroelectric materials, BTO-based films with Sr doping, namely Ba1-xSrxTiO3 (BST) are the essential components for wide spectrum applications, especially for electric field response components and devices such as phase shifter [START_REF] Tagantsev | Ferroelectric materials for microwave tunable applications[END_REF][START_REF] Kuylenstierna | Composite right/left handed transmission line phase shifter using ferroelectric varactors[END_REF], varactors [START_REF] Burgnies | A TRL-like calibration for tunable interdigitated BST varactors[END_REF],

antenna [START_REF] Pan | Frequency tuning of CPW bowtie antenna by ferroelectric BST thin film varactors[END_REF], accelerator [START_REF] Kanareykin | Observation of an Anomalous Tuning Range of a Doped BST Ferroelectric Material Developed for Accelerator Applications[END_REF], cloaking [START_REF] Gaillot | An all-dielectric route for terahertz cloaking[END_REF], and so on because of its high dielectric constant, reasonable dielectric loss, high tunability, and large breakdown strength [START_REF] Kim | Ferroelectric Properties of (Bi, Sm) 4 Ti 3 O 12 (BST) Thin Films Fabricated by a Metalorganic Solution Deposition Method[END_REF][START_REF] Jiang | BST and other ferroelectric thin films by CCVD and their properties and applications[END_REF][START_REF] Lepetit | Experimental measurement of negative index in an all-dielectric metamaterial[END_REF][START_REF] Houzet | Dispersion and loss of ferroelectric Ba 0.5 Sr 0.5 TiO 3 thin films up to 110 GHz[END_REF].

Thanks to high permittivity, BST particles, normally cubes with a sub-wavelength scale, This periodic array of dielectric cubes exhibits a magnetic and electric activity that cancels the reflectivity by impedance matching whereas a backside metal plane stops the transmitted wave. The 2D BST absorber could keep a high absorption above 90% even if the incident wave is up to 60° with respect to the absorber surface (see Fig. 1.9). Moreover, thanks to the symmetric shape of the individual BST cube and the same period along with two orthogonal directions, TE and TM polarizations show the same response.

shown

Broadening Ways

Referring to these cited absorption principles, we notice that the main principle of metamaterial is based on resonant structure. Indeed, the simultaneously electric and magnetic resonance will result in a narrow absorption bandwidth, which may limit its application in practice.

In this section, we propose the main methods applied in the literature to obtain broadband metamaterial absorber.

It is worth mentioning that the parameter of real broadband response is the relative absorbing bandwidth (RAB) expressed by:

f RAB fc   (1.2) L U f f f    (1.3)
Where fU and fL are the upper and lower limits of the absorptive frequency range respectively.

Juxtaposition

This broadening way consists of adding metallic resonator patches in the same ground plane with different dimensions. Each resonator is realized employing three layers of the plasmonic design cited before. All the patches are centered in each sub-cell. The results obtained in Fig. 1.11 show different peaks of resonance obtained by each patch but with degradation in the absorption level. The loss of absorption in each patch is caused by the distance increased between patches of the same size. Such distance results some reflections therefore the absorption level of sizable patches is under 50 %. This structure is quite simple and is developed for operation under a single polarization angle of the incident wave [START_REF] Sellier | Absorbants à métamatériaux: étude théorique et expérimentale[END_REF].

Stacked Layers

S. He et al. have proposed a stacked structure shaped like a pyramid which can totally absorb waves in the microwave regime [START_REF] Ding | Ultra-broadband microwave metamaterial absorber[END_REF]. Since the size of the metal-dielectric unit layers is gradually increased along the transverse direction (refer to Fig. 1.12) so that a pyramidal shape is achieved, this type of structure is generally called pyramidal absorber. In the pyramidal absorber, each unit layer corresponds to a certain resonant frequency and an ultra-wideband absorption can be achieved by superposition of multiple resonances with small frequency intervals. The absorption in this type of absorber is independent of polarization due to the symmetry of the designed MA. Even, its absorption is robust for non-normal incidence (Fig. 1.13) [START_REF] Ding | Ultra-broadband microwave metamaterial absorber[END_REF]. 

Frequency (GHz)

Random Distribution

We focused on a recent way of broadening the absorption window of metamaterial-based absorbers by extending magnetic resonance modes in disordered metamaterials. Barium Strontium Titanate (BST) cubes resonating at centimeter wavelength was used in a random array of identical size cubes (see Fig. 1.15). This arrangement was proved that it could lead to a broadening in the absorption bandwidth concerning the response obtained by periodic arrangement. Such a response is affected by different parameters such as filling factor of cubes, polarization and oblique incidence were studded both numerically and experimentally in reference [START_REF] Hao | Broad band electromagnetic perfect metamaterial absorbers[END_REF]. 

Metamaterial with Magnetic Element

Magnetic absorbers have good absorption performance over wide bands and are generally very small in front of the wavelength. As cited before in section 1.2.4, their main problem is that they are very dense because they are heavily loaded with ferrous materials. The thickness and the charge rate of these materials are very influential in their operating frequency. Therefore, absorber metamaterial was introduced in [START_REF] Sellier | Absorbants à métamatériaux: étude théorique et expérimentale[END_REF] with magnetic absorber to widen the operating frequency and shifting it to lower frequencies. Different plasmonic models were tested in combining with a magnetic material in reference [START_REF] Sellier | Absorbants à métamatériaux: étude théorique et expérimentale[END_REF]. It is realized that it is better to place the metamaterials absorbent under the magnetic absorber for optimal results. In Fig. 1.17, the impact of this combining idea is shown by comparing the absorption response of the magnetic material alone (dotted curve) with the combined structure (magnetic stacked in the MultiCross plasmonic design). It shows that the target of shifting frequencies was attained but with a degradation in high frequency. Naturally, such an idea suffers from the sensitivity in the angle of incidence and polarization due to its sensitivity with the plasmonic structure. 

Conclusion

In this chapter, we presented a full overview of most categories of absorbers presented in the industry (dielectric, structural, dielectric, resonant, and magnetic). We highlighted the disadvantages of each category. We found that the most sophisticated category is the Pyramidal dielectric presented now by important companies to manipulate anechoic chambers. Such a category suffers from its fragility, humidity sensitivity, its high cost even its bulkiness especially when the operating frequency been below 1 GHz. Starting from what is discussed, the need for a new category of absorbers arises seeking a good absorption response in better conditions.

In this context, we presented the benefits of metamaterial absorber in reaching unit absorption with lightweight and reduced thickness with respect to the wavelength in its both type: plasmonic and Mie resonance-based. The metamaterial creates perfect absorbers by electromagnetic resonance causes resulting in absorption in a narrow bandwidth which may limit its application in practice.

Thence, we present the ways proposed in the literature to designs a broadband absorber metamaterial-based. We found that the design that can offer insensitivity from wave polarization and angle of incidence even can reach an Ultra-Wideband with low cost is the "Stacked Pyramidal Design". Essaying to reach our objective, this model is selected to be the basis of our research study. Therefore, in the following chapter, we present the absorption mechanism of the stacked design and we study all parameters affecting its absorption response to guide the designing of an innovative metamaterial absorbers stacked-resonators based.

Chapter 2: Pyramidal Design Setup

Introduction

In many systems, high performance in terms of the absorption coefficient, large bandwidth, insensitivity to incident wave polarization and angle of incidence are welcome and are even requested. In this context, we aimed to design an ultra-broadband metamaterial absorber by stacking multiple resonators with varying dimensions in a transverse direction forming a Pyramidal Absorber (PA). Stacking multilayered metamaterial structures is considered as a promising candidate for designing such design with all these specifications. It presents an effective method to extend the absorption band making the MA units resonate at several neighboring frequencies [1,3].

This principle was first demonstrated in the microwave range [4]. Jingbo Sun et al.

proposed an extremely broadband metamaterial absorber based on the destructive interference mechanism exhibited in a multilayered SRRs stack [5][6]. After that, S. He et al. have proposed a stacked structure shaped as a pyramid [7]. Besides the microwave broadband absorber, an infrared ultra-broadband absorber that can also be regarded as a pyramid structure, namely sawtooth structure was presented by Y. Cui [8]. Following these proposed design absorbers, many articles based on pyramid broadband absorbers in the microwave, THz, infrared and visible regions have been published [9][10][11][12][13].

View the great specification of the pyramidal design, this chapter is dedicated to describe in detail the operation of such design. The first section will explain the absorption mechanism that occurred by the square patch, which is the basic unit of the pyramidal absorber. After that, we will identify the role of different parameters affecting the absorption response by a parametric study.

The last section will give an added factor that provide an excellent enhancement on the absorption response and put a new degree of freedom that optimize well the absorption response of this elegant design.

Plasmonic Resonance Study

As mentioned above, the basic unit of the pyramidal design is the square patches. For that in this section, we present more details about the absorption mechanism of this basic unit. The electric and magnetic resonance occurred and the impedance of the patch at resonance will be shown. This study is based on simulation results collected using Ansoft High Frequency Structure Simulator (HFSS).

Absorption Mechanism

The basic operating principle of this type of designs is to successfully trap the incident wave in the metamaterial. For that, it is necessary to adapt the impedance of the metamaterial with the characteristic impedance of the free space in order to limit the reflection at the air/metamaterial interface. The incident wave once begins involved in the structure of the metamaterial is attenuated to avoid reflection.

Knowing that the characteristic impedance of a material is:

0 r c r ZZ    (2.1)
Therefore, to achieve the impedance matching, the permittivity and / or permeability of the metamaterial absorbent must be modified in order to perform a function giving:

1 r r    (2.2)
The transmission (T) and reflection (R) coefficients being related to the impedance by:

12 12 2 ZZ T ZZ    (2.3) 21 12 ZZ R ZZ    (2.4)
Where Z1 is the impedance of the medium of the incident wave and Z2 is the impedance of the medium of the absorbing material (fig. 2.1).

Once transmitted within the structure of the metamaterial absorber, the energy of the incident wave is retained by a cavity effect formed by the space between the pattern and the ground plane. The reflections inside the cavity and the losses of the dielectric, even if they are low, strongly dampen the energy of incident wave due to the resonance effect. 

Simulation Results

Figure 2.2 and 2.3 show the 3D model of the unit cell structure of a metamaterial absorber with square patches and its sectional view respectively. 

Length of the metallization layer (L)

mm

Length of the dielectric substrate (S)

mm

The substrate used in this unit cell is FR4 epoxy. The ground plane is made from copper where its thickness is unimportant. It must only be thick enough to reflect the incident wave.

In the simulation, periodic boundary conditions are assigned along the x and y-direction.

An incident wave port is launched along the z-direction with E field polarized along the y-direction.

The transmittance T (ω) and reflectance R (ω) are obtained from the frequency-dependent Sparameters S11 (ω) and S21 (ω). Then, the absorption A (w) can be calculated as:

A (ω) =1-T (ω) -R (ω) (2.5)
Where T (ω) =│S21 (ω) │ 2 and R (ω) =│S11 (ω) │ 2 . Since the ground is metallic, S21 (ω) is considered zero. The reference impedance taken in our consideration theoretically and by simulation is Zo = 50 Ω. Therefore: For this absorption peak, we plotted the electrical and magnetic fields presented in Fig. 2.5.

From these results, we can observe the formation of the electromagnetic mode. A concentration of energy in the substrate under the patch at the absorptive frequency is observed. Therefore, the structure behaves like a cavity formed by the patch and the ground plane. (1 ) ( ) ( 1) ( )

c r r z SS Z z SS        (2.7)
Thus, we neglect the value of the transmission coefficient S21 and we can deduce that: tends to zero, then referring to the eq.2.8 the characteristic impedance of the material is matched with impedance of medium at resonance. While the imaginary part of S (1, 1) tends to zero then basing on eq.2.8 the characteristics impedance of the absorbing medium is purely resistive at resonance. The metamaterial thus obtains a negligible reflection coefficient at resonance. Then, the energy is trapped to be absorbed into the structure. 

4.05

The imaginary part of the characteristic impedance, also called reactance, gives information on the inductance and the capacity of the material. We can write the impedance as follows:

c Z R jX  (2.9)
With R is the resistance and X is the reactance that can be defined as follows:

1 LC X X X L C       (2.10)
Where XL is the inductive reactance (in Ω) and XC is the capacitive reactance (in Ω). Therefore, when X is equal to 0, we are in the case of a purely resistive impedance.

Conclusion

After this set of simulations, we discovered deeply the potential that these new-engineered materials can have. We can conclude that the absorption achieved by the structure does not come directly from the losses of the substrate because its thickness and tangent losses are too low.

The absorption of a dielectric is estimated by the Beer-Lambert law with: 0 log( ) log( )

P Absorption T P     (2.11) 0 . h P P e   
(2.12) P0 is the incident power, P is the recovered power after having crossed the material, and h is the thickness of the substrate. Here α is the absorption coefficient of the material:

4 k     (2.13)
With k is the linear extinction coefficient expressed by the imaginary part of the complex refractive index of the substrate.

For the studied design, the absorption resulting from the losses in the substrate is very low, less than 1%. Therefore, this absorption phenomenon of the simulated patch is not caused by the substrate. This is a purely resonant phenomenon resulting in a narrow operating band.

Design of Pyramidal Absorber

After studying the basis of absorption theoretically and by simulation now, we are concerned about the PA Structure in details. Such design provides broadband of absorption with insensitivity to incident wave polarization due to its symmetrical geometry. It consists of a periodic array of pyramids with a quadrangular cross shape and a homogeneous metal ground in the bottom, the latter blocking any transmission of the incidence wave (S21 = 0). The reflection coefficient (S11) is minimized by properly structuring the square patches discussed above.

The thickness of the metallization layer and the dielectric layers in each patch layer are optimized to be; tm=35 μm, td = 140 μm respectively. The metal is copper with the electric conductivity of σ =5.8×10 7 S/m. FR4 is also used for the dielectric substrate. Here, 20 resonator layers are chosen.

In the simulation, the periodic boundary conditions are assigned along the x and y-directions.

A wave port is launched along the z-direction with E field polarized along the y-direction. 

Parametric Analysis

In order to optimize the PMA structure well, we orient out study to examine the influence of the geometrical parameters such as periodicity, transverse dimensions of the resonators and number of layers. In addition, the material properties, particularly the imaginary part of the dielectric layer, which governs the dielectric absorption, and the conductivity of metal films will be considered. there is an optimized spacing here where P = 6.65 mm, and that period has more influence at higher frequencies.

This result can be explained by the necessity to keep the higher patch that is responsible for 

Static Spacing Static Spacing

As an interpretation of Fig. 2.12, it can be concluded that the transverse dimensions govern the operating frequency with Fabry Perot type resonance.

For example, when W= 7.7 mm:

2 r r c f W   = 9.28 GHz (2.14)
Which is approximately the first resonance frequency in Fig. 2.12 (red line). It is also found that when the transverse bottom dimension increases, the bandwidth window shifts towards lower frequency. It can be seen that as W is reduced, RAB is increased. However, W cannot be too small; otherwise the width of neighboring metal patches in a unit will vary too abruptly. Consequently, the frequency difference between their supported resonant modes becomes too large and pronounced oscillation forms will appear in the absorption spectra. As a conclusion, the transverse dimension of resonator patches impacts dramatically the resonant frequencies and their variations have to be sufficiently gradual to avoid a multi-peak absorption spectrum rather than a low ripple broadband absorption window.

Fig. 2. 13 shows the absorption spectrum when the number of resonator layers is varied. In this simulation, the bottom length is W = 6.3 mm and the difference length between two adjacent layers was kept constant as 87.5 μm. The number of layers varies from 12 to 20. One can see that, as the number of layer increases, the absorption window broadens gradually with significant improvement in the bandwidth for a large number of resonators such as N=20. In Fig. 2.8, we remark that the absorption level of the 20 peaks of resonance is different, and it decreases at a higher frequency. For that, in the study shown in Fig. 2.14, we try to improve the absorption level by presenting the study relating each resonant layer dimension to a specific substrate thickness. For that, different layers were taken from the pyramidal structure to be studied alone. Fig. 2.14 shows the absorption response of the first basic layer alone then the tenth layer and the fifth layer corresponding to different dielectric thickness.

Fig. 2.14

shows that there is a relation between the patch dimensions and the dielectric thickness. The best absorption level for the first patch has occurred when the substrate thickness is 0.14 mm. On the other hand, for the tenth patch, the best absorption level has occurred when the thickness of the substrate is 0.105 mm. We remark that the higher frequency absorption needs thicker dielectric substrate. Therefore, to design a pyramidal design with best response we must study well this relation. 

Material Properties Influence

In this part of the study, we consider a single patch absorber to study the material properties and its effect on the resonance absorption operation without taking into account any geometrical effect. This step comes to facilitate the study. Knowing that the material properties conditions for best absorption to a simple path are the same in the pyramidal structure. We can observe from the Fig. 2.16 a decreasing in the absorption level with increasing of the relative permittivity value. Fig. 2.17 shows the cause of such decreasing where it studies the absorption coefficient under the influence of different dielectric thickness for a constant relative permittivity. It shows that it is necessary to adapt the value of the relative permittivity with a specific value of a dielectric thickness to obtain the best absorption. Moreover, it is noticed that higher relative permittivity needs thicker substrate to obtain the unit absorption at resonance. The simulation results show that the level of absorption in linear and sawtooth altitude is below than 90% at a higher frequency. It can cover a broad band of absorption but with an oscillator level of absorption (Figure 2.20 (a) and (b)). Applying curved altitude, the peaks of resonance became nearer and smoother combined. Therefore, the curved Pyramidal absorber achieves a 71.82 % RAB with absorption level above 90%, which is much larger than that obtained from other altitude forms as shown clearly in Table 2.2. This result puts a new degree of freedom in optimizing parameters in such design.

Conclusion

In summary, we numerically demonstrated the absorption basics of the pyramidal absorber coming from resonant patches, and we proved theoretically and by simulation that the absorption mechanism does not need lossy material. Then, we demonstrated that 20 metal-dielectric layers staked in periodic arrays and shaped as quadrangular frustum pyramids can realize ultra-broadband PMA with a fractional bandwidth equals to 73.4% with an absorption level greater than 90% by available cheap material. This value is not reached by the same design in reference [4] which was the principle of our design.

After properly designing the multilayered structure, the geometrical and material parameters' influences were assessed to optimize the absorption quality. This study was helpful for a better understanding of the parameter effect to find the tools to enhance more and optimize this structure. Finally, a novel idea that permits successive resonant frequencies to be combined properly to have a broadest optimized response is presented by applying curved altitude. This puts a new degree of freedom in optimizing such structure.

Chapter 3: Activating Metamaterial to low frequency

Introduction

Metamaterial Perfect Absorber has been numerously investigated and presented for different frequency regions such as GHz frequencies [1][2][3] and THz frequencies [4][5][6]. Nowadays, the application of perfect absorption in telecommunications (UHF bands) is one of the prior concerns for practical purposes used for television broadcasting, cell phones, and satellite communication including GPS, personal radio services including Wi-Fi and Bluetooth, walkietalkies, cordless phones, and numerous other applications.

Unfortunately, conventional absorbers would be too thick in these bands (around 8.5 cm) and magnetically loaded absorber are too heavy. Added to the massive weight, the big size of the presented metamaterial absorber is an obstacle when operating at radio frequencies. Most recent

MPAs have the ratio of lattice constant over wavelength ranging from one third to a fifth, which is difficult to integrate into real radio devices [4][5][6][7]. Therefore, miniature size is an essential requirement in the telecommunications area.

In this chapter, we study all the requirements needed to achieve a low-frequency response.

Besides, we apply these requirements to design and investigate small-size metamaterial absorbers.

Resonant Frequency Equation

As cited in previous chapters, MA belong to the resonant branch of metamaterial science.

For that, it is necessary to begin our study based on the resonant equation that relates the value of resonant frequency with the influencing factors for a simple patch design. This equation is expressed as:

2 r r c f w   (3.1)
Where w represents the length of a square patch and εr represents the relative permittivity of the substrate.

So referring to this equation, the value of resonant operating frequency is related to material substrate properties and on the dimension of the patch. Shifting of absorption operating frequency in the lower band requires a high value of relative permittivity and an increasing in the dimensions.

For example, if we use FR4 as a substrate, we need a dimension of 143 mm to get an absorption response at 0.5 GHz.

Thus, to avoid the increasing dimension of the absorptive design we directed our research in two ways. As a first task, we looked up for a substrate material having high relative permittivity value with a low cost. Such material must be studied as a causal material looking forward to its characteristics with our targeted ultra-broadband of frequency. In this context, we benefit from the parametric analysis presented in the last chapter to select the best material properties needed.

Besides, we need to find a way to exploit areas in small geographical locations. In this context, we use an innovative mathematical branch: "Minimal Surface Structure" that locally minimizes its area. Minimal surfaces are the surfaces of the smallest area spanned by a given boundary.

Material Properties

Basing on our parametric study in Chapter 2, we select the required characteristics for our application that gives the best absorption level at resonance. We are interested in finding a cheap substrate having relative permittivity greater than 60 and dielectric loss tangent greater than 0.01.

We found some materials with high relative permittivity values (refer to Table 3.1). Besides, to select the best dielectric material we categorized them by their experimental practical properties concerning cost, mass density, and their breakdown voltage. The breakdown voltage of a dielectric is the minimum voltage that causes a portion of an insulator to become electrically conductive. It is proportionally related to the maximum incident wave power that can be absorbed before the damage of the substrate. Theoretically, the addition of a dielectric material above a metamaterial substrate modifies the frequencies of the resonances. To define the frequency offset resulting from the stacking of FR4 layers, we have used a publication dealing with this subject for patches antennas [9]. The equivalent permittivity can be written as follows:

  With εn represent the permittivity of the dielectric layers and tn represent the thickness of the dielectric layers.

In our case, from Fig. 3.5 we can observe that there is a non-considerable shifting in resonant absorptive frequency. Based on Equ. 3.2, the slight modification is due to the very thin thickness FR4 with respect to the thickness of the water substrate beside the small value of relative permittivity of FR4 concerning the water value. 

Conclusion

We can conclude that by using high relative permittivity materials, we reach a low resonant frequency value with the dimension of λ/ 16.3 that is considered as a very good proportion.

Therefore, regarding the benefits of this idea with a comparison with presented absorbers like ferrite material, we are able to miniaturize the dimensions of the unit cell, but we are always suffering from the weight density of the high relative permittivity materials required. That puts a limitation on the contribution of metamaterials in low-frequency absorber. We can conclude that by metamaterial we miniaturize the enormous dimensions. However, we are always restricted by the mass density of necessary high relative permittivity material to low absorption frequency response. The advantage of metamaterial here is that it needs a thinner substrate which means that the overall mass is relatively reduced concerning the presented absorber as ferrite material.

In the next section, we try to make use of the geometrical advantage offered by the minimal surface design in miniaturizing absorber model.

Minimal Surface Geometry

Minimal surfaces are the surfaces of the smallest area spanned by a given boundary.

Minimal surface theory is rapidly developed at recent time [10][11]. Many new examples are constructed and old altered. Minimal area property makes this surface suitable for application in architecture. The main reasons for application are the weight and amount of material reduced to minimum. In our work, we test its miniaturization efficiency in patch absorbers.

Rough Surface Effect

In this section, we test different patches of different roughness forms and levels. They are drawn using mathematical functions in MATLAB software. The MATLAB code was exported to Space Claim software to be sketched and then imported as a block design in HFSS where we study the absorption response by simulation. All MATLAB codes used are presented in Appendix 2. points to provide high accuracy for the obtained results. In these models, we assign the copper for the metallic part and high relative permittivity material (εr= 55) as a substrate having dielectric loss tangent of 0.03. From Fig. 3.10, we remark that the resonant absorptive frequency was shifted from 292 MHz in the rough surface model to 387 MHz in the plat patch. Such frequency shifting is considerable in low-frequency bands. Therefore, we can conclude that the only effect of the roughness is its help to shift the resonant frequency in lower value without the need to enlarge the dimensions. That result is due to the bigger surface exploited in the same actual space in the rough model.

From this conclusion, we go forward in designing other random rough surfaces with different Root Mean Square Height (RMS) height to identify more its enhancing effect and its limitations.

Random Rough Surface

In the following designs, we take the same material and design properties as the droplet drop surface. Therefore, following the same process of modeling, we obtain the results shown in The roughness of a surface is determined by its RMS Height and its correlation length. In our study to the effect of roughness, we take three different RMS Height values as a variable parameter with a fixed correlation length of 1 cm. This new model of absorber shape takes its inspiration from the contribution of different Mobius shapes (see Fig. 3.13) in miniaturization of resonators in different applications. In these references [12][13][14], the twister presented in Mobius designs leads to miniaturize the dimension until the half. For that, we aim to design a new patch resonator absorber using a similar twister idea. The latter is being applied to patch design through a helicoid function. It can be described by the following parametric equations in Cartesian coordinates:

( , ) cos( )

( , ) sin( ) ( , ) X u v v u Y u v v u Z u v u    (3.3)
In our design, the helicoid is designed and assigned to be metallic nature of limited thickness. It is united with the ground plane and the top metallic layer. The FR4 substrate surrounds the helicoid in a cylindrical shape as shown in Fig 3 .15. Three twisters were drawn between the ground plane and the top metallic layer to exploit the triple of the patch surface.

To show the effect of the helicoid in our patch, the same design is modeled without the helicoid by a circular patch with the same dimension and material properties as shown in Fig. 3.16. 

Conclusion

In conclusion, to obtain a low-frequency absorption response with miniaturized dimensions, we tended to choose high relative permittivity substrate material with minimal surface design. Each way was discussed alone. As a first task, in the material properties study, different dielectric substrates with their practical properties were presented. Then after a comparison, distilled water proved to be the best dielectric suitable for low-frequency absorption. We made this idea more practical by inserting water in the FR4 box having almost the same absorptive response.

Besides, for the aim of reducing patch dimensions, we designed different minimal surface designs as random rough surfaces. Such an idea shows a new miniaturization way to obtain an acceptable dimension with low frequency. Finally, in one design we combine these two ideas. As a result, we reached a low resonant frequency value with the dimension of λ/15.2 with a relatively thin substrate.

We can conclude that using metamaterial we can miniaturize well the enormous dimensions of unit cells. Nevertheless, the material of high relative permittivity imposes certain weight view its mass density but by the thin thickness of the metamaterial make such design relatively non-weighty. Besides, the roughness can miniaturize well the units, but we are limited by altitude to some level when the thickness is unsuitable for a good absorption level. It is worth mentioning that the breakdown voltage property is one of the standard competitive promoted by big actual institutions of anechoic chamber view the sensitivity to the pyramidal foam to power handling and fire (2000 W/m 2 ). The latter shows that metamaterial appears as a good candidate looking to the higher breakdown voltage of its substrate (distilled water has a power handling of 70 x 10 6 W/m 2 ).

This chapter studied the ways of shifting absorption frequencies in lower band, but we are always concerned about the narrow band of absorption. In the next chapter, these ideas will be applied in new broadband structures based on pyramidal design that was studied in details in the previous sections.

By Adding Layers

Based on the operation of the pyramidal absorber discussed in Chapter 2 that refers to the absorption to the electromagnetic resonance occurred at each patch resonator, we can predict that the enlargement of the band can be done by adding supplementary patch until obtaining small patches at the top resulting in a pyramidal cone absorber. In the simulation of this idea, the periodic boundary conditions are assigned along the x and y-directions. A wave port is launched along the z-direction with E field polarized along the y-direction.

Simulation Setup

As cited in the previous chapter, when we use a high permittivity material of value 55 and adjusting the basic patch to be 72 mm, we were able to turn the operating frequency to be absorptive in the UHF band. The simulation setup of this pyramid is shown in wave and the design leading to a possibility for a decrease in its reflection. By 3 points arc in HFSS, a curve was optimized in way to relate those 35 patches to combine well the successive resonance obtained by each dimension of patches. The curved altitude was applied in this design after proving its efficiency in a pyramidal design in Chapter 2.

Results and Discussion

First, we simulated the enhanced curved of the PA that is responsible to achieve a good reasonable absorption in the UHF band only. The absorption spectrum of the structure in Fig. In a resonant mode, electric and magnetic resonance both exist in Fig. 4.4. They make the absorber impedance match well with the free space, and the incident wave is absorbed in the dielectric with low reflection.

4.1(a) is shown in

In the second phase (1.92 GHz-30 GHz), the ultra-broadband continues with a level greater than 90% (Fig. To make sure of the precision of our obtained result, we looked forward in testing another periodic boundary conditions and another excitation type. In this context, we considered more data points to elevate the accuracy of the obtained results. As a result, after applying the master-slave boundary conditions to periodic boundary modulation and after exciting the structure by an incident plane wave, we obtained similar absorption results.

By Combining Complementary Pyramids

Generally, this broadband objective can be realized by increasing the number of resonators with size variation either in transverse or longitudinal directions as applied in the previous structure. In this section, we propose a bandwidth enhancement of MA through varying the transverse dimension of elementary pyramidal resonators.

This way shows its efficiency in some design in literature [17][18] for combining elementary narrow band absorber, but in this section we propose for the first time its efficiency by combining elementary broadband absorber in one unit cell structure.

Simulation Setup

For the aim of covering a broaden absorption frequency band, we apply a new idea. It consists of grouping two kinds of curved and optimized PA that operate on complementary frequency bands in a one-unit cell. This combined unit cell should also respect the geometrical symmetry that permits to make the model insensitive to the wave polarization as shown in Fig.

4.6.

For that, we adjust two PA with the same material properties to be absorptive in complementary bands (refer Fig. 4.7). It is worth to mention that this minimum spacing reduces also the space of ground planes causing reflection of waves. On the other side, this closeness of pyramids provides an increase in the risk of coupling between cells. This result shows that the idea was admitting considerable results. The pyramids were combined as planned in the same mechanism of absorption in a pyramidal absorber 

Results and Discussion

W3max

W3min

We can remark that the lowest part of frequency is for the lowest absorption level. It is the part excluded from the absorption band of the "bridge" pyramid. At the same time, there is no problem with the higher level excluded from Bridge Pyramid. This phenomenon can be explained by the phenomenon that declares: "the biggest region of resonance induces the biggest noise coupling effects". The four big pyramids are coupled with each other in basic patches that weaken their roles and results a lower level of absorption. 

By Applying Helicoid Cone

This design adds an electromagnetic property to our designed absorber that is "chirality" [19].

The application of the chiral material was seen in the design of radar absorbing material with the start of the Second World War in order to reduce the radar cross-section for aero scope vehicles [20][21].

However, advanced studies showed that introducing of the chiral obstacles results in no enhancement in the reflection characteristics [22][23]. Fig. 4. 16 shows that at the frequencies when a perfect absorption has occurred there is only an electrical resonance. Besides, the electrical resonance is not concentrated in one disc dimension;

it is distributed on all the structures at each absorption frequency. The interaction of the magnetic field slightly appeared. In this structure, the conical form of this structure with the peaked top was one of the factors that help reduce the reflection of electromagnetic waves because in Chapter 3 when the cylindrical shape was studied, this result did not appear with this broadening.

This structure needs more investigations, but it appears as an interesting structure that can give an ultra-broadband. 

Simulation Setup

Different articles designed the multi-band absorber by different forms and for different applications [24][25][26]. In this section, we benefit from some structures to test our structuring way for broadband absorption purposes. In [26], four different dimensions designed a quad-band absorber. The same design characterization was applied as a first step (refer to Besides, there is no enhancement in the absorption band. This result can be explained by the coupling factor between the two layers when we stitch the additional layer.

Multi-band structures suffer from their high sensitivity to any component added to their structure. As a conclusion, this way does not admit any enhancement in the absorption response. Generally, the broadband objectives can be realized by increasing the number of simple resonators with size variation either in transverse or longitudinal directions. That is was applied in this chapter based on pyramidal units instead of simple patches where they were combined inplane and in altitude. Each idea was proved its efficiency in broadening the band. We reached a RAB of 182.83 % by applying the curved pyramid of 35 layers and 128.69 % when applying the transverse combining method. The novelty in the ways of patches structuring applied in this chapter, admits to a RAB values unreachable in many broadband absorber essays in literature.

Other essays were tested as the "helicoid cone" and the "heal and heads" structures. As result, adding to the ultra-broadband obtained by the helicoid cone structure, a commune result was obtained from these structures that it is: the high necessity of the peaked top in reducing the reflection of an electromagnetic wave.

We can conclude that metamaterial has great importance in reducing the dimension of the absorber and can offer an ultra-broadband but with complex structure, as described in this chapter.

Conclusion

In this thesis, we have taken the challenge to benefit from metamaterials to design a broadband absorber that can effectively operate in low frequencies trying to discover the potential of metamaterial replacing the present anechoic chamber.

Through the first chapter, we chose the pyramidal absorber to be the basis of our targeted design view; its broadband absorption, its insensitivity to incident wave angle and polarization of incident wave and its low cost in material. For that in the second chapter, we studied theoretically its mechanism as well as all its geometrical and material properties were analyzed to obtain the best-optimized absorption response. Our contribution in this part was in applying of curved altitude into the optimized pyramidal design that improvede the RAB from 63.3 % to 73.6 %. Afterward, we studied the low-frequency metamaterial absorber requirements in the third chapter. These requirements are summarized by the need for a dimensional unit cell and for a high relative permittivity dielectric substrate. We reached a conclusion that using metamaterial we can obtain a miniaturized absorber compared with the enormous dimensions of conventional absorbers operating at this band. Nevertheless, a material of high relative permittivity imposes certain weight view its masse density but the thin thickness of metamaterial makes such design relatively nonweighty. Besides, our contribution here was to test of the efficiency of Minimal Surfaces in miniaturizing metamaterial unit cells that proved its validity through rough surfaces. In the last part of the thesis, the broadband objectives were realized through the pyramidal structure by increasing the number of resonators in transverse and longitudinal directions. Each idea proved its efficiency in broadening the band. We reached a RAB of 182.83 % by applying the curved pyramid of 35 layers and 128.69 % when applying the transverse combining method. The novelty in the ways of patch structuring applied in this chapter admits to a RAB values unreachable in many broadband absorber listed in literature. Those prototypes in spite of their complexities are possible to be fabricated, thanks to the services validated today by 3D printing technology.
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 411 Plasmonic ResonanceIt is the simplest design presented in the literature. It is considered as the basic element for a resonant absorber. Throughout the development of the MPA, the plasmonic resonant based MPAs have grown rapidly during the last decade because they can possess broadband behaviors and other useful properties for real applications. Most of the MPAs are composed of three layers: (i) periodically metallic structured patterns, (ii) dielectric layer and (iii) continuous metallic plate[START_REF] Vandenbem | Mie resonances of dielectric spheres in facecentered cubic photonic crystals[END_REF].
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 15 Figure 1.5: Unit Cell of a Plasmonic Metamaterials Absorber of square patches type of periodicity P = 17.5 mm, the thickness of the substrate is hs=0.3 mm, g= 1 mm, and the length of the metallic patch W= 15.2 mm.
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 16 Figure 1-6: Absorption response obtained by Simulation of a Square Metamaterials Absorber with Ansys HFSS and CST Microwave Studio [42].

in Fig. 1 . 7 ,

 17 can support strong resonances based on Mie scattering theory [45]. Based on the principle of surface impedance matching of ferroelectric cubes, ferroelectric BaSrTiO3 (BST) cubes were arrayed onto a metal ground plane to get a near unit absorption at Mie resonance frequency (refer to Fig. 1.8).
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 17 Figure 1.7: Photograph of the periodic BST array [57].
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 18 Figure 1.8: Reflection and absorption spectra for an absorber with BST cube array with period Px = Py =9 mm and side length ax=ay=az=1.8 mm on a 0.2 mm-thick dielectric layer and a metal substrate [57].
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 19 Figure 1.9: Absorption spectra as a function of frequency for incidence angle ranging from 0° to 75° [57].
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 110111 Figure 1.10: Schematic of metal/dielectric/metal resonator grouped in the same ground plane with different dimensions (a) MultiCross design (b) different rectangular patches [42].
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 112 Figure 1.12: Design and fabrication of a microwave ultra-broadband MA. (a) Three-dimensional illustration of the simulated MA, (b) schematic of an MA unit cell, and (c) photograph of the fabricated sample. The optimized dimensions of a unit are Wt =5 mm,Wl = 5 mm,P =11 mm, tm = 0.05 mm, td = 0.2 mm, and T=5 mm [58].
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 113 Figure 1.13: Simulated and Experimental absorption performance of the MA in Fig. 1.12.
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 114 Figure 1.14: Simulated angular absorption of the MA in Fig 1.11 for TE configuration. The incident angle is varied from 0 degrees to 60 degrees [58].
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 115 Figure 1.15: Photograph of the random BST cubes sample deposited on the copper plate [57].
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 116 Figure 1.16: Experimental absorption spectrum for the random structure in figure 1.15 [57].
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 117 Figure 1.17: Comparison of the Absorption of the MultiCross / Magnetic Absorber Stack and the Magnetic Absorber alone [42].
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 21 Figure 2.1: Representation of the Reflection and the Transmission of a wave at the interface of two medium.
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 222321 Figure 2.2: Sectional view of the square patch absorber.

6 )

 6 By simulation, we obtain the absorption curve shown in Fig.2.4. There is an absorption peak of around 4.05 GHz. At this resonant frequency, the metamaterial absorber has an absorption of 99.8 % for a thickness of approximately λ/250.
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 24225 Figure 2.4: Simulated absorption response of the square patch of Fig. 2.2.

8 )

 8 The characteristic impedance (Zc) of the material is analyzed based on the reflection coefficient S (1, 1) plotted in Fig.2.6. It is observed that at resonances, the real part of the S(1, 1) 
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 26 Figure 2.6: Reflection Coefficient of the simulated patch square of Fig. 2.2.
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 27 Figure 2.7: Design of an ultra-broadband PMA, (a) 3-D illustration of the simulation MA, (b) Side view of the PMA unit cell.
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 29 Figure 2.9: Simulated Electric and Magnetic Magnitude distributions at three resonance frequencies.

Fig. 2 .

 2 Fig. 2.10 shows the absorption coefficient as a function of frequency for four spacing ranging from 6.65 mm to 8.05 mm. Just to notice that in this simulation we kept the other parameters constant as used above by only varying the spacing P. From the former figure, it can be noted that

  the high frequency absorption close to each other because the geometrical periodicity imposes statically dimensional spacing between these upper layers which makes it more sensitive from larger periodicity (refer to Fig. 2.11).
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 210 Figure 2.10: Absorption coefficient with respect to frequency for four spacing ranging from 6.65 mm to 8.05 mm.

Figure 2 . 11 :

 211 Figure 2.11: Diagram showing the static spacing between upper layers imposed geometrically.

Figure 2 . 12 :

 212 Figure 2.12: Absorption coefficient with respect of frequency for basic length W ranging from 6.3 mm to 7.7 mm.

Fig. 2 .

 2 Fig. 2.12 shows the absorption spectra when the transverse dimension W was changed from to 7.7 mm by a step of 0.35 mm by keeping P = 6.65 mm.
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 213 Figure 2.13: Absorption coefficient with respect of frequency with different number of resonator layers ranging as 12, 15, 17 and 20 layers.

Figure 2 . 14 :

 214 Figure 2.14: Absorption response corresponding different dielectric thickness for: (a) The first basic layer then (b) the tenth layer and (c) the fifth layer.

Fig. 2 .

 2 Fig.2.15 shows the absorption spectrum by varying the loss tangent of the dielectric layer from 0.02 to 0.08. It is found that the introduction of higher losses broadens each elementary peak accompanied with a decreasing in the level of absorption. Such result proves that the absorption mechanism is not related to the loss in the substrate that agrees with the theoretical study of the resonant patch addressed above.
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 215 Figure 2.15: Absorption coefficient as a function of frequency Absorption under influence of dielectric loss tangent varying from 0.02 to 0.08.
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 216217218 Figure 2.16: Absorption coefficient as a function of frequency Absorption under influence of relative permittivity varying from 4.4 to 15.

Fig. 2 .

 2 Fig. 2.18 shows the absorption spectrum of a pyramidal structure varying the conductivity of metal from 5.10 5 S/m to 5, 8.10 7 S/m, the latter value corresponding to the conductivity of a metal film as copper. There are similar effects with those observed by varying the dielectric losses with improved absorption qualities associated with the decrease of conductivity.

Figure 2 .

 2 Figure 2.19 shows three different form of altitude applied on the same structure parameters. We take the sawtooth altitude (Fig. 2.19 (a)), the linear altitude (Fig. 2.19(b)) and the curved altitude (Fig.2.19(c)). The curved design is drawn based on a 3-point arc and optimized well to give the best result. For different altitude shape designs, the frequency dependent absorption response is displayed in Figure 2.20.
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 219220 Figure 2.19 :Different shape altitude designs of a Pyramidal structure: (a) Sawtooth Altitude (b) Linear Altitude (c) Curved Altitude.
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 32 Figure 3.2: Patch design with water substrate.
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 332 Figure 3.3: Absorption response of the patch design shown in Fig. 3.2.
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 34 Figure 3.4: Patch design with water substrate encapsulated in FR4 box.
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 35 Figure 3.5: Absorption response of the patch design shown in Fig. 3.4.
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 38 Figure 3.8: Absorption response of the Droplet Water surface. After simulation, we obtain a narrow band of absorption at 292 MHz (see Fig.3.8). To show the effect of drawn roughness we design a regular flat patch (refer to Fig 3.9) with the same dimensions and material properties of the rough model in Fig. 3.7.
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 39 Figure 3.9: Regular patch with same dimension length of the model in Fig. 3.7.
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 310 Figure 3.10: Absorption response of the regular patch.
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 3 Fig. 3.11.
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 311 Figure 3.11: Three different RMS Height values applied to a random rough surface in a patch absorber.
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 3123313 Figure 3.12: Absorption response of different roughness with different RMS Height.
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 314 Figure 3.14: The helicoid surface shape. Another Minimal Surface function is drawn for the same purpose using the equation surface in HFSS. The helicoid is shaped like Archimedes screw (Fig 3.14), but it extends infinitely in all directions.
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 315 Figure 3.15: Resonator patch absorber with metallic Helicoid Model.

Fig. 3 .

 3 Fig. 3.17 shows resonance at 3.2 GHz while Fig 3.18 shows the resonance at 2.9 GHz. The obtained 300 MHz shifting in this region is considered as slight shift showing the surface twisted three times in the helicoid region. We can conclude that the helicoid has insignificant effect in shifting the absorptive frequency to lower values because the surface is not exploited properly.
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 316 Figure 3.16: Circular Patch Design.
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 317 Figure 3.17: Absorption response of the circular patch design.
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 318 Figure 3.18: Absorption response of helicoid model.
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 4 1(a).

Figure 4 . 1 :

 41 Figure 4.1: Enhanced Pyramid Design Absorbers. (a) Structure of the basic pyramid optimized in UHF Band. (b) Structure of the Pyramid Absorber after adding 15 layers, the basic layer is 72 mm of length and the smaller patch at the top is 11.7mm.
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 4244 with absorptivity above 80% over the frequency band [300-625] MHz. Then, we added 15 successive layers as shown in Fig. 4.1 (b). Fig. 4.3 shows that this proposed design attained very ultra-broadband of absorption in the UHF/SHF frequency bands.Normally, such a design must give 35 peaks of resonance in such a way that each patch resonates in one peak of frequency. Fortunately, the obtained results show an extra factor of absorption at higher frequencies. In the lower range of absorption [0.3 GHz -1.92 GHz] (Phase I), we can say that the absorptive results to the successive resonant absorption modes occurred at multi-frequencies. To analyze the physics of the absorption occurred in this phase, the electric and magnetic field distributions at some frequencies are depicted in Fig.Itis evident that, at a certain frequency, the electromagnetic field is resonantly localized and then absorbed at some part of the pyramids. By referring to the design equation of a patch in (3), the electromagnetic field is localized at the bottom side of the pyramids (i.e. the largest patch) at a smaller frequency.

4 . 3

 43 (b)). In this phase, we can relate the cause of absorption to the strong coupling observed between spaced patches where some absorbing modes were created as shown in Fig. 4.5. Besides, each of the following factors may have a role that can contribute significantly to achieving this response: the conical geometry with a peaked top that can decrease the reflection, and the high permittivity material where a high absorption occurred inside it. Such a result needs to be more investigated by experimental testing.
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 42 Figure 4.2: Absorption response of the enhanced pyramidal design of Fig. 4.3(a) in the UHF band.
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 44 Figure 4.4: Simulated Electric and Magnetic magnitude distributions at some frequencies at phase I of absorption [0.3 -1.92 GHz].
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 45 Figure 4.5: Simulated Electric magnitude distributions at some frequencies at Phase II of absorption [1.92 -30 GHz].
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 46 Figure 4.6: Structure of the combined structure operating in complementary bands.
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 47 Figure 4.7: The operating absorption band of structures composing the unit cell with geometrical dimensions: W1max=72 mm; W1min=33 mm; W2max=31.5 mm; W2min= 14.7 mm.

Figure 4 . 8 :

 48 Figure 4.8: Absorption response of the first combined design presented in Fig. 4.6.

( 9 .

 9 electrical and magnetic resonance at each patch dimension). Nevertheless, Fig.4.8 shows also that the bands are not combined properly by this idea. What is particularly striking is the loss of absorption in the lower frequency band. This loss of absorption can be explained by the considerable distance between patches of the same size and by the risky coupling imposed by the necessary closeness of pyramids. As a conclusion, we must take those two factors as a limitation of this structure. 4.4 Enhanced Combined design 4.4.1 Simulation Setup Trying to resolve the geometrical disadvantage imposed by this structure, we present this enhanced design. It consists of inserting a third pyramid as shown in Fig. 4.The latest pyramid is structured and optimized to operate in a medial band covering [0.42 GHz -0.99 GHz]. This structure must decrease the spacing between similar patch dimensions by this third pyramid functioning as a "bridge".
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 49 Figure 4.9: Enhanced Model of the combined structure, considering these geometrical dimensions for structure 3: W3max =50.22 mm; W3min = 21.06 mm. 4.4.1 Results and discussions Results show that the bands are now combined better but the part of the lower band is still below 80% of absorption (see Fig 4.10). By this result, we obtained an absorption band covering [0.41 GHz -1.89 GHz] with an absorption level greater than 80%. Such band refers to a RAB of 128.69 % that is considered as a very ultra-large bandwidth.
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 410645 Figure 4.10: Absorption response of the enhanced combined design presented in Fig. 4.6. 4.5 "Heel and Heads" Structure 4.5.1 Simulation Setup This structure is designed in such a way to prevent the additional size of the total unit cell thus reduces the spacing between pyramids with the same dimension. It consists to set longitudinally the pyramids of structure 1 and structure 3.
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 4114 Figure 4-.11: "Heal and Heads" structure.
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 412 Figure 4.12: Absorption response of the simulated "Heel and Heads" structure of Fig 4.11.
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 413 Figure 4.13: Absorption response of the inverted pyramid.
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 61 Simulation SetupThe helicoid equation surface was drawn and applied in Chapter 3 in order to test its miniaturization efficiency for a narrow band of absorption and it shows its inefficiency. Now, we test the broadband absorption response of a new-engineered helicoid in its conical form "screw" (Fig.4.14). In this design, exceptionally we use FR4 epoxy as a dielectric substrate.

Figure 4 . 14 :Figure 4 - 16 :

 414416 Figure 4.14: Helicoid cone design: (a) metallic helicoid cone (b) metallic helicoid cone covered by FR4 substrate (Altitude = 4.5 cm, Radius = 1.2 cm)

f

  = 22.25 GHz f = 7.58 GHz f = 16.6 GHz 4.7 By Stacking Multi-Band Patches Here we try to reduce the number of stacked patches by applying multi band patches at each layer in order to obtain an ultra-broadband response. By this structuring method, we unite the two broadband ways of absorption applied in the previous structure. The first way was the stitching patch layers longitudinally and the second way was combining transversally different dimensional patches.

Fig 4 . 6

 46 -a). Then we adjust its dimension in such a way to have successive absorption peaks as shown in Fig.17-b.
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 417 Figure 4.17: (a) Multi-band absorber design (b) stacked multi-band absorber design.
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 71 Results and Discussion

Fig. 4 .

 4 Fig. 4.18 shows the four absorptions frequencies that occurred by resonance. It is shown by the current density distribution on the structure. By stitching the adjusted quad-band, we remark that the four resonant frequencies undergo a distortion after stitching (Figs. 4.19 and 4.20).
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 418419 Figure 4.18: Current Density Distribution in the quad-band absorber at the four-absorber frequencies.
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 420 Figure 4.20: Absorption response of the stacked multi-band absorber.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -1: Heights of APM (Pyramidal Foam Absorber) depending on the operative frequencies with the value of Reflectivity performance attained at normal incidence [8].

 1 

Table 2 -2: Relative Absorption Bandwidth for different altitude form obtained by simulation RAB with Absorption level above 80% RAB with Absorption level above 90%

 2 

	Sawtooth Altitude	63.3%	25.9%
	Linear Altitude	46.3%	33.3%
	Curved Altitude	73.4%	71.82%
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Two adjacent metal layers spaced with a dielectric layer can localize the electric and magnetic field at special frequencies as shown in Fig. 2.9. Such resonances lead to zero-reflection and thus unit absorption is obtained by impedance matching to the free space. At lower frequencies, the electromagnetic field is localized at the bottom pyramid layers. As the frequency is increased, the electromagnetic field is localized in the top pyramid layers. As the pyramids We found that the dielectric that has the lower cost and mass density with the higher breakdown voltage is the distilled water. It could be a good dielectric substrate looking toward its availability and its high relative permittivity with suitable dielectric loss tangent. Pure distilled water has a high dielectric constant due to strong bonds between hydrogen and oxygen as well as hydrogen bonding between water molecules.

View the targeted ultra-broadband of absorption, it is important to study the frequency dependence of the relative permittivity values and the dielectric loss 

Insertion of Water Substrate

In simulation, the periodic boundary conditions are assigned along the x and y-directions.

A wave port is launched along the z-direction with E field polarized along the y-direction. The copper is used as metallic material.

Droplet Water Surface

Inspired by the roughness of the water ripple when dripping (see Fig. Just to remind, in these simulations, the periodic boundary conditions are assigned along the x and y-directions. A wave port is launched along the z-direction with E field polarized along the y-direction. The analysis mode is taken as a discrete sweep type with a high number of data

Chapter 4: Design of Metamaterial Broadband Absorber

Introduction

Landy [1] was the first to propose a type of perfect metamaterial absorber that separately couples with the electric and magnetic fields to absorb all incident radiation by independently manipulating the electrical and magnetic resonances. From then, metamaterial absorbers operating at microwave, terahertz, and infrared frequencies have been extensively investigated [2][3][4][5][6][7][8][9][10][11][12][13].

Following the study of Landy, Yang [2] also proposed a metamaterial absorber with a high absorptivity of 99.9%. However, its absorption bandwidth was quite narrow. Cumming [3], Lim [4], and Wen [5] prepared dual-band metamaterial absorbers with two distinct absorption peaks using dual electric resonators. Cui [7] designed a multi-band absorber that can operate at dualband and triple-band absorptions. Nevertheless, each absorption bandwidth was still very narrow, limiting the potential application of these absorbers in the fields of cloaking and stealth technology among others.

Hence, developing broadband metamaterial absorbers [11][12][13] has become a challenging task. Genetic algorithms or multilayer structures are often used to devise a broadband metamaterial absorber [8,9] such as pyramidal stacked layers but it is also limited until RAB of 65 % in best results [14][15][16].

In this chapter, we propose new structures of metamaterial absorber based on stacked elements that can overcome an ultra-large band of absorption respecting a miniaturized size in the UHF region.

All calculations were performed on an HPC of 24 cores with a system memory of 192 GB RAM. The discrete frequency analysis mode was adjusted with numerous data points to make simulation results with a very high level of precision. The finite element based electromagnetic solver HFSS by ANSYS was used for calculating the scattering parameters under normal and oblique incidences. In these designs, we use high relative permittivity material of (εr =55) as a dielectric substrate and copper as a metallic material. The designed structure is modeled in order to give as expected the same absorption mechanism of pyramidal design but with related patches in helicoid form instead of stacked patches as in a pyramid. As a general conclusion, targeting a broadband absorber, in one decade, over which an absorbance above 80 % is achieved, seems difficult to be satisfied with a single resonator array in a simple design. We noticed from our studies that we have to lose the simplicity of the design to reach a broadband absorption response. 
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