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ABSTRACT 

NEW GENERATION METAMATERIAL FOR ENERGY HARVESTING 

 

Üstünsoy, Mehmet Paşa 

M.Sc. Sustainable Environment and Energy Systems Program 

Supervisor: Assoc. Prof. Dr. Cumali Sabah 

August 2017, 150 pages 

 

Scientists and researchers have been working for many years to find alternative energy 

sources for gathering the energy demand in which solar energy is a kind of renewable 

energy source. The proposed structures can be used in several applications such as 

antennas, EM filters, sensors, THz imaging systems, infrared spectroscopy, infrared 

cameras, solar cells, and so on. The aim of this thesis is to design and analyze new 

metamaterial absorbers and energy harvesters with different materials. In addition to 

this, metamaterial on antennas is designed and analyzed. Furthermore, the designed 

structures are numerically simulated and subjected to some enhancement techniques. 

Keywords: Metamaterial, absorber, energy harvesting, antennas, solar cells  
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ÖZ 

ENERJİNİN TOPLANMASI İÇİN YENİ NESİL METAMALZEME 

 

Üstünsoy, Mehmet Paşa 

Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri Programı 

Tez Yöneticisi: Doç. Dr. Cumali Sabah 

Ağustos 2017, 150 sayfa 

 

Yenilenebilir enerji kaynaklarının bir türü olan güneş enerjisi enerji talebini 

karşılamak için birçok yıldır bilim insanları ve araştırmacılar alternatif enerji 

kaynakları bulmak için çalışıyorlar. Hazırlanan bu yapılar, örneğin antenler, 

elektromanyetik filtreler, sensörler, THz görüntüleme sistemleri, kızılötesi 

spektroskopisi, kızılötesi kameralar, güneş pilleri, ve benzer birçok uygulama için 

kullanılabilir. Bu tezin amacı, farklı malzemelerle yeni metamalzeme soğurucular ve 

enerji toplayıcılar tasarlamak ve analiz etmektir. Buna ek olarak, anten üzerinde 

metamalzeme tasarlanıp, analiz edilmiştir. Ek olarak, tasarlanmış yapılar sayısal 

olarak simüle edildi ve bazı geliştirme teknikleri uygulandı. 

Anahtar kelimeler: Metamalzeme, soğurucu, enerji toplayıcı, antenler, güneş pilleri     
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CHAPTER 1 

INTRODUCTION 

 

The rising world population, growing industry and advancing technology are reasons 

of the increasing energy demand. Petroleum, coal, crude oil, etc. as energy resources, 

which are called as fossil fuel, are commonly utilized in order to supply 80% of the 

energy demand of the world. They will be eventually depleted due to non – renewable. 

According to Li et al. [1], the remaining oil, natural gas and coal will last in around 

next 40, 60 and 200 years, respectively. The electricity prices are dramatically 

increasing in order to supply energy need with available fossil fuels. By burning them 

in power plants and cars, releasing green – house gases cause global warming. On the 

other hand, renewable energy resources (solar energy, wind, hydropower, tidal, 

geothermal, etc.) can be safely utilized due to environmental friendly. Although low 

usage of them, they are richly available in nature and they will not vanish. Solar 

energy, which appears one of the best substitute to the utilization of fossil fuels, is 

between renewable energy resources. Annual power consumption of the world can be 

met by the delivering power in one hour from the sun radiation [2], but adequately 

harvest method is not exist. In visible regime, solar cells can incompletely convert 

solar radiation into electricity [3, 4] due to optical and recombination losses. 

Microwave (between 0.3 GHz (λ=1000 mm) and 300 GHz (λ=1mm)), sub – THz 

(between 0.3 THz (λ=1000 µm) and 3 THz (λ=100 µm)), infrared (IR) (between 3 THz 

(λ=100000 nm) and 430 THz (λ=700 nm)) and visible (light) (between 430 THz 

(λ=700 nm) and 790 THz (λ=400 nm)) are regions in electromagnetic radiation (EMR) 

spectrum. Metamaterials can be utilized to solve this inefficiency [5].      

1.1. Maxwell`s equations 

Maxwell`s equations in an isotropic medium are studied to understand the interaction 

between light radiation and matter. Their differential forms are given in the following 

equations (1.1 – 1.4): 

∇. �⃗⃗� = 0                               Gauss`s law for electricity                           (1.1) 

Meaning of equation 1.1: Electric field is created by electric loads. 
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∇. �⃗� = 0                               Gauss`s law for magnetism                           (1.2) 

Meaning of equation 1.2: Magnetic load is not the source of magnetic field. 

∇ × �⃗� = −
𝜕�⃗� 

𝜕𝑡
                       Faraday`s law of induction                          (1.3) 

Meaning of equation 1.3: Changeable magnetic field generates electric field. 

∇ × �⃗⃗� =
𝜕�⃗⃗� 

𝜕𝑡
                          Ampère`s law (as extended by Maxwell)                   (1.4) 

Meaning of equation 1.4: Loads and changeable electric fields` generate magnetic 

field. 

 

In given four equations above, the electric flux density, the magnetic flux density, 

electric field and magnetic field are symbolized by D, B, E, and H, respectively. In the 

following equations (1.5 and 1.6), D and B are presented in homogeneous isotropic 

medium.     

�⃗⃗� = 𝜀�⃗�                             (1.5) 

�⃗� = 𝜇�⃗⃗�                            (1.6) 

According to equations (1.5 and 1.6), rewritten Maxwell`s equations in isotropic 

medium can be seen by the following equations (1.7 – 1.10):  

∇. 𝜀�⃗� = 0                            (1.7) 

∇. 𝜇�⃗⃗� = 0                           (1.8) 

∇ × �⃗� = −𝜇
𝜕�⃗⃗� 

𝜕𝑡
                            (1.9) 

∇ × �⃗⃗� = 𝜀
𝜕�⃗� 

𝜕𝑡
                          (1.10) 

In the following equations (1.11 and 1.12), E and H are presented. 𝑧  is the direction of 

propagation. 

�⃗� (𝜔, ƙ⃗ ) = �⃗� 0𝑒
𝑖(ƙ⃗ 𝑍 −𝜔𝑡)                                                                                  (1.11) 

�⃗� = �⃗� 0𝑒
𝑖(ƙ⃗  𝑍 −𝜔𝑡)                        (1.12) 
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According to equations (1.11 and 1.12), re-arranged Maxwell`s equations are shown 

in the following equations (1.13 and 1.14):  

ƙ⃗ × �⃗� = −
𝜔

𝐶
𝜇𝐻                        (1.13) 

ƙ⃗ × �⃗⃗� =
𝜔

𝐶
𝜀�⃗�                          (1.14) 

where speed of light in free space, angular frequency of electromagnetic wave and 

wave vector are symbolized by c , ω, and ƙ⃗ , respectively.  

Relation between light and matter interactions can be explain based on Maxwell 

equations. Behaviour of metamaterials is presented by Maxwell equations. 

1.2. Metamaterials 

The features of metamaterials (MTMs) with unusual electromagnetic (EM) properties, 

which are negative permittivity (ε (ω)) and negative permeability (µ (ω)) [6], can not 

be simultaneously found in nature [7] as a conventional material because of artificial. 

Refractive index (or index of refraction) (�̃�) is utilized in order to see optical response 

of a material. Negative refractive index [7 – 12] occurs when both ε (ω) and µ (ω) are 

negative. The permittivity, the permeability and refractive index in complex function 

can be seen by the following equations (1.15 – 1.17):  

𝜀(𝜔) = 𝜀′(𝜔) + 𝑖𝜀"(𝜔)                           (1.15) 

𝜇(𝜔) = 𝜇′(𝜔) + 𝑖𝜇"(𝜔)                        (1.16) 

�̃� = 𝑛 + 𝑖𝑘                         (1.17) 

where the real part and the imaginary part of the index are symbolized by n and k, 

respectively. 
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Table 1-1. Materials` properties and their availabilities according to their EM 

properties 

 

 

Materials` properties and their existence in nature can be seen in Table 1-1 according 

to their EM properties.  

The initial experimental metamaterial study was realized in 2000s [13, 14]. MTM 

topics in EM science and technology have been attracted the interest of the MTM 

researchers in recent years. Exotic application areas of MTMs can be categorized super 

lenses [13, 15 - 18], antennas [19], sensing [20], sensors [21 - 26], EM cloaking [17, 

18, 22, 27 - 31], EM filters [32], absorbers [3, 18, 33 - 43], and so on. Furthermore, 

EM energy harvesting was paid attention as a new application area. 

1.3. Metamaterial absorber 

The geometry and size of metamaterial absorber (MA) are attentively set with proper 

materials according to their working frequency regimes, so impedance matching can 

be realized at the resonance frequency. Perfect absorption is the result of impedance 

matching [44]. The impedance of free space (Z0) matches with the impedance of the 

MA (Z (ω)). The impedance of free space and the MA are shown in the following 

equations (1.18 – 1.19): 

𝑍0 = √
𝜇0

𝜀0
= 120𝜋Ω = 377Ω                                                                                               (1.18) 

 Materials` properties according to 

their EM properties 

 

Availability in nature Permittivity (ε) Permeability (µ)  

Plasmas, 

Metals at optical 

frequency region 

ε<0 µ>0  

 

 

Isotropic dielectrics ε>0 µ>0 

Magnetic materials ε>0 µ<0 

Artificially ε<0 µ<0 
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𝑍 (𝜔) =  √
𝜇 (𝜔)

𝜀 (𝜔)
                                                                                                                    (1.19) 

where electric permittivity of free space, magnetic permeability of free space, electric 

permittivity of MA and magnetic permeability of MA are symbolized by ε0, µ0, ε (ω) 

and µ (ω), respectively.   

By commercial full-wave EM solver, which is based on Finite Integration Technique 

(FIT), results can be achieved. This technique, which is a simulation method by 

Weiland [45], uses the integral form of Maxwell`s equations. Time domain or 

frequency domain can be utilized. Structure is divided to the small parts, which are 

called mesh, by the simulator. Tetrahedral mesh or hexahedral mesh can be utilized.  

Reliability of results is based on the number of mesh cells and sufficient number of 

mesh cells are obtained by using adaptive mesh refreshment. Adaptive mesh 

refreshment automatically enhances number of produced mesh cells during the 

simulation processes until the variation of the results remain stable. Therefore, the 

reliability of the results are obtained. 

In this thesis, hexahedral mesh type were used in time domain solver because of 

analyzing energy harvesters. Accuracy and reliability of results are based on value of 

dividing maximum mesh step to minimum mesh step and mesh line ratio limit. Mesh 

line ratio limit is constant and equal to 10. Value, which is obtained after division, has 

to be lesser than mesh line ratio limit.  

Finite Element Method (FEM), Finite Difference Time Domain Method (FDTD), and 

Finite Integration Technique (FIT) are solver methods, so their brief comparison is 

summarized in Table 1-2.  
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Table 1-2. Brief comparison for three simulation techniques 

FEM FDTD FIT 

Solve differential form of 

Maxwell equations 

Solve differential form of 

Maxwell equations 

Solve integral form of 

Maxwell equations 

Divide space to smaller 

parts 

Not iterative Solve complex designs 

Easy designing structure Necessity: Very long 

time 

Lesser memory and mesh  

Necessity: High computer 

property  

  

  

The calculation of the frequency-dependent absorption is realized by the following 

equation (1.20): 

A(ω) = 1 – R(ω) – T(ω)                                                                                                       (1.20) 

where absorption, reflection and transmission are symbolized by A(ω), R(ω) and T(ω), 

respectively. By the scattering parameters (S), which is obtained from the output of 

the simulation software, the equation (1.20) can be shown like in the equation (1.21). 

A(ω) = 1 – |S11|
2 – |S21|

2                                                                                                        (1.21) 

The maximization of the absorption is only realized by the minimization of the 

reflection and transmission [46, 47]. By using metallic layer (as metal plate) at the 

bottom of the structure, approximately zero transmission (T(ω) ≈ 0) is obtained. 

Therefore, transmission can be ignored. In this way, the absorption will directly rely 

on the reflection. The equation (1.21) reduces to equation (1.22). 

A(ω) = 1 – |S11|
2                                                                                                                    (1.22) 

The reflection is minimized by the usage of metallic layer (as resonator) at the top of 

the structure. Therefore, near perfect absorption can be achieved. In other words, all 

the incident EM wave is absorbed by MA [48 - 50]. As note, both bottom metal (as 
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metal plate) and top metal (as resonator) have to be same material in designs. The 

lateral direction of a designed structure has to be less than the wavelength of incident 

wave [51]. The first recommendation and experimental verification of a near perfect 

metamaterial absorber have been done by Landy et al [39].   

1.4. Metamaterial absorber based energy harvester 

EM energy harvesting was ascertained as a new application area as it is mentioned 

above. By EM waves, motivation of resonators is succeeded due to the production of 

EM energy by those waves is absorbed by the MTM structures. By lumped network 

elements, which are resistors or varicaps, this EM energy can be harvested. A gap on 

the resonator is created according to the electric field direction in order to use this EM 

energy as a voltage source. This EM energy is harvested by a placed lumped network 

element on the gap. With the both sides of the metamaterial absorber (MA) structures, 

strong combination of the electric field and inducement of free electric response are 

realized when activation of the surface charges with the electric field and creation a 

magnetic response and resonance absorption. By a resistor in this proposed 

mechanism, which is not the same with the conventional MAs, the incident energy 

within the gap of the resonator is harvested at the resonance frequency. By a resistor, 

which means a load, an effect on the amplitude of the harvested energy is realized. The 

selection of the resistance value is done according to the numerical results. EM MTM 

energy harvesting topic has an increasing importance because of limited energy 

resources [52] although it is a fresh topic. General creation of power harvesting devices 

are depended on for converting one type of energy to another which generally turns 

into DC [53, 54]. Existence of EM energy harvesting studies with MTMs in the 

literature is few [52, 55 - 58] even though flexible design opportunities are provided 

and can be adapted to various energy harvesting studies by EM MTMs. By Ramahi et 

al. [55], a 611 mV voltage is firstly generated at 5.8 GHz by using EM MTMs. By 

Hawkes et al. [56], 36.8% power efficiency is experimentally succeeded at 900 MHz 

by using a split ring resonator (SRR) and a resistor. By Almoneef and Ramahi [57], 3-

D MTM stacked arrays are created in order to increase conversion efficiency. By 

Gunduz and Sabah [58], conversion of 0.25 W output power, which is 50% of the input 

power, is realized to obtain real power by the resistive load at 5.88 GHz. By Bakir et 

al. [52], 83.6% of the input power, which is 0.418 W (output power), is numerically 
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harvested at 2.40 GHz. In Table 1-3, literature review can be summarized by giving 

power efficiencies. 

 

Table 1-3. Summarized literature review 

Reference 

study 

Title Power efficiency results 

Ramahi et al. 

(2012) 

Metamaterial particles for 

electromagnetic energy 

harvesting 

76% (numerically) (array) 

Hawkes et al. 

(2013) 

A microwave metamaterial 

with integrated power 

harvesting functionality 

65% (numerically) (array) 

36.8% (experimentally) (array) 

Almoneef 

and Ramahi 

(2014) 

A 3-dimensional stacked 

metamaterial arrays for 

electromagnetic energy 

harvesting 

48% (numerically) (unit cell) 

68% (numerically) (array) 

Gunduz and 

Sabah (2015) 

Polarization angle 

independent perfect 

multiband metamaterial 

absorber and energy 

harvesting application 

50% (numerically) 

Input power:0.5 Watt 

Output power:0.25 Watt 

Bakir, 

Karaaslan, 

Dincer, 

Delihacioglu, 

and Sabah 

(2015) 

Perfect metamaterial 

absorber-based energy 

harvesting and sensor 

applications in the 

industrial, scientific, and 

medical band 

83.6% efficiency 

(numerically&experimentally) 

Input power:1 Watt 

Output power:0.836 Watt 

 

In this thesis, differences are exist according to the other MTM energy harvesting 

studies in literature. Due to simple geometry of proposed structures, productions of 

proposed structures can be easily achieved. Furthermore, both MA and adaptation of 
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MA to MA based energy harvester (EH) with different materials is the basis of this 

thesis. The physics of the energy harvesting mechanism can be briefly explained by 

the basic equations in the following equations (1.23 – 1.25).   

𝑉 = 𝐸 × 𝑑                                                                                                                            (1.23) 

𝑃 =  
𝑉2

2 × 𝑅
                                                                                                                                 (1.24) 

𝑃𝑜𝑤𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 × 100                                                                              (1.25) 

where the voltage, the electric field, the length of the gap, the power, the resistance 

value of lumped network element (resistor), the input power and the output power are 

symbolized by V, E, d, P, R, Pin and Pout, respectively. Briefly, the electric field means 

the voltage according to equation (1.23). The same voltage means the power according 

to equation (1.24). Therefore, the relation between E and P is based on V.  Power 

efficiency of the resistor can be calculated by equation (1.25). Pout  has to be lower than 

Pin.     

 

1.5. Numerical Validation of a previous study in literature 

The accuracy of FIT based numerical simulator is tested by recreating and reanalysing 

a previous study in literature. Study of Almoneef and Ramahi [57] was selected in 

order to numerically validate the accuracy of solver. In Figure 1-1b, power efficiencies 

with their loads (with load means a resistor is available across the gap) can be seen 

according to different resistances between 0 kΩ and 20 kΩ. By Almoneef and Ramahi, 

maximum power efficiency is obtained when resistance is 3.5 kΩ as shown in Figure 

1-1b. Simulation setup, which obtained by Almoneef and Ramahi, can be seen in 

Figure 1-1c. In Figure 1-1c, a single SRR is placed in a waveguide with near perfect 

electric and magnetic boundaries at y-z and x-z planes, respectively. This SRR is 

obtained by adding copper metal ring at the top of Rogers RO 4003 substrate. The 

thickness, loss tangent, relative permittivity and relative permeability of the Rogers 

RO 4003 substrate material are 0.813 mm, 0.0027, 3.55 and 1, respectively. Also, 

electrical conductivity of the copper is 5.8001× 107 S/m. Thickness of copper is 0.035 

mm. In Figure 1-1a, the parametric dimensions of design L, W, and g are given as 5.3, 
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0.5, and 0.5 mm, respectively. the length and width of square substrate is same and 

equal to 8.8 mm. Dimensions of SRR are set to resonate at around 5.8 GHz by 

Almoneef and Ramahi [57]. In Figure 1-1d, absorption with load is enhanced of 4.5 

times according to without load (without load means a resistor is unavailable across 

the gap). For not only obtained by Almoneef and Ramahi [57] but also obtained by 

recreated and reanalysed structure, absorption results and power efficiency can be seen 

in Figure 1-2 and in Figure 1-3, respectively. According to these two figures, numerical 

simulator gives accurate results in this thesis. 

 

 

Figure 1-1. ((a) The geometric design with dimensions, (b) gathered power efficiency – resistance 

diagram with load, (c) simulation setup, and (d) absorption results with and without load) obtained by 

Almoneef and Ramahi [57]. 
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Figure 1-2. Absorption results for not only obtained by Almoneef and Ramahi [57] but also obtained by 

recreated and reanalysed structure.        

 

Figure 1-3. Efficiency not for only obtained by Almoneef and Ramahi [57] but also obtained by 

recreated and reanalysed structure.        
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CHAPTER 2 

HIGH FREQUENCY METAMATERIAL ABSORBER BASED ON PATCH 

RESONATOR AND ITS APPLICATIONS FOR ENERGY HARVESTING  

2.1. Introduction 

The definition of metamaterials, and the related information’s that can be used for 

analyzing and characterizing metamaterial absorbers are given in the first chapter. In 

addition to these, the related theories for near perfect absorptions, methods for 

calculating power efficiency are presented. Moreover, a design is also validated in the 

first chapter. In this chapter, one design is analysed in Section 2.2, the same design is 

enhanced with graphene in Section 2.3. After the conversion of the same design to two 

metamaterial absorber based energy harvesters with some modifications, two new 

designs are created and they analysed again in Section 2.4. 

By commercial full-wave EM solver, which is based on Finite Integration Technique 

(FIT), all results were achieved. Numerical options are selected according to working 

frequency region in electromagnetic spectrum. Geometrically simple structures were 

designed and analyzed in order to easily fabricate them. 

2.2. Dual-Band Near Perfect Metamaterial Absorber 

2.2.1. Design and Simulation 

The shape of a high frequency metamaterial absorber based on patch resonator in the 

infrared and visible regime is shown with dimensions in Figure 2-1. The transmission 

is prevented by the usage of aluminum as a metallic layer at the bottom of the structure. 

As a dielectric substrate layer, gallium arsenide (GaAs) is used on to the top of the 

bottom metallic aluminum layer. GaAs has been selected because of its optical 

absorption characteristics. It has a good absorption response to the visible light. In 

addition to these it is also insensitive to heat and it can be easily obtained. According 

to gold (Au) and silver (Ag), aluminum material cheaper. Also, it has lower skin depth. 

The reflection is minimized by the usage of same aluminum as a patch resonator at the 

top of the structure (on to the top of the GaAs layer). At first, electrical conductivity 

of aluminum (σaluminum) = 3.56×107S/m, the electrical loss tangent of GaAs (tanδGaAs) 

= 0.006 and the dielectric constant of GaAs (εGaAs) = 12.94. For more realistic results, 
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the materials of the same design are defined and analysed according to Drude model. 

Movement properties of electrons in materials is called Drude model. The optical 

properties of aluminum and GaAs for infrared and visible frequency regimes for Drude 

model can be found in Ref. [59]. Plasma frequency of aluminum and GaAs are 

2.38×1016 rad/s and 3.67×1014 rad/s, respectively. Collision frequency of aluminum 

and GaAs are 9.43×1014 1/s and 4.26×1013 1/s, respectively. 

 

Figure 2-1. The design and dimensions of the unit cell of the metamaterial absorber based on patch 

resonator. 

When perfectly matched boundary is chosen along the z-axis, the boundary conditions 

along the x- and y-axis are chosen as periodic. Therefore, the symmetry is realized 

along x- and y-axis, and also, the wave comes perpendicularly onto the z-axis (the 

direction of the propagation (a waveguide port)) [60 – 62]. Wide frequency range is 

chosen for simulations in order to realize the efficient usage of solar energy. 

The calculation of the frequency-dependent absorption is realized by A(ω) = 1 – R(ω) 

– T(ω) where A(ω), R(ω) and T(ω) are absorption, reflection and transmission, 

correspondingly. The maximization of the absorption is only realized by the 

minimization of the reflection and transmission [46, 47]. By using metallic layer at the 

bottom of the structure, zero transmission (T(ω) = 0) is obtained. In this way, the 

absorption will directly rely on the reflection. By the scattering parameters (S), which 

is obtained from the simulation, reflection (R(ω) = |S11(ω)|2) can be calculated. 

2.2.2. Result and Discussion 

Achievements of all numerical results is based on FIT by commercial full-wave EM 

solver. When used materials` properties are σaluminum = 3.56×107S/m, tanδGaAs = 0.006, 

and εGaAs = 12.94, maximum absorptions are obtained around 99.99% and 99% at 
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558.75 THz and 216.75 THz, respectively. The reflectance (S11) and absorption results 

are shown in Figure 2-2. The thickness of the bottom square metal (aluminum) is a = 

40 nm, the thickness of the square substrate (GaAs) is b = 110 nm, the thickness of the 

top square patch resonator metal (aluminum) is c = 25 nm, the lengths of the bottom 

square metal and square substrate are same value which is d = 500 nm, and the length 

of the top square patch resonator metal is e = 179.5 nm. The skin depths are calculated 

for each resonance frequencies by using the following equation (2.1) in Ref. [59, 63]: 

δ =  
C

ωk̃(ω)
                                                                                                                                    (2.1) 

where δ is the optical skin depth, C is the velocity of light, ω is the frequency of 

electromagnetic (EM) wave and k̃ is the extinction coefficient. The skin depths are 

15.73 nm and 13.04 nm for the first (216.75 THz) and second (558.75 THz) resonance 

frequencies, respectively. Both skin depths are less than the thickness of the bottom 

square metal (a = 40 nm). Thus, greater than 99% of the non-transmitted incident wave 

with minimum reflected wave is absorbed by this metamaterial absorber.  

 

 

Figure 2-2. The reflectance and absorption results for σaluminum = 3.56×107S/m, tanδGaAs = 0.006, and 

εGaAs = 12.94 materials` properties . 

 

When used materials are defined according to Drude model with the same geometric 

parameters as before, maximum absorptions are obtained around 99.96% and 99.63% 
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at 514.5THz and 197.25THz, respectively. In Figure 2-3, reflectance and absorption 

results can be seen. A third resonance is also become around 87.63% at 141THz. 

Although it has not a perfect percentage, it is acceptable because of above 85%. The 

skin depths are found as 15.82 nm, 15.71 nm and 13.25 nm for 141THz, 197.25THz 

and 514.5THz, correspondingly. The thickness of the bottom square metal (a = 40 nm) 

is greater than these three skin depths. Therefore, the incident wave is absorbed by the 

structure with no transmission, as it is mentioned before. 

The top metallic plate, which is also called as a patch resonator, is removed and 

simulation is repeated in order to understand physical mechanism of the resonances. 

Reflectance and absorption results are given in Figure 2-4 for this situation. Two 

resonances, which are also called as a dual band, are exist according to Figure 2-4. 

Although they are not near perfect absorption resonances, their resonances` locations 

are almost the same with the resonances` locations in Figure 2-3. With the usage of 

the top metallic plate (the patch resonator) in the structure, the enhancements are 

realized at 197.25THz and 514.5THz resonances in Figure 2-3. With the third 

resonance at 141THz, a wide band is obtained for both 141THz and 197.25THz 

resonances [64]. Because of the interaction between the top metal and substrate/bottom 

metal, these two resonances are expected. Also, as obtained [65, 66] the plasmonic 

resonances can be created by surface plasmonic polaritons in high frequency regime. 

Moving electrons are collected at the metals` surface, so this is called as surface 

plasmons (SPs). 

 

Figure 2-3. Reflectance and absorption results when materials have Drude model properties. 
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Figure 2-4. Reflectance and absorption results when materials have Drude model properties without 

(patch resonator) top metallic layer. 

The effects of the geometrical parameters (“c”, “d”, and “e”) of the metamaterial 

structure on the absorption can be seen in from Figure 2-5 to Figure 2-9. Although 

resonances` frequencies sometimes shift to the lower or higher frequencies, the 

percentages of the absorptions remain almost same.  

 

Figure 2-5. Parametric study for the thickness of the top square patch resonator (c). 
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Figure 2-6. Parametric study for the length of the bottom square metal and square substrate (d). 

 

Figure 2-7. Parametric study for the length of the bottom square metal and square substrate (d). 
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Figure 2-8. Parametric study for the length of the top square patch resonator (e). 

 

Figure 2-9. Parametric study for the length of the top square patch resonator (e). 
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Impedance matching is realized when real part (Re (z)) and imaginary part (Im (z)) of 

normalized impedance are approximately 1 and 0, respectively. In Figure 2-10a, Re 

(z) and Im (z) can be seen for three resonance frequency. Re (z) and Im (z) of 197.25 

THz and 514.5 THz are confirmed near perfect absorption. Re (z) and Im (z) of 141 

THz are lower and higher than 1 and 0, respectively. This situation is confirmed that 

87.63% absorption is not a near perfect. In addition to this, real part of permeability 

and permittivity are given in Figure 2-10b. Linear magnitude and phase of S11 are 

given in Figure 2-11. Three resonance frequencies of them are approximately same.  

 

In Figure 2-12, absorption results of the metamaterial absorber for different 

polarization angles at normal incidence are shown. The polarization angle can be 

defined as the angle variation on x-y plane (see Figure 2-1) for the incident wave. 90o 

polarization angle refers to the electric field component of the polarization wave 

rotating on x-y plane [67]. With 30o steps on x (u) – y (v) plane in Figure 2-12, the 

polarization angles are increased from 0o to 90o. For all polarization angles, same near 

perfect absorptions are obtained for the metamaterial absorber based on patch 

resonator. Therefore, the structure is polarization angle independent can be said. 

 

Figure 2-10. (a) Impedance and its real and imaginary part, and (b) real parts of permittivity and 

permeability. 
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Figure 2-11. Magnitude and phase of S11. 

 

 

Figure 2-12. Absorption results for different polarization angles (φ) at normal incidence. 

All simulations until now in this structure are realized for normal incidence. The 

transverse electric (TE) (the electric field is perpendicular to the direction of the 

propagation while the magnetic field is normal to the direction of the propagation) and 

transverse magnetic (TM) (the magnetic field is perpendicular to the direction of the 

propagation while the electric field is normal to the direction of the propagation) 

absorption results for different incident angles (θ) are given in Figure 2-13 and Figure 

2-14, respectively. Absorption results remain the same with some slight changes 

according to absorption result in Figure 2-3, so the structure is incident angle 

independent can be said [18]. 
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Figure 2-13. Absorption results for transverse electric (TE) mode for different incident angles (θ). 

 

Figure 2-14. Absorption results for transverse magnetic (TM) mode for different incident angles (θ). 

In Figure 2-15 (from a to d), electric field and surface current distributions can be seen 

for 197.25THz and 514.5THz (main resonance frequencies). The operation 

mechanism of the structure is understood by these distributions. Although the electric 

field in Figure 2-15a is stronger than in Figure 2-15b, the strong electric fields are 

taking place on the two sides of the top square metal plate for both electric field 

distribution figures. Locations of the electric field are responsible for the absorption. 

Electric field also behave like an electric dipole in these two figures.  In Figure 2-15c 

and Figure 2-15d, the strong parallel surface currents are localizing on the two sides 

of the structure. In Figure 2-15d, the strong anti-parallel surface currents also take 
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place in the middle of the structure by circulating surface currents at the four sides of 

the structure. The parallel surface currents are the reason of the electric resonance. The 

circulating and anti-parallel surface currents are the reason of the magnetic resonance. 

At the resonance frequencies, near perfect absorptions are become by matching of the 

electric and magnetic responses to incident electromagnetic wave. 

 

 

Figure 2-15. (a) Electric field distributions of the metamaterial absorber structure at 197.25THz, (b) 

Electric field distributions of the metamaterial absorber structure at 514.5THz, (c) Surface current 

distributions of the metamaterial absorber structure at 197.25THz, and (d) Surface current distributions 

of the metamaterial absorber structure at 514.5THz. 
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2.3. Dual-Band Near Perfect Metamaterial Absorber`s Enhancement with 

Graphene Layers  

By integrating graphene (a kind of carbon atoms) layer(s) to the structure, the 

performance of the metamaterial absorber is enhanced. The first single (mono) – layer 

graphene has been fabricated in 2004. At high (terahertz) frequency, electrical, optical, 

and mechanical properties can be seen by graphene material [68]. Graphene motivates 

surface plasmonic polaritons, so a new reply is become in order to enhance previously 

obtained results. High conductivity can be obtained by using graphene. High 

conductivity is one of the main advantage of the graphene based structure [69, 70]. 

Correspondingly, one can control the EM wave by controlling the conductivity (and 

relatedly dielectric constant) of the graphene in which it provides additional flexibility 

in the design and fabrication of various device configurations. For example, the 

absorption level has been enhanced by the coupling of the MTM and graphene layers 

[71 - 75]. The conductivity of graphene (σg) is calculated by using Kubo formula [70, 

76 – 78] as:  

𝜎𝑔(𝜔, 𝜇𝑐 , 𝜏, 𝑇) =  𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟                                                                                                                (2.2) 

𝜎𝑔(𝜔, 𝜇𝑐 , 𝜏, 𝑇) =
𝑗𝑒2(𝜔−𝑗𝜏−1)

𝜋ℏ2  × [
1

(𝜔−𝑗𝜏−1)2
 ∫

𝜕𝑓𝑑(𝜀)

𝜕𝜀

∞

0
− 

𝜕𝑓𝑑(−𝜀)

𝜕𝜀
𝜕𝜀 − ∫

𝑓𝑑(−𝜀)−𝑓𝑑(𝜀)

(𝜔−𝑗𝜏−1)2−4(𝜀 ℏ⁄ )2

∞

0
𝜕𝜀]       (2.3) 

where  j is the imaginary unit, fd(ε) is the Fermi-Dirac distribution, ε is the energy of 

the incident wave, ℏ is the reduced Planck`s constant, and 𝜏 is the scattering time. 𝜎𝑖𝑛𝑡𝑟𝑎 and 

𝜎𝑖𝑛𝑡𝑒𝑟  come from the intra-band and inter-band transitions, correspondingly. The 

dielectric constant of graphene (εg) is calculated by using the following equation (2.4): 

𝜀𝑔 = 1 + 𝑗
𝜎𝑔

𝜔𝜀0∆
                                                                                                                                    (2.4)  

where 𝜀0 is the permittivity of free space and ∆ is the thickness of the graphene layer(s). 

In the numerical simulations, the conductivity and the dielectric constant of graphene 

are controlled. With the effect of the adding graphene layer(s), the absorption result is 

enhanced. The reason of this situation is the graphene provides additional degree of 

freedom to match the impedance of the metamaterial absorber structure to the 

impedance of free space. Therefore, a fascinating possibility is apparent for controlling 

the electromagnetic wave by tuning the optical and electronic properties of the overall 

structure.                                                                                            
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2.3.1. Design and Simulation 

Three kinds of the integration of 3-dimensional graphene into the metamaterial 

absorber structure is shown Figure 2-16. In Figure 2-16a, graphene layer is under the 

metal patch resonator while in Figure 2-16b, graphene layer is at the top of the metal 

patch resonator. In Figure 2-16c, two graphene layers are located not only under the 

metal patch resonator but also at the top of the metal patch resonator with the same 

thicknesses at the same time. The standard thickness of a single (mono)-layer graphene 

is 0.335 nm [79]. Thicknesses of graphene layer(s) should be in the order of 0.335 nm. 

In Figure 2-16, designs of three structures are set in order to realize numerical 

simulations according to multiples of 0.335 nm.  

 

 

Figure 2-16. The structure and dimensions of the unit cell of the metamaterial absorber based on patch 

resonator with integrated graphene layer(s) (a) under the metal patch resonator, (b) at the top of the 

metal patch resonator, (c) not only under the metal patch resonator but also at the top of the metal patch 

resonator.   

 

2.3.2. Result and Discussion 

Achievements of all numerical results is based on FIT by commercial full-wave EM 

solver. Numerical simulations are realized for three different kind graphene 

integrations. The thickness of the single graphene layer is t = 0.335 nm.  Absorption 

results are given in Figure 2-17a-c for from single to four graphene layer(s). When t = 

0.335 nm (single – layer), absorption results are better than the remaining layers (2 - 



 

25 
 

4) for all three configurations which are shown in Figure 2-16. Utilization of a single 

layer graphene at the top and bottom of patch resonator at the same time is more 

practical in the structure.  

 

Figure 2-17. Parametric study for four graphene thicknesses (t) for (a) under the metal patch resonator, 

(b) at the top of the metal patch resonator, (c) not only under the metal patch resonator but also at the 

top of the metal patch resonator. 
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In Figure 2-17a, 99.98%, 99.59%, and 99.72% absorption results are obtained at 

137.25THz, 193.50THz, and 511.50THz resonance frequencies, respectively. In 

Figure 2-17b, 89.39%, 99.89%, and 99.97% absorption results are obtained at 

139.50THz, 196.50THz, and 513THz resonance frequencies, respectively. In Figure 

2-17c, 99.99%, 99.60%, and 99.74% absorption results are obtained at 137.25THz, 

194.25THz, and 511.50THz resonance frequencies, respectively. In Figure 2-17c, 

absorption results are the highest ones among three graphene situations as percentages 

when graphene thickness is t = 0.335 nm (single – layer). High conductivity graphene 

layers are given the reason of this enhancement. 

Fractional bandwidth (FBW) calculations are done for Figure 2-3 and Figure 2-17 

(when t = 0.335 nm). FBW can be found with ∆𝑓 𝑓0⁄  where ∆𝑓 is the half – power 

bandwidth and 𝑓0 is the center frequency. Information is supplied about an absorber`s 

quality by FBW [80 – 82]. In Figure 2-3, ∆𝑓 = 29.25THz, 𝑓0 = 141THz and FBW ≈ 

20.74% for the first resonance, ∆𝑓 = 25.50THz, 𝑓0 = 197.25THz and FBW ≈ 12.93% 

for the second resonance, and ∆𝑓 = 42.75THz, 𝑓0 = 514.50THz and FBW ≈ 8.31% for 

the third resonance. In Figure 2-17a, ∆𝑓 = 91.50THz, 𝑓0 = 168.75THz and FBW ≈ 

54.22% for the first and second resonances, ∆𝑓 = 48.75THz, 𝑓0 = 511.50THz and FBW 

≈ 9.53% for the third resonance. In Figure 2-17b, ∆𝑓 = 30.75THz, 𝑓0 = 139.50THz and 

FBW ≈ 22.04% for the first resonance, ∆𝑓 = 27THz, 𝑓0 = 196.50THz and FBW ≈ 

13.74% for the second resonance, and ∆𝑓 = 41.25THz, 𝑓0 = 513THz and FBW ≈ 8.04% 

for the third resonance. In Figure 2-17c, ∆𝑓 = 90.75THz, 𝑓0 = 168.75THz and FBW ≈ 

53.78% for the first and second resonances, ∆𝑓 = 48.75THz, 𝑓0 = 511.50THz and FBW 

≈ 9.53% for the third resonance. Higher FBW, which means better quality absorber, is 

seen in some cases above. 

 

2.4. Dual-Band Near Perfect Metamaterial Absorber Energy Harvesting  

At the bottom of the structure, the usage of metal layer are confined electromagnetic 

energy within the structure as in the metamaterial absorber studies [3, 37]. The near 

perfect absorption is obtained at the resonance frequency when the impedance of free 

– space matches with the frequency dependent effective impedance of the 

metamaterial absorber [44, 83].          
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2.4.1. Design and Simulation 

 

The structure, which is shown in Figure 2-1, can be used a metamaterial absorber based 

energy harvester with the realization of some small modifications. Two new structures, 

which are obtained by adding square or circular ring shaped resonator and two resistors 

(lumped network elements), can be seen in Figure 2-18 and Figure 2-19 with 

dimensions. Gaps are become between patch resonator and square or circular ring 

shaped resonator. Across created gaps, resistors are located as lumped network 

elements. With these processes, two new structures are prepared for energy harvesting. 

The reason of adding ring to the structure is electric fields were collected around the 

two sides of square patch resonator for the structure in Figure 2-1. Collected electric 

fields can be seen in Figure 2-15a and Figure 2-15b. As it is mentioned before in 

section 1.4 in chapter 1, electric field means voltage and voltage means power. 

Therefore, two different shaped rings are separately adding in order to create gaps, add 

resistors, and receive collected power by resistors. The reason of selecting two 

different shaped rings is to enable the comparison of the effects of the geometrical 

resonators on optical and electrical responses. After many parametric studies are done 

with finite integration technique (FIT) – based numerical simulator, these resistors` 

numerical values are chosen.  

At first, same Aluminum (Palik) and GaAs (Palik) materials are used for separately 

analysing two new structures. Later, Silver (Johnson) as a metal and Silica (Silicon 

Dioxide) (Ghosh) as a substrate are used in two new structure in order to enhance 

results. Optical properties of Aluminum and GaAs can be found in Ref [59] as they 

are used before. For the infrared frequency regimes, the optical properties of Silica and 

Silver can be separately found in Ref [84] and Ref [85], respectively. Materials, which 

are used in two structure, are defined according to Drude model. Dimensions of these 

designs a, b, c, d, e, f and g are numerically given as 40, 110, 25, 500, 180, 440, and 

30 nm, respectively. They can be seen in Figure 2-18c, d and Figure 2-19c, d.  
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Figure 2-18. The view and dimensions of metamaterial energy harvester based on near perfect 

metamaterial absorber unit cell design with the square ring shaped resonator and two resistors. 

 

Figure 2-19. The view and dimensions of metamaterial energy harvester based on near perfect 

metamaterial absorber unit cell design with the circular ring shaped resonator and two resistors. 
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The wave comes perpendicularly onto the z-axis because of the position of the 

direction of the propagation (a waveguide port). Boundary conditions are set periodic, 

periodic, and open along x-, y-, and z- directions, respectively. Along the x- and y- 

directions, the electric and magnetic field components of the incident plane wave are 

polarized, respectively [60 – 62]. 

 

 2.4.2. Result and Discussion 

Achievements of all numerical results is based on FIT by commercial full-wave EM 

solver. In Figure 2-20, numerical reflection and absorption results are given for 

(Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and Aluminum (Palik) 

(resonator)) structure (for the proposed (square ring shaped resonator) unit cell 

structure as shown in Figure 2-18). 86.29% maximum absorption is obtained at 142.40 

THz and 78.63% maximum absorption is obtained at 204.80 THz as shown in Figure 

2-20. This absorption is become when two 500 ohm resistors are positioned across the 

gaps as two lumped network elements as shown in Figure 2-18a. In Figure 2-21, 

numerical reflection and absorption results are given for (Silver (Johnson) (metal 

plate), Silica (Ghosh) (substrate) and Silver (Johnson) (resonator)) structure (for the 

proposed (square ring shaped resonator) unit cell structure as shown in Figure 2-18). 

98.66% maximum absorption is obtained at 240.00 THz as shown in Figure 2-21. This 

absorption is become when two 500 ohm resistors are positioned across the gaps as 

two lumped network elements as shown in Figure 2-18a. In Figure 2-22, numerical 

reflection and absorption results are given for (Aluminum (Palik) (metal plate), GaAs 

(Palik) (substrate) and Aluminum (Palik) (resonator)) structure (for the proposed 

(circular ring shaped resonator) unit cell structure as shown in Figure 2-19). 90.26% 

maximum absorption is obtained at 140.80 THz and 91.22% maximum absorption is 

obtained at 209.60 THz as shown in Figure 2-22. This absorption is become when two 

500 ohm resistors are positioned across the gaps as two lumped network elements as 

shown in Figure 2-19a. In Figure 2-23, numerical reflection and absorption results are 

given for (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and Silver 

(Johnson) (resonator)) structure (for the proposed (circular ring shaped resonator) unit 

cell structure as shown in Figure 2-19). 99.86% maximum absorption is obtained at 
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219.20 THz and 99.78% maximum absorption is obtained at 248.00 THz as shown in 

Figure 2-23. This absorption is become when two 500 ohm resistors are positioned 

across the gaps as two lumped network elements as shown in Figure 2-19a.  

 

Figure 2-20. Reflection and absorption results for (Aluminum (Palik) (metal plate), GaAs (Palik) 

(substrate) and Aluminum (Palik) (resonator)) structure (for the proposed (square ring shaped resonator) 

unit cell structure) (The resonance frequencies at 142.40 and 204.80 THz). 

 

Figure 2-21. Reflection and absorption results for (Silver (Johnson) (metal plate), Silica (Ghosh) 

(substrate) and Silver (Johnson) (resonator)) structure (for the proposed (square ring shaped resonator) 

unit cell structure) (The resonance frequency at 240.00 THz). 
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Figure 2-22. Reflection and absorption results for (Aluminum (Palik) (metal plate), GaAs (Palik) 

(substrate) and Aluminum (Palik) (resonator)) structure (for the proposed (circular ring shaped 

resonator) unit cell structure) (The resonance frequencies at 140.80 and 209.60 THz). 

 

Figure 2-23. Reflection and absorption results for (Silver (Johnson) (metal plate), Silica (Ghosh) 

(substrate) and Silver (Johnson) (resonator)) structure (for the proposed (circular ring shaped resonator) 

unit cell structure) (The resonance frequencies at 219.20 and 248.00 THz). 
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By the resistance values and “g” parameters, the energies are affected as shown in 

Figure 2-24 - 27. At 500 ohm, the maximum efficiencies are achieved as seen from 

Figure 2-24 - 27. For all power harvesting simulations, input powers were taken 0.500 

W. The lumped network elements (resistors) are placed parallel to x-axis (electric field 

direction) is shown in Figure 2-18 and 2-19. The output power value of the first resistor 

is the same with the output power value of the second resistor for all simulation. 20.4% 

(output power is 0.102 W) and 5.4% (output power is 0.027 W) maximum power 

efficiencies are obtained at 139.20 and 200.00 THz at 500 ohm as shown in Figure 2-

24. 93.0% (output power is 0.465 W) maximum power efficiency is obtained at 240.00 

at 500 ohm as shown in Figure 2-25. 21.4% (output power is 0.107 W) and 8.0% 

(output power is 0.040 W) maximum power efficiencies are obtained at 139.20 and 

217.60 THz at 500 ohm as shown in Figure 2-26. 97.0% (output power is 0.485 W) 

and 98.2% (output power is 0.491 W) maximum power efficiencies are obtained at 

212.80 and 252.80 THz at 500 ohm as shown in Figure 2-27.  

 

 

Figure 2-24. Parametric study gathered power frequency diagram for selected different “g” parameters 

and resistors between 500-3000 ohm for (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and 

Aluminum (Palik) (resonator)) structure (for the proposed (square ring shaped resonator) unit cell 

structure). 
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Figure 2-25. Parametric study gathered power frequency diagram for selected different “g” parameters 

and resistors between 500-3000 ohm for (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and 

Silver (Johnson) (resonator)) structure (for the proposed (square ring shaped resonator) unit cell 

structure). 

 

 

Figure 2-26. Parametric study gathered power frequency diagram for selected different “g” parameters 

and resistors between 500-3000 ohm for (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and 

Aluminum (Palik) (resonator)) structure (for the proposed (circular ring shaped resonator) unit cell 

structure). 
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Figure 2-27. Parametric study gathered power frequency diagram for selected different “g” parameters 

and resistors between 500-3000 ohm for (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and 

Silver (Johnson) (resonator)) structure (for the proposed (circular ring shaped resonator) unit cell 

structure). 

In order to understand the effect of the metal plate existence, two numerical study 

results (with metal plate and without metal plate situations) for four situations on two 

kind structures are appreciated as shown in Figure 2-28 - 31. When metal plate exists 

at the bottom of the design, total lumped network elements` power value is high at 500 

ohm in Figure 2-28 - 31. However, this value is decreased when the metal plate is 

removed from the design as shown in Figure 2-28 - 31. The harvested power is affected 

due to the effect of the metal plate on total capacitance value.  

 

Figure 2-28. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and Aluminum 

(Palik) (resonator)) structure (for the proposed (square ring shaped resonator) unit cell structure). 
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Figure 2-29. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and Silver (Johnson) 

(resonator)) structure (for the proposed (square ring shaped resonator) unit cell structure). 

 

Figure 2-30. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and Aluminum 

(Palik) (resonator)) structure (for the proposed (circular ring shaped resonator) unit cell structure). 

 

Figure 2-31. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and Silver (Johnson) 

(resonator)) structure (for the proposed (circular ring shaped resonator) unit cell structure). 
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In Figure 2-32 – 35, the electric field, magnetic field and surface current distributions 

can be seen at the resonance frequency/frequencies in order to understand better the 

physical mechanism of the designs in power harvesting applications. The 

concentrations of these distributions are on two gaps of the structure where there are 

resistors because electric field directions are taken to be parallel to x-axis as it is 

mentioned before. Therefore, the structure act as an electric dipole at the resonance 

frequency. The basis of this study is the structure can be used as voltage source in 

order to achieve the confinement of the EM waves at the resonance frequency.  

 

 

Figure 2-32. For (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and Aluminum (Palik) 

(resonator)) structure (for the proposed (square ring shaped resonator) unit cell structure) (a) Electric 

field distribution at the resonance frequency of 142.40 THz (b) Magnetic field distribution at the 

resonance frequency of 142.40 THz (c) Surface current distribution at the resonance frequency of 

142.40 THz  (d) Electric field distribution at the resonance frequency of 204.80 THz (e) Magnetic field 

distribution at the resonance frequency of 204.80 THz (f) Surface current distribution at the resonance 

frequency of 204.80 THz. 
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Figure 2-33. For (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and Silver (Johnson) 

(resonator)) structure (for the proposed (square ring shaped resonator) unit cell structure) (a) Electric 

field distribution at the resonance frequency of 240.00 THz (b) Magnetic field distribution at the 

resonance frequency of 240.00 THz (c) Surface current distribution at the resonance frequency of 

240.00 THz. 

 

Figure 2-34. For (Aluminum (Palik) (metal plate), GaAs (Palik) (substrate) and Aluminum (Palik) 

(resonator)) structure (for the proposed (circular ring shaped resonator) unit cell structure) (a) Electric 

field distribution at the resonance frequency of 140.80 THz (b) Magnetic field distribution at the 

resonance frequency of 140.80 THz (c) Surface current distribution at the resonance frequency of 

140.80 THz  (d) Electric field distribution at the resonance frequency of 209.60 THz (e) Magnetic field 

distribution at the resonance frequency of 209.60 THz (f) Surface current distribution at the resonance 

frequency of 209.60 THz. 
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Figure 2-35. For (Silver (Johnson) (metal plate), Silica (Ghosh) (substrate) and Silver (Johnson) 

(resonator)) structure (for the proposed (circular ring shaped resonator) unit cell structure) (a) Electric 

field distribution at the resonance frequency of 219.20 THz (b) Magnetic field distribution at the 

resonance frequency of 219.20 THz (c) Surface current distribution at the resonance frequency of 

219.20 THz  (d) Electric field distribution at the resonance frequency of 248.00 THz (e) Magnetic field 

distribution at the resonance frequency of 248.00 THz (f) Surface current distribution at the resonance 

frequency of 248.00 THz. 

 

2.5. Conclusion 

In this chapter, a metamaterial absorber based on patch metal resonator, its 

enhancement with graphene layers, its conversion to two different energy harvester 

designs are realized and analysed. Reflectance, absorption, parametric studies, field 

distributions can be seen above. Also, the design are polarization and incident angles 

independent as they are mentioned in section 2.2. The possibility is available to use 

these absorbers in utilization of solar energy. Proposed structures can be used for many 

application such as infrared spectroscopy, infrared cameras, solar cells.  
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CHAPTER 3 

ENEGRY HARVESTING OF METAMATERIAL ABSORBER FOR 

MICROWAVE, SUB-TERAHERTZ, AND INFRARED FREQUENCY 

REGIONS 

3.1. Introduction 

Although different dimensions and working frequency regimes, designs have a same 

view in this chapter. Metamaterial absorber based energy harvesters are analysed in 

microwave (GHz), sub-THz and infrared frequency regions in Section 3.2, Section 3.3 

and Section 3.4, respectively. 

3.2. Dual band metamaterial absorber based energy harvester in microwave 

(GHz) regime for energy harvesting 

3.2.1. Design and Simulation 

In Figure 3-1c, the parametric dimensions of the microwave (GHz) metamaterial 

absorber based energy harvester structure can be seen. There are four gaps on the 

resonator. Resistors are located as lumped network elements across the gaps on the 

resonator. Before selected numerical values of these resistors are specifically chosen, 

many parametric studies have been done with finite integration technique (FIT)-based 

numerical simulator. Copper metal element is used at the bottom layer (as metal plate) 

and top (as resonator) of this structure as a metallic layers as shown in Figure 3-1a and 

Figure 3-1b. Aim of the metal plate (as shown Figure 3-1b) on back side of the 

structure is the realization of approximately zero transmission (T(ω)) as it is mentioned 

before in previous chapters. Aim of the resonator (as shown Figure 3-1a) on front side 

of the structure is the minimization of the reflection as it is mentioned before in 

previous chapters. Thicknesses are same and equal to 0.035 mm for both bottom and 

top metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 S/m. 

FR4, Polyimide, Arlon AD 350, Rogers RT 5880 are separately used as four different 

substrates with copper metal for metamaterial absorber based energy harvester as 

shown in Figure 3-1. 

 

 



 

40 
 

 

Figure 3-1. (a) Substrate, resonator and resistors, (b) metal plate, (c) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in microwave (GHz) range. 

 

The thickness, loss tangent, relative permittivity and relative permeability of the FR4 

substrate material are 1.6 mm, 0.025, 4.3 and 1, respectively. The thickness, loss 

tangent, relative permittivity and relative permeability of the Polyimide substrate 

material are 1.6 mm, 0.0027, 3.5 and 1, respectively. The thickness, loss tangent, 

relative permittivity and relative permeability of the Arlon AD 350 substrate material 

are 1.52 mm, 0.003, 3.5 and 1, respectively. The thickness, loss tangent, relative 

permittivity and relative permeability of the Rogers RT 5880 substrate material are 1.6 

mm, 0.0009, 2.2 and 1, respectively. 

Dimension values of except the (Copper, Arlon AD 350 and Copper) structure a, b, c, 

d and e are given as 10, 8, 0.6, 1, 4.2 mm, correspondingly [Figure 3-1c]. Dimension 

values of the (Copper, Arlon AD 350 and Copper) structure a, b, c, d and e are given 

as 10, 8, 0.6, 1.5 and 3.5 mm, correspondingly [Figure 3-1c].  

Along the x- and y- directions, the magnetic and electric field components of the 

incident plane wave are polarized, respectively [60 – 62]. 

3.2.2. Result and Discussion 

Numerical reflectance and absorption results can be seen in Figure 3-2 (for (Copper 

(metal plate), FR4 (substrate) and Copper (resonator)) structure), Figure 3-6 (for 

(Copper (metal plate), Polyimide (substrate) and Copper (resonator)) structure), Figure 
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3-10 (for (Copper (metal plate), Arlon AD 350 (substrate) and Copper (resonator)) 

structure) and Figure 3-14 (for (Copper (metal plate), Rogers RT 5880 (substrate) and 

Copper (resonator)) structure).  

In Figure 3-2, maximum absorptions are obtained around 99.95% at 5.42 GHz and 

99.99% at 12.72 GHz. These values are obtained when four 400 ohm resistor are 

placed across the gaps as four lumped network elements.  

In Figure 3-6, maximum absorptions are obtained around 99.54% at 5.80 GHz and 

99.92% at 13.62 GHz. These values are obtained when four 600 ohm resistor are 

placed across the gaps as four lumped network elements.  

In Figure 3-10, maximum absorptions are obtained around 99.98% at 5.74 GHz and 

99.17% at 14.44 GHz. These values are obtained when four 600 ohm resistor are 

placed across the gaps as four lumped network elements.  

In Figure 3-14, maximum absorptions are obtained around 99.89% at 7.00 GHz and 

99.81% at 16.98 GHz. These values are obtained when four 500 ohm resistor are 

placed across the gaps as four lumped network elements.  

Results in Figure 3-3, Figure 3-7, Figure 3-11 and Figure 3-15 show that the energies 

are affected by the resistances. The maximum efficiencies are obtained at 400 ohm, 

600 ohm, 600 ohm and 500 ohm as seen from Figure 3-3, Figure 3-7, Figure 3-11 and 

Figure 3-15, respectively. For all power harvesting simulations, input powers were 

chosen 0.500 W. The second and fourth lumped network elements (resistors) are 

located parallel to y-axis (electric field direction) and the first and third lumped 

network elements (resistors) are located parallel to x-axis (magnetic field direction) is 

shown in Figure 3-1. Therefore, the effect of the first and third resistors to output 

power is maximum 8.94% when this percentage compares with the effect of the second 

and fourth resistors. The output power value of the first resistor is the same with the 

output power value of the third resistor. The output power value of the second resistor 

is the same with the output power value of the fourth resistor. This situation can be 

opposite if electric and magnetic field directions are chosen to be parallel to x- and y-

axis, respectively.  
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In Figure 3-3, maximum efficiencies are obtained around 71.80% (output power is 

0.359 W) at 5.54 GHz and 86.20% (output power is 0.431 W) at 12.64 GHz at 400 

ohm.  

In Figure 3-7, maximum efficiencies are obtained around 87.60% (output power is 

0.438 W) at 5.98 GHz and 98.40% (output power is 0.492 W) at 13.92 GHz at 600 

ohm.  

In Figure 3-11, maximum efficiencies are obtained around 85.60% (output power is 

0.428 W) at 5.78 GHz and 98.80% (output power is 0.494 W) at 13.36 GHz at 600 

ohm.  

In Figure 3-15, maximum efficiencies are obtained around 91.60% (output power is 

0.458 W) at 7.23 GHz and 99.80% (output power is 0.499 W) at 16.50 GHz at 500 

ohm.  

For each four different structure (four different structures mean they are separately 

created with four different substrate material), two numerical studies are achieved with 

metal plate and without metal plate situations as shown in Figure 3-4, Figure 3-8, 

Figure 3-12 and Figure 3-16 in order to see the effects of metal plate existence.  

In Figure 3-4, total lumped elements` powers` values are 0.359 W at 5.54 GHz and 

0.431 W at 12.64 GHz at 400 ohm when there is copper metal plate at the bottom of 

the structure. However, total lumped elements` powers` value is decreased to 0.200 W 

at 8.46 GHz at 400 ohm when the metal plate is removed from the structure. 

In Figure 3-8, total lumped elements` powers` values are 0.438 W at 5.98 GHz and 

0.492 W at 13.92 GHz at 600 ohm when there is copper metal plate at the bottom of 

the structure. However, total lumped elements` powers` value is decreased to 0.212 W 

at 9.18 GHz at 600 ohm when the metal plate is removed from the structure. 

In Figure 3-12, total lumped elements` powers` values are 0.428 W at 5.78 GHz and 

0.494 W at 13.36 GHz at 600 ohm when there is copper metal plate at the bottom of 

the structure. However, total lumped elements` powers` value is decreased to 0.221 W 

at 8.42 GHz at 600 ohm when the metal plate is removed from the structure. 
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In Figure 3-16, total lumped elements` powers` values are 0.458 W at 7.23 GHz and 

0.499 W at 16.50 GHz at 500 ohm when there is copper metal plate at the bottom of 

the structure. However, total lumped elements` powers` value is decreased to 0.231 W 

at 10.60 GHz at 500 ohm when the metal plate is removed from the structure. 

The harvested power is directly affected by metal plate due to the effects of the metal 

plate on total capacitance value. 

The electric field and surface current distributions are given in Figure 3-5, Figure 3-9, 

Figure 3-13 and Figure 3-17 at the different resonance frequencies in order to 

understand better the physical mechanism of the designed four different structure (four 

different structures mean they are separately created with four different substrate 

material) in power harvesting applications. The concentrations of these distributions 

are on two gaps of the designed structure where there are resistors because electric 

field directions are chosen to be parallel to y-axis as it is mentioned before. Therefore, 

the structure act as an electric dipole at the resonance frequencies in four situations. 

The basis of this is the design can be used as a voltage source due to the confinement 

of the EM waves at the resonance frequencies. 

 

 

Figure 3-2. Reflectance and absorption results for (Copper (metal plate), FR4 (substrate) and Copper 

(resonator)) structure (The resonance frequencies at 5.42 and 12.72 GHz). 
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Figure 3-3. Gathered power frequency diagram for selected different resistors between 400-2900 ohm 

for (Copper (metal plate), FR4 (substrate) and Copper (resonator)) structure. 

 

 

Figure 3-4. Simulated lumped element power magnitude for both cases with and without metal plate for 

400 ohm resistor for (Copper (metal plate), FR4 (substrate) and Copper (resonator)) structure. 
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Figure 3-5. For (Copper (metal plate), FR4 (substrate) and Copper (resonator)) structure (a) Electric 

field distribution at the resonance frequency of 5.42 GHz (b) Electric field distribution at the resonance 

frequency of 12.72 GHz (c) Surface current distribution at the resonance frequency of 5.42 GHz (d) 

Surface current distribution at the resonance frequency of 12.72 GHz. 
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Figure 3-6. Reflectance and absorption results for (Copper (metal plate), Polyimide (substrate) and 

Copper (resonator)) structure (The resonance frequencies at 5.80 and 13.62 GHz). 

 

 

 

Figure 3-7. Gathered power frequency diagram for selected different resistors between 600-2600 ohm 

for (Copper (metal plate), Polyimide (substrate) and Copper (resonator)) structure. 
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Figure 3-8. Simulated lumped element power magnitude for both cases with and without metal plate for 

600 ohm resistor for (Copper (metal plate), Polyimide (substrate) and Copper (resonator)) structure. 

 

Figure 3-9. For (Copper (metal plate), Polyimide (substrate) and Copper (resonator)) structure (a) 

Electric field distribution at the resonance frequency of 5.80 GHz (b) Electric field distribution at the 

resonance frequency of 13.62 GHz (c) Surface current distribution at the resonance frequency of 5.80 

GHz (d) Surface current distribution at the resonance frequency of 13.62 GHz. 
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Figure 3-10. Reflectance and absorption results for (Copper (metal plate), Arlon AD 350 (substrate) and 

Copper (resonator)) structure (The resonance frequencies at 5.74 and 14.44 GHz). 

 

 

Figure 3-11. Gathered power frequency diagram for selected different resistors between 600-2600 ohm 

for (Copper (metal plate), Arlon AD 350 (substrate) and Copper (resonator)) structure. 
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Figure 3-12. Simulated lumped element power magnitude for both cases with and without metal plate 

for 600 ohm resistor for (Copper (metal plate), Arlon AD 350 (substrate) and Copper (resonator)) 

structure. 

 

Figure 3-13. For (Copper (metal plate), Arlon AD 350 (substrate) and Copper (resonator)) structure (a) 

Electric field distribution at the resonance frequency of 5.74 GHz (b) Electric field distribution at the 

resonance frequency of 14.44 GHz (c) Surface current distribution at the resonance frequency of 5.74 

GHz (d) Surface current distribution at the resonance frequency of 14.44 GHz. 
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Figure 3-14. Reflectance and absorption results for (Copper (metal plate), Rogers RT 5880 (substrate) 

and Copper (resonator)) structure (The resonance frequencies at 7.00 and 16.98 GHz). 

 

 

Figure 3-15. Gathered power frequency diagram for selected different resistors between 500-3000 ohm 

for (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure. 
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Figure 3-16. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) 

structure. 

 

Figure 3-17. For (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure 

(a) Electric field distribution at the resonance frequency of 7.00 GHz (b) Electric field distribution at 

the resonance frequency of 16.98 GHz (c) Surface current distribution at the resonance frequency of 

7.00 GHz (d) Surface current distribution at the resonance frequency of 16.98 GHz. 
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3.3. Single band metamaterial absorber based energy harvester in sub-THz 

regime for energy harvesting 

3.3.1. Design and Simulation 

In Figure 3-18c, the parametric dimensions of the sub-THz metamaterial absorber 

based energy harvester structure can be seen. There are four gaps on the resonator. 

Resistors are located as lumped network elements across the gaps on the resonator. 

Before selected numerical values of these resistors are specifically chosen, many 

parametric studies have been done with finite integration technique (FIT)-based 

numerical simulator. Silver, Gold and Aluminum metal elements are separately used 

at the bottom layer (as metal plate) and top (as resonator) of this structure as three 

different metallic layers as shown in Figure 3-18a and Figure 3-18b.  

 

Figure 3-18. (a) Substrate, resonator and resistors, (b) metal plate, (c) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in sub-THz range. 

 

The thicknesses of the bottom and top metallic layers are 18 and 10 µm, respectively. 

Also, electrical conductivities of the Silver, Gold and Aluminum are 6.3012×107, 

4.561×107, 3.56×107 S/m, respectively. Quartz, Polyimide, Teflon, Silicon, Rogers 

TMM4 and Rogers RT5880 are separately used as six different substrates with Silver, 

Gold and Aluminum for MA-based energy harvester as shown in Figure 3-18. The 

thickness of all these substrates is same and equal to 40 µm. The loss tangent, relative 
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permittivity and relative permeability of the Quartz material are 0.0004, 3.75 and 1, 

respectively. The loss tangent, relative permittivity and relative permeability of the 

Polyimide material are 0.0027, 3.5 and 1, respectively. The loss tangent, relative 

permittivity and relative permeability of the Teflon material are 0.0002, 2.1 and 1, 

respectively. The loss tangent, relative permittivity and relative permeability of the 

Silicon material are 0.00025, 11.9 and 1, respectively. The loss tangent, relative 

permittivity and relative permeability of the Rogers TMM4 material are 0.002, 4.5 and 

1, respectively. The loss tangent, relative permittivity and relative permeability of the 

Rogers RT5880 material are 0.0009, 2.2 and 1, respectively. Dimension values of the 

design a, b, c, d and e are given as 150, 126, 11, 11 and 68 µm, correspondingly [Figure 

3-18c].  

3.3.2. Result and Discussion 

Numerical reflection and absorption results can be seen in Figure 3-19 (for (Silver 

(metal plate), Quartz (substrate) and Silver (resonator)) structure). In Figure 3-19, 

maximum absorption is obtained around 99.94% at 0.694 THz. This value is obtained 

when four 500 ohm resistor are placed across the gaps as four lumped network 

elements.  

 

 

Figure 3-19. Reflectance and absorption results for (Silver (metal plate), Quartz (substrate) and Silver 

(resonator)) structure (The resonance frequency at 0.694 THz). 
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Results in Figure 3-20 show that the energies are affected by the resistances. The 

maximum efficiency is obtained at 500 ohm as seen from Figure 3-20. For all power 

harvesting simulations, input powers were chosen 0.500 W. The second and fourth 

lumped network elements (resistors) are located parallel to y-axis (electric field 

direction) and the first and third lumped network elements (resistors) are located 

parallel to x-axis (magnetic field direction) is shown in Figure 3-18. Therefore, the 

effect of the first and third resistors to output power is maximum 1.04% when this 

percentage compares with the effect of the second and fourth resistors. The output 

power value of the first resistor is the same with the output power value of the third 

resistor. The output power value of the second resistor is the same with the output 

power value of the fourth resistor. This situation can be opposite if electric and 

magnetic field directions are chosen to be parallel to x- and y-axis, respectively.  

In Figure 3-20, maximum efficiency is obtained around 96.60% (output power is 0.483 

W) at 0.692 THz at 500 ohm.  

 

 

Figure 3-20. Gathered power frequency diagram for selected different resistors between 500-3000 ohm 

for (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure. 



 

55 
 

 

In order to understand the effect of the metal plate existence, two numerical studies for 

(Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure are realized 

with metal plate and without metal plate situations as shown in Figure 3-21. When 

there is Silver metal plate at the bottom of the design, total lumped network elements` 

power value is 0.483 W at 0.692 THz at 500 ohm in Figure 3-21. However, this value 

is decreased to 0.154 W at 0.572 THz at 500 ohm when the metal plate is removed 

from the structure. Because of the effect of the metal plate on total capacitance value, 

the harvested power is affected. 

 

Figure 3-21. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure. 

 

In Figure 3-22, the electric field and surface current distributions can be seen at the 

resonance frequency in order to understand better the physical mechanism of the 

design in power harvesting applications. The concentrations of these distributions are 

on two gaps of the design where there are resistors because electric field directions are 

selected to be parallel to y-axis as it is mentioned before. Therefore, the design act as 

an electric dipole at the resonance frequency. The basis of this is the design can be 

used as a voltage source because of the confinement of the EM waves at the resonance 

frequency. 
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Figure 3-22. For (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure (a) Electric 

field distribution at the resonance frequency of 0.694 THz (b) Surface current distribution at the 

resonance frequency of 0.694 THz. 

The relations between different (metal and substrate) materials and lumped element 

power are given in Figure 3 – 23-28. According to different (metal and substrate) 

materials, output power, power efficiency and resonance frequency values can be seen 

in Table 3-1. 

 

Figure 3-23. Lumped element power value according to different metals with Quartz substrate. 
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Figure 3-24. Lumped element power value according to different metals with Polyimide substrate. 

 

Figure 3-25. Lumped element power value according to different metals with Teflon substrate. 
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Figure 3-26. Lumped element power value according to different metals with Silicon substrate. 

 

Figure 3-27. Lumped element power value according to different metals with Rogers TMM4 substrate. 
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Figure 3-28. Lumped element power value according to different metals with Rogers RT5880 substrate. 

 

Table 3-1. Output power, power efficiency and resonance frequency values according to different 

substrate and metal materials. 

  Silver Gold Aluminum 

Quartz Output power (Watt) 0.483 0.480 0.477 

Power efficiency (%) 96.6 96.0 95.4 

Resonance frequency (THz) 0.692 0.692 0.692 

Polyimide Output power (Watt) 0.474 0.473 0.470 

Power efficiency (%) 94.8 94.6 94.0 

Resonance frequency (THz) 0.716 0.708 0.720 

Teflon Output power (Watt) 0.483 0.482 0.479 

Power efficiency (%) 96.6 96.4 95.8 

Resonance frequency (THz) 0.840 0.840 0.832 

Silicon Output power (Watt) 0.462 0.457 0.452 

Power efficiency (%) 92.4 91.4 90.4 

Resonance frequency (THz) 0.455 0.455 0.455 

Rogers 
TMM4 

Output power (Watt) 0.477 0.470 0.472 

Power efficiency (%) 95.4 94.0 94.4 

Resonance frequency (THz) 0.648 0.648 0.650 

Rogers 
RT5880 

Output power (Watt) 0.482 0.480 0.478 

Power efficiency (%) 96.4 96.0 95.6 

Resonance frequency (THz) 0.828 0.828 0.828 
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3.4. Single band metamaterial absorber based energy harvester in infrared 

regime for energy harvesting 

3.4.1. Design and Simulation 

In Figure 3-29c, the parametric dimensions of the infrared metamaterial absorber based 

energy harvester structure can be seen. There are four gaps on the resonator. Resistors 

are located as lumped network elements across the gaps on the resonator. Before 

selected numerical values of these resistors are specifically chosen, many parametric 

studies have been done with finite integration technique (FIT)-based numerical 

simulator. Silver (Palik), Silver (Johnson), Gold (Palik), Gold (Johnson) and 

Aluminum (Palik) metal elements are separately used at the bottom layer (as metal 

plate) and top (as resonator) of this structure as five different metallic layers as shown 

in Figure 3-29a and Figure 3-29b.  

 

Figure 3-29. (a) Substrate, resonator and resistors, (b) metal plate, (c) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in infrared range. 

 

The thicknesses of the bottom and top metallic layers are 70 and 40 nm, respectively. 

Silica (Silicon Dioxide) and Silicon are used as two different substrates with Silver 

(Palik), Silver (Johnson), Gold (Palik), Gold (Johnson) and Aluminum (Palik) for MA-

based energy harvester as shown in Figure 3-29. The thickness of these two substrates 

is same and equal to 160 nm. The optical properties of Silver (Palik), Gold (Palik) and 

Aluminum (Palik) metals and Silicon substrate for infrared frequency ranges can be 
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found in Ref. [59]. The optical properties of Silica dielectric substrate for infrared 

frequency ranges can be found in Ref. [84]. The optical properties of Silver (Johnson) 

and Gold (Johnson) metals for infrared frequency ranges can be found in Ref. [85]. 

Dimension values of the design a, b, c, d and e are given as 650, 550, 45, 45 and 270 

nm, correspondingly [Figure 3-29c]. 

3.4.2. Result and Discussion 

Numerical reflectance and absorption results can be seen in Figure 3-30 (for (Silver 

(Johnson) (metal plate), Silicon (substrate) and Silver (Johnson) (resonator)) 

structure). In Figure 3-30, maximum absorption is obtained around 99.89% at 96.15 

THz. This value is obtained when four 500 ohm resistor are placed across the gaps as 

four lumped network elements. 

 

Figure 3-30. Reflectance and absorption results for (Silver (Johnson) (metal plate), Silicon (substrate) 

and Silver (Johnson) (resonator)) structure (The resonance frequency at 96.15 THz). 

 

Results in Figure 3-31 show that the energies are affected by the resistances. The 

maximum efficiency is obtained at 500 ohm as seen from Figure 3-31. For all power 

harvesting simulations, input powers were chosen 0.500 W. The second and fourth 

lumped network elements (resistors) are located parallel to y-axis (electric field 

direction) and the first and third lumped network elements (resistors) are located 

parallel to x-axis (magnetic field direction) is shown in Figure 3-29. Therefore, the 

effect of the first and third resistors to output power is less than 1% when this 
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percentage compares with the effect of the second and fourth resistors. The output 

power value of the first resistor is the same with the output power value of the third 

resistor. The output power value of the second resistor is the same with the output 

power value of the fourth resistor. This situation can be opposite if electric and 

magnetic field directions are chosen to be parallel to x- and y-axis, respectively.  

In Figure 3-31, maximum efficiency is obtained around 95.60% (output power is 0.478 

W) at 97.62 THz at 500 ohm. 

 

 

Figure 3-31. Gathered power frequency diagram for selected different resistors between 500-3000 ohm 

for (Silver (Johnson) (metal plate), Silicon (substrate) and Silver (Johnson) (resonator)) structure. 

 

In order to understand the effect of the metal plate existence, two numerical studies for 

(Silver (Johnson) (metal plate), Silicon (substrate) and Silver (Johnson) (resonator)) 

structure are realized with metal plate and without metal plate situations as shown in 
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Figure 3-32. When there is Silver (Johnson) metal plate at the bottom of the design, 

total lumped network elements` power value is 0.478 W at 97.62 THz at 500 ohm in 

Figure 3-32. However, this value is decreased to 0.156 W at 63.81 THz at 500 ohm 

when the metal plate is removed from the structure. Because of the effect of the metal 

plate on total capacitance value, the harvested power is affected. 

 

 

Figure 3-32. Simulated lumped element power magnitude for both cases with and without metal plate 

for 500 ohm resistor for (Silver (Johnson) (metal plate), Silicon (substrate) and Silver (Johnson) 

(resonator)) structure. 

 

In Figure 3-33, the electric field, magnetic field and surface current distributions can 

be seen at the resonance frequency in order to understand better the physical 

mechanism of the design in power harvesting applications. The concentrations of these 

distributions are on two gaps of the design where there are resistors because electric 

field directions are selected to be parallel to y-axis as it is mentioned before. Therefore, 

the design act as an electric dipole at the resonance frequency. The basis of this is the 

design can be used as a voltage source because of the confinement of the EM waves 

at the resonance frequency. 
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Figure 3-33. For (Silver (Johnson) (metal plate), Silicon (substrate) and Silver (Johnson) (resonator)) 

structure (a) Electric field distribution at the resonance frequency of 96.15 THz (b) Magnetic field 

distribution at the resonance frequency of 96.15 THz (c) Surface current distribution at the resonance 

frequency of 96.15 THz. 

The relations between different (metal and substrate) materials and lumped element 

power are given in Figure 3 – 34-35. According to different (metal and substrate) 

materials, output power, power efficiency and resonance frequency values can be seen 

in Table 3-2. 

 

Figure 3-34. Lumped element power value according to different metals with Silica (Silicon Dioxide) 

substrate. 
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Figure 3-35. Lumped element power value according to different metals with Silicon substrate. 

 

Table 3-2. Output power, power efficiency and resonance frequency values according to different 

substrate and metal materials. 

  Silica Silicon 

Silver (Palik) Output power (Watt) 0.445 0.322 

Power efficiency (%) 89.0 64.4 

Resonance frequency (THz) 177.00 94.68 

Silver (Johnson) Output power (Watt) 0.476 0.478 

Power efficiency (%) 95.2 95.6 

Resonance frequency (THz) 177.00 97.62 

Gold (Palik) Output power (Watt) 0.380 0.327 

Power efficiency (%) 76.0 65.4 

Resonance frequency (THz) 159.36 91.74 

Gold (Johnson) Output power (Watt) 0.409 0.300 

Power efficiency (%) 81.8 60.0 

Resonance frequency (THz) 177.00 99.09 

Aluminum (Palik) Output power (Watt) 0.413 0.276 

Power efficiency (%) 82.6 55.2 

Resonance frequency (THz) 188.76 104.97 

 

3.5. Conclusion 

In this chapter, high absorptions and lumped network element powers are obtained in 

microwave (GHz), sub-THz and infrared frequency regimes for metamaterial absorber 
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based energy harvesters. Also, reflection, parametric studies and field distributions can 

be seen above. Numerical results show that the usage of near perfect metamaterial 

absorbers can be efficient and easy for electromagnetic energy harvesters. Proposed 

structures can be used for many application such as antennas, EM filters, sensors, THz 

imaging systems, infrared spectroscopy, infrared cameras, solar cells.   
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CHAPTER 4 

TOPOLOGICAL STUDY OF ENERGY HARVESTING OF 

METAMATERIAL ABSORBER FOR MICROWAVE, SUB-TERAHERTZ, 

AND INFRARED FREQUENCY REGIONS 

4.1. Introduction 

Although different dimensions and working frequency regimes, designs have a similar 

view in this chapter. The aim of this chapter is to understand effects of quantities of 

resonators and resistors by changing two parametric dimension sizes. For example, 

Gajibo et al. [86] numerically presented the effect of four small circular rings with a 

bigger circular ring patch on a metamaterial absorber in x-band operations. 

Metamaterial absorber based energy harvesters are analysed in microwave (GHz), sub-

THz and infrared frequency regions in Section 4.2, Section 4.3 and Section 4.4, 

respectively. 

4.2. Single band metamaterial absorber based energy harvester topology in 

microwave (GHz) regime for energy harvesting 

4.2.1. Design and Simulation 

In Figure 4-1c, the parametric dimensions of the microwave (GHz) metamaterial 

absorber based energy harvester structure can be seen. Fifteen resonators and fourteen 

resistors (1st – 14th) are exist. Resistors are located as lumped network elements across 

the gaps between middle rectangle shape resonator and other square shape resonators. 

Before selected numerical values of these resistors are specifically chosen, many 

parametric studies have been done with finite integration technique (FIT)-based 

numerical simulator. Copper metal element is used at the bottom layer (as a metal 

plate) and top (as resonators) of this structure as metallic layers as shown in Figure 4-

1a and Figure 4-1b. Aim of the metal plate (as shown Figure 4-1b) on back side of the 

structure is the realization of approximately zero transmission (T(ω)) as it is mentioned 

before in previous chapters. Aim of the resonator (as shown Figure 4-1a) on front side 

of the structure is the minimization of the reflection as it is mentioned before in 

previous chapters. Thicknesses are same and equal to 0.035 mm for both bottom and 

top metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 S/m. 
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Rogers RT 5880 is used as a substrate with copper metal for metamaterial absorber 

based energy harvester as shown in Figure 4-1. The thickness, loss tangent, relative 

permittivity and relative permeability of the Rogers RT 5880 substrate material are 1.6 

mm, 0.0009, 2.2 and 1, respectively. Dimension values of the (Copper, Rogers RT 

5880 and Copper) structure a, b, c, d and w are given as 77, 30, 72, 9, 1.5 mm, 

correspondingly [Figure 4-1c]. Along the x- and y- directions, the magnetic and 

electric field components of the incident plane wave are polarized, respectively [60 – 

62]. 

 

 

Figure 4-1. (a) Substrate, resonators and resistors, (b) metal plate, (c) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in microwave (GHz) range. 
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4.2.2. Result and Discussion 

Numerical reflectance and absorption result can be seen in Figure 4-2 (for (Copper 

(metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure). In Figure 

4-2, maximum absorption is obtained around 99.53% at 4.800 GHz. This value is 

obtained when fourteen 500 ohm resistors are placed across the gaps between middle 

rectangle shape resonator and other resonators as fourteen lumped network elements. 

 

 

Figure 4-2. Reflectance and absorption result for (Copper (metal plate), Rogers RT 5880 (substrate) and 

Copper (resonator)) structure (The resonance frequency at 4.800 GHz). 

 

Results in Figure 4-3 show that the energies are affected by the resistances. The 

maximum efficiency is obtained at 500 ohm as seen from Figure 4-3. For all power 

harvesting simulations, input powers were chosen 0.500 W. Fourteen lumped network 

elements (resistors) are located parallel to y-axis (electric field direction) is shown in 

Figure 4-1. In Figure 4-3, maximum efficiency is obtained around 98.80% (output 

power is 0.494 W) at 4.800 GHz at 500 ohm.  
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Figure 4-3. Gathered power frequency diagram for selected different resistors between 500-3000 ohm 

for (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure. 

In Figure 4-4, views from the top, reflection, absorption, and Lumped element power 

values are shown for ten different geometric designs at 500 ohm when (n) resonators 

and (n-1) resistors are exist. “n” means any exact number, which is shown quantities 

of resonators. Quantities of resistors (n-1) are less one than quantities of resonators. 

Also, changed geometric parameters are separately given left side of each design in 

Figure 4-4. Structures are designed and analysed with increasing quantities of 

resonators and resistors, so dimensions are changed according to these quantities. 

Effects of increasing quantities of resonators and resistors with different “a” and “c” 

dimension values of designs can be seen in Figure 4-4. Although resonance frequency 

(4.800 GHz) is shifting lower (left side) or higher (right side) value between 1.5 and 

6.5 GHz frequency range, both the highest absorption (the lowest reflectance) and the 

highest lumped element power value are obtained in Figure 4-4j2 and Figure 4-4j3 as 

percentages for the structure in Figure 4-4j1. The reasons of these good results are the 

impedance of free – space matches with the frequency dependent effective impedance 

of the metamaterial absorber [44, 83] and effectiveness between resonators. 

Absorption and resonance frequency values, which are received from the results in 

Figure 4-4, are given in Table 4-1. Output power, power efficiency and resonance 

frequency values, which are received from the results in Figure 4-4, are given in Table 

4-2.  
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Figure 4-4. When (n) resonators and (n-1) resistors are exist, (a1 - j1) views from the top, (a2 – j2) 

reflectance and absorption results, and (a3 – j3) Lumped element power values for different geometric 

designs at 500 ohm (Changed geometric parameters are separately given left side of each design). 
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Table 4-1. Absorption and resonance frequency values (which are received from the results in Figure 

4-4). 

a 

(mm) 

c 

(mm) 

Quantities of 

resonators 

(n) 

Quantities 

of resistors 

(n-1) 

Structure 

from 

Figure 

Results 

from 

Figure 

  

14 9 3 2 4-4a1 4-4a2 Absorption (%) 99.37 

Resonance frequency (GHz) 4.950 

77 9 3 2 4-4b1 4-4b2 Absorption (%) 57.83 

Resonance frequency (GHz) 5.250 

77 72 3 2 4-4c1 4-4c2 Absorption (%) 61.63 

Resonance frequency (GHz) 5.250 

35 30 7 6 4-4d1 4-4d2 Absorption (%) 99.43 

Resonance frequency (GHz) 4.850 

77 30 7 6 4-4e1 4-4e2 Absorption (%) 87.85 

Resonance frequency (GHz) 5.050 

77 72 7 6 4-4f1 4-4f2 Absorption (%) 89.05 

Resonance frequency (GHz) 5.025 

56 51 11 10 4-4g1 4-4g2 Absorption (%) 99.46 

Resonance frequency (GHz) 4.800 

77 51 11 10 4-4h1 4-4h2 Absorption (%) 96.89 

Resonance frequency (GHz) 4.925 

77 72 11 10 4-4i1 4-4i2 Absorption (%) 97.18 

Resonance frequency (GHz) 4.925 

77 72 15 14 4-4j1 4-4j2 Absorption (%) 99.53 

Resonance frequency (GHz) 4.800 

 

Table 4-2. Output power, power efficiency and resonance frequency values (which are received from 

the results in Figure 4-4).  

a 

(mm) 

c 

(mm) 

Quantities  

of  

resonators 

(n) 

Quantities 

 of  

resistors 

 (n-1) 

Structure 

from  

Figure 

Results  

from  

Figure 

  

14 9 3 2 4-4a1 4-4a3 Output power (Watt) 0.483 

Power efficiency (%) 96.60 

Resonance frequency (GHz) 4.950 

77 9 3 2 4-4b1 4-4b3 Output power (Watt) 0.283 

Power efficiency (%) 56.60 

Resonance frequency (GHz) 5.250 

77 72 3 2 4-4c1 4-4c3 Output power (Watt) 0.302 

Power efficiency (%) 60.40 

Resonance frequency (GHz) 5.250 

35 30 7 6 4-4d1 4-4d3 Output power (Watt) 0.488 

Power efficiency (%) 97.60 

Resonance frequency (GHz) 4.825 

77 30 7 6 4-4e1 4-4e3 Output power (Watt) 0.433 

Power efficiency (%) 86.60 

Resonance frequency (GHz) 5.050 

77 72 7 6 4-4f1 4-4f3 Output power (Watt) 0.437 

Power efficiency (%) 87.40 

Resonance frequency (GHz) 5.050 

56 51 11 10 4-4g1 4-4g3 Output power (Watt) 0.492 

Power efficiency (%) 98.40 

Resonance frequency (GHz) 4.800 

77 51 11 10 4-4h1 4-4h3 Output power (Watt) 0.477 

Power efficiency (%) 95.40 

Resonance frequency (GHz) 4.925 

77 72 11 10 4-4i1 4-4i3 Output power (Watt) 0.479 

Power efficiency (%) 95.80 

Resonance frequency (GHz) 4.925 

77 72 15 14 4-4j1 4-4j3 Output power (Watt) 0.494 

Power efficiency (%) 98.80 

Resonance frequency (GHz) 4.800 
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For (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) 

structure, which can be seen in either Figure 4-1 or Figure 4-4j1 because the same 

structure is shown in both Figures, two numerical studies are achieved with metal plate 

and without metal plate situations as shown in Figure 4-5 in order to see the effects of 

metal plate existence. In Figure 4-5, total lumped elements` powers` values are 0.494 

W at 4.800 GHz at 500 ohm when there is copper metal plate at the bottom of the 

structure. However, total lumped elements` powers` value is decreased when the metal 

plate is removed from the structure. The harvested power is directly affected by metal 

plate due to the effects of the metal plate on total capacitance value. 

 

 

Figure 4-5. Simulated lumped element power magnitude for both cases with and without metal plate for 

500 ohm resistor for (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) 

structure (This structure can be seen in either Figure 4-1 or Figure 4-4j1 because the same structure is 

shown in both Figures.). 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

4-6 at the resonance frequency in order to understand better the physical mechanism 

of (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure 

(This structure can be seen in either Figure 4-1 or Figure 4-4j1 because the same 
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structure is shown in both Figures) in power harvesting applications. The 

concentrations of these distributions are on gaps and some parts of resonators of the 

designed structure where there are resistors because electric field directions are chosen 

to be parallel to y-axis as it is mentioned before. The basis of this is the design can be 

used as a voltage source due to the confinement of the EM waves at the resonance 

frequency. 

 

Figure 4-6. For (Copper (metal plate), Rogers RT 5880 (substrate) and Copper (resonator)) structure 

(This structure can be seen in either Figure 4-1 or Figure 4-4j1 because the same structure is shown in 

both Figures.) (a) Electric field distribution (b) Magnetic field distribution (c) Surface current 

distribution at the resonance frequency of 4.800 GHz at 500 ohm. 

4.3. Single band metamaterial absorber based energy harvester topology in sub-

THz regime for energy harvesting 

4.3.1. Design and Simulation 

In Figure 4-7b1 and Figure 4-7b2, the parametric dimensions of the sub-THz 

metamaterial absorber based energy harvester structure can be seen. Fifteen resonators 

and fourteen resistors (1st – 14th) are exist. Resistors are located as lumped network 
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elements across the gaps between middle rectangle shape resonator and other square 

shape resonators. Before selected numerical values of these resistors are specifically 

chosen, many parametric studies have been done with finite integration technique 

(FIT)-based numerical simulator. Silver metal element is used at the bottom layer (as 

a metal plate) and top (as resonators) of this structure as metallic layers as shown in 

Figure 4-7a. Aim of the metal plate (as shown Figure 4-7a) on back side of the structure 

is the realization of approximately zero transmission (T(ω)) as it is mentioned before. 

Aim of the resonator (as shown Figure 4-7a) on front side of the structure is the 

minimization of the reflection as it is mentioned before. Electrical conductivity of the 

silver is 6.3012× 107 S/m. Quartz is used as a substrate with silver metal for 

metamaterial absorber based energy harvester as shown in Figure 4-7. The loss 

tangent, relative permittivity and relative permeability of the Quartz substrate material 

are 0.0004, 3.75 and 1, respectively. Dimension values of the (Silver, Quartz and 

Silver) structure a, b, c, d, e, f, g, m, n and p are given as 120, 50, 114, 12, 5, 6, 10, 30, 

35 and 22 µm, correspondingly [Figure 4-7b1 and Figure 4-7b2]. Along the x- and y- 

directions, the magnetic and electric field components of the incident plane wave are 

polarized, respectively [60 – 62]. 

 

Figure 4-7. (a) Substrate, metal plate, resonators and resistors, (b1 and b2) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in sub-THz range. 
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4.3.2. Result and Discussion 

Numerical reflectance and absorption result can be seen in Figure 4-8 (for (Silver 

(metal plate), Quartz (substrate) and Silver (resonator)) structure). In Figure 4-8, 

maximum absorption is obtained around 99.79% at 0.5595 THz. This value is obtained 

when fourteen 300 ohm resistors are placed across the gaps between middle rectangle 

shape resonator and other resonators as fourteen lumped network elements. 

 

 

Figure 4-8. Reflectance and absorption result for (Silver (metal plate), Quartz (substrate) and Silver 

(resonator)) structure (The resonance frequency at 0.5595 THz). 

 

Results in Figure 4-9 show that the energies are affected by the resistances. The 

maximum efficiency is obtained at 300 ohm as seen from Figure 4-9. For all power 

harvesting simulations, input powers were chosen 0.500 W. Fourteen lumped network 

elements (resistors) are located parallel to y-axis (electric field direction) is shown in 

Figure 4-7. In Figure 4-9, maximum efficiency is obtained around 96.60% (output 

power is 0.483 W) at 0.5580 THz at 300 ohm.  
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Figure 4-9. Gathered power frequency diagram for selected different resistors between 300-2800 ohm 

for (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure. 

In Figure 4-10, views from the top, reflectance, absorption, and Lumped element 

power values are shown for ten different geometric designs at 300 ohm when (n) 

resonators and (n-1) resistors are exist. “n” means any exact number, which is shown 

quantities of resonators. Quantities of resistors (n-1) are less one than quantities of 

resonators. Also, changed geometric parameters are separately given left side of each 

design in Figure 4-10. Structures are designed and analysed with increasing quantities 

of resonators and resistors, so dimensions are changed according to these quantities. 

Effects of increasing quantities of resonators and resistors with different “a” and “c” 

dimension values of designs can be seen in Figure 4-10. Although resonance frequency 

(0.5595 THz for absorption and 0.5580 THz for lumped element power value) is 

shifting lower (left side) or higher (right side) value between 0.1 and 1.3 THz 

frequency range, both the highest absorption (the lowest reflectance) and the highest 

lumped element power value are obtained in Figure 4-10j2 and Figure 4-10j3 as 

percentages for the structure in Figure 4-10j1. The reasons of these good results are 

the impedance of free – space matches with the frequency dependent effective 

impedance of the metamaterial absorber [44, 83] and effectiveness between resonators. 

Absorption and resonance frequency values, which are received from the results in 

Figure 4-10, are given in Table 4-3. Output power, power efficiency and resonance 

frequency values, which are received from the results in Figure 4-10, are given in Table 

4-4.  
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Figure 4-10. When (n) resonators and (n-1) resistors are exist, (a1 - j1) views from the top, (a2 – j2) 

reflectance and absorption results, and (a3 – j3) Lumped element power values for different geometric 

designs at 300 ohm (Changed geometric parameters are separately given left side of each design). 
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Table 4-3. Absorption and resonance frequency values (which are received from the results in Figure 

4-10). 

a 

(µm) 

c 

(µm) 

Quantities  

of  

resonators  

(n) 

Quantities  

of  

resistors  

(n-1) 

Structure 

From 

 Figure 

Results  

from  

Figure 

  

18 12 3 2 4-10a1 4-10a2 Absorption (%) 99.75 

Resonance frequency (THz) 0.5655 

120 12 3 2 4-10b1 4-10b2 Absorption (%) 53.58 

Resonance frequency (THz) 0.7875 

120 114 3 2 4-10c1 4-10c2 Absorption (%) 53.51 

Resonance frequency (THz) 0.7440 

52 46 7 6 4-10d1 4-10d2 Absorption (%) 99.78 

Resonance frequency (THz) 0.5670 

120 46 7 6 4-10e1 4-10e2 Absorption (%) 90.09 

Resonance frequency (THz) 0.6660 

120 114 7 6 4-10f1 4-10f2 Absorption (%) 89.45 

Resonance frequency (THz) 0.6540 

86 80 11 10 4-10g1 4-10g2 Absorption (%) 99.73 

Resonance frequency (THz) 0.5625 

120 80 11 10 4-10h1 4-10h2 Absorption (%) 98.75 

Resonance frequency (THz) 0.5910 

120 114 11 10 4-10i1 4-10i2 Absorption (%) 98.70 

Resonance frequency (THz) 0.5895 

120 114 15 14 4-10j1 4-10j2 Absorption (%) 99.79 

Resonance frequency (THz) 0.5595 

Table 4-4. Output power, power efficiency and resonance frequency values (which are received from 

the results in Figure 4-10).  

a  

(µm) 

c  

(µm) 

Quantities  

of  

resonators 

 (n) 

Quantities  

of  

resistors  

(n-1) 

Structure 

from  

Figure 

Results  

from  

Figure 

  

18 12 3 2 4-10a1 4-10a3 Output power (Watt) 0.481 

Power efficiency (%) 96.20 

Resonance frequency (THz) 0.5655 

120 12 3 2 4-10b1 4-10b3 Output power (Watt) 0.252 

Power efficiency (%) 50.40 

Resonance frequency (THz) 0.7890 

120 114 3 2 4-10c1 4-10c3 Output power (Watt) 0.238 

Power efficiency (%) 47.60 

Resonance frequency (THz) 0.7575 

52 46 7 6 4-10d1 4-10d3 Output power (Watt) 0.483 

Power efficiency (%) 96.60 

Resonance frequency (THz) 0.5670 

120 46 7 6 4-10e1 4-10e3 Output power (Watt) 0.438 

Power efficiency (%) 87.60 

Resonance frequency (THz) 0.6705 

120 114 7 6 4-10f1 4-10f3 Output power (Watt) 0.433 

Power efficiency (%) 86.60 

Resonance frequency (THz) 0.6615 

86 80 11 10 4-10g1 4-10g3 Output power (Watt) 0.483 

Power efficiency (%) 96.60 

Resonance frequency (THz) 0.5610 

120 80 11 10 4-10h1 4-10h3 Output power (Watt) 0.479 

Power efficiency (%) 95.80 

Resonance frequency (THz) 0.5985 

120 114 11 10 4-10i1 4-10i3 Output power (Watt) 0.483 

Power efficiency (%) 96.60 

Resonance frequency (THz) 0.5970 

120 114 15 14 4-10j1 4-10j3 Output power (Watt) 0.483 

Power efficiency (%) 96.60 

Resonance frequency (THz) 0.5580 
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For (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure, which 

can be seen in either Figure 4-7 or Figure 4-10j1 because the same structure is shown 

in both Figures, two numerical studies are achieved with metal plate and without metal 

plate situations as shown in Figure 4-11 in order to see the effects of metal plate 

existence. In Figure 4-11, total lumped elements` powers` values are 0.483 W at 

0.5580 THz at 300 ohm when there is silver metal plate at the bottom of the structure. 

However, total lumped elements` powers` value is decreased when the metal plate is 

removed from the structure. The harvested power is directly affected by metal plate 

due to the effects of the metal plate on total capacitance value. 

 

 

Figure 4-11. Simulated lumped element power magnitude for both cases with and without metal plate 

for 300 ohm resistor for (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure (This 

structure can be seen in either Figure 4-7 or Figure 4-10j1 because the same structure is shown in both 

Figures.). 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

4-12 at the resonance frequency in order to understand better the physical mechanism 

of (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure (This 

structure can be seen in either Figure 4-7 or Figure 4-10j1 because the same structure 

is shown in both Figures) in power harvesting applications. The concentrations of these 
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distributions are on gaps and some parts of resonators of the designed structure where 

there are resistors because electric field directions are chosen to be parallel to y-axis 

as it is mentioned before. The basis of this is the design can be used as a voltage source 

due to the confinement of the EM waves at the resonance frequency. 

 

 

Figure 4-12. For (Silver (metal plate), Quartz (substrate) and Silver (resonator)) structure (This structure 

can be seen in either Figure 4-7 or Figure 4-10j1 because the same structure is shown in both Figures.) 

(a) Electric field distribution (b) Magnetic field distribution (c) Surface current distribution at the 

resonance frequency of 0.5595 THz at 300 ohm. 
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4.4. Single band metamaterial absorber based energy harvester topology in 

infrared regime for energy harvesting 

4.4.1. Design and Simulation 

In Figure 4-13b1 and Figure 4-13b2, the parametric dimensions of the infrared 

metamaterial absorber based energy harvester structure can be seen. Fifteen resonators 

and fourteen resistors (1st – 14th) are exist. Resistors are located as lumped network 

elements across the gaps between middle rectangle shape resonator and other square 

shape resonators. Before selected numerical values of these resistors are specifically 

chosen, many parametric studies have been done with finite integration technique 

(FIT)-based numerical simulator. Silver (Johnson) metal element is used at the bottom 

layer (as a metal plate) and top (as resonators) of this structure as metallic layers as 

shown in Figure 4-13a. Aim of the metal plate (as shown Figure 4-13a) on back side 

of the structure is the realization of approximately zero transmission (T(ω)) as it is 

mentioned before. Aim of the resonator (as shown Figure 4-13a) on front side of the 

structure is the minimization of the reflection as it is mentioned before. Silica (Silicon 

Dioxide) is used as a substrate with Silver (Johnson) metal for metamaterial absorber 

based energy harvester as shown in Figure 4-13. The optical properties of Silica 

substrate and Silver (Johnson) metal can be found in Ref. [84] and in Ref. [85], 

respectively. Dimension values of the (Silver (Johnson), Silica and Silver(Johnson)) 

structure a, b, c, d, e, f, g, m, n and p are given as 575, 250, 550, 70, 10, 35, 20, 80, 80 

and 20 nm, correspondingly [Figure 4-13b1 and Figure 4-13b2]. Along the x- and y- 

directions, the magnetic and electric field components of the incident plane wave are 

polarized, respectively [60 – 62]. 
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Figure 4-13. (a) Substrate, metal plate, resonators and resistors, (b1 and b2) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in infrared range. 

 

4.4.2. Result and Discussion 

Numerical reflectance and absorption result can be seen in Figure 4-14 (for (Silver 

(Johnson) (metal plate), Silica (substrate) and Silver (Johnson) (resonator)) structure). 

In Figure 4-14, maximum absorption is obtained around 99.99% at 252.8 THz. This 

value is obtained when fourteen 400 ohm resistors are placed across the gaps between 

middle rectangle shape resonator and other resonators as fourteen lumped network 

elements. 
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Figure 4-14. Reflectance and absorption result for (Silver (Johnson) (metal plate), Silica (substrate) and 

Silver (Johnson) (resonator)) structure (The resonance frequency at 252.8 THz). 

 

Results in Figure 4-15 show that the energies are affected by the resistances. The 

maximum efficiency is obtained at 400 ohm as seen from Figure 4-15. For all power 

harvesting simulations, input powers were chosen 0.500 W. Fourteen lumped network 

elements (resistors) are located parallel to y-axis (electric field direction) is shown in 

Figure 4-13. In Figure 4-15, maximum efficiency is obtained around 98.80% (output 

power is 0.494 W) at 248.0 THz at 400 ohm.  
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Figure 4-15. Gathered power frequency diagram for selected different resistors between 400-2900 ohm 

for (Silver (Johnson) (metal plate), Silica (substrate) and Silver (Johnson) (resonator)) structure. 

 

In Figure 4-16, views from the top, reflectance, absorption, and Lumped element 

power values are shown for ten different geometric designs at 400 ohm when (n) 

resonators and (n-1) resistors are exist. “n” means any exact number, which is shown 

quantities of resonators. Quantities of resistors (n-1) are less one than quantities of 

resonators. Also, changed geometric parameters are separately given left side of each 

design in Figure 4-16. Structures are designed and analysed with increasing quantities 

of resonators and resistors, so dimensions are changed according to these quantities. 

Effects of increasing quantities of resonators and resistors with different “a” and “c” 

dimension values of designs can be seen in Figure 4-16. Although resonance frequency 

(252.8 THz for absorption and 248.0 THz for lumped element power value) is shifting 

lower (left side) or higher (right side) value between 75 and 425 THz frequency range, 

both the highest absorption (the lowest reflectance) and the highest lumped element 

power value are obtained in Figure 4-16j2 and Figure 4-16j3 as percentages for the 

structure in Figure 4-16j1. The reasons of these good results are the impedance of free 

– space matches with the frequency dependent effective impedance of the 

metamaterial absorber [44, 83] and effectiveness between resonators. Absorption and 

resonance frequency values, which are received from the results in Figure 4-16, are 

given in Table 4-5. Output power, power efficiency and resonance frequency values, 

which are received from the results in Figure 4-16, are given in Table 4-6.  
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Figure 4-16. When (n) resonators and (n-1) resistors are exist, (a1 - j1) views from the top, (a2 – j2) 

reflectance and absorption results, and (a3 – j3) Lumped element power values for different geometric 

designs at 400 ohm (Changed geometric parameters are separately given left side of each design). 
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Table 4-5. Absorption and resonance frequency values (which are received from the results in Figure 

4-16). 

a  

(nm) 

c 

(nm) 

Quantities  

of 

 resonators 

 (n) 

Quantities  

of  

resistors  

(n-1) 

Structure 

from  

Figure 

Results  

from  

Figure 

  

95 70 3 2 4-16a1 4-16a2 Absorption (%) 99.71 

Resonance frequency (THz) 252.8 

575 70 3 2 4-16b1 4-16b2 Absorption (%) 99.97 

Resonance frequency (THz) 299.2 

575 550 3 2 4-16c1 4-16c2 Absorption (%) 99.92 

Resonance frequency (THz) 302.4 

255 230 7 6 4-16d1 4-16d2 Absorption (%) 99.98 

Resonance frequency (THz) 252.8 

575 230 7 6 4-16e1 4-16e2 Absorption (%) 99.55 

Resonance frequency (THz) 289.6 

575 550 7 6 4-16f1 4-16f2 Absorption (%) 99.31 

Resonance frequency (THz) 291.2 

415 390 11 10 4-16g1 4-16g2 Absorption (%) 99.98 

Resonance frequency (THz) 252.8 

575 390 11 10 4-16h1 4-16h2 Absorption (%) 99.60 

Resonance frequency (THz) 265.6 

575 550 11 10 4-16i1 4-16i2 Absorption (%) 99.58 

Resonance frequency (THz) 267.2 

575 550 15 14 4-16j1 4-16j2 Absorption (%) 99.99 

Resonance frequency (THz) 252.8 

Table 4-6. Output power, power efficiency and resonance frequency values (which are received from 

the results in Figure 4-16).  

a  

(nm) 

c 

(nm) 

Quantities  

of  

resonators  

(n) 

Quantities  

of 

 resistors 

 (n-1) 

Structure 

from  

Figure 

Results  

from  

Figure 

  

95 70 3 2 4-16a1 4-16a3 Output power (Watt) 0.493 

Power efficiency (%) 98.60 

Resonance frequency (THz) 254.4 

575 70 3 2 4-16b1 4-16b3 Output power (Watt) 0.443 

Power efficiency (%) 88.60 

Resonance frequency (THz) 297.6 

575 550 3 2 4-16c1 4-16c3 Output power (Watt) 0.439 

Power efficiency (%) 87.80 

Resonance frequency (THz) 302.4 

255 230 7 6 4-16d1 4-16d3 Output power (Watt) 0.490 

Power efficiency (%) 98.00 

Resonance frequency (THz) 252.8 

575 230 7 6 4-16e1 4-16e3 Output power (Watt) 0.469 

Power efficiency (%) 93.80 

Resonance frequency (THz) 286.4 

575 550 7 6 4-16f1 4-16f3 Output power (Watt) 0.473 

Power efficiency (%) 94.60 

Resonance frequency (THz) 292.8 

415 390 11 10 4-16g1 4-16g3 Output power (Watt) 0.491 

Power efficiency (%) 98.20 

Resonance frequency (THz) 260.8 

575 390 11 10 4-16h1 4-16h3 Output power (Watt) 0.482 

Power efficiency (%) 96.40 

Resonance frequency (THz) 262.4 

575 550 11 10 4-16i1 4-16i3 Output power (Watt) 0.487 

Power efficiency (%) 97.40 

Resonance frequency (THz) 267.2 

575 550 15 14 4-16j1 4-16j3 Output power (Watt) 0.494 

Power efficiency (%) 98.80 

Resonance frequency (THz) 248.0 
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For (Silver (Johnson) (metal plate), Silica (substrate) and Silver (Johnson) (resonator)) 

structure, which can be seen in either Figure 4-13 or Figure 4-16j1 because the same 

structure is shown in both Figures, two numerical studies are achieved with metal plate 

and without metal plate situations as shown in Figure 4-17 in order to see the effects 

of metal plate existence. In Figure 4-17, total lumped elements` powers` values are 

0.494 W at 248.0 THz at 400 ohm when there is Silver (Johnson) metal plate at the 

bottom of the structure. However, total lumped elements` powers` value is decreased 

when the metal plate is removed from the structure. The harvested power is directly 

affected by metal plate due to the effects of the metal plate on total capacitance value. 

 

Figure 4-17. Simulated lumped element power magnitude for both cases with and without metal plate 

for 400 ohm resistor for (Silver (Johnson) (metal plate), Silica (substrate) and Silver (Johnson) 

(resonator)) structure (This structure can be seen in either Figure 4-13 or Figure 4-16j1 because the 

same structure is shown in both Figures.). 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

4-18 at the resonance frequency in order to understand better the physical mechanism 

of (Silver (Johnson) (metal plate), Silica (substrate) and Silver (Johnson) (resonator)) 

structure (This structure can be seen in either Figure 4-13 or Figure 4-16j1 because the 

same structure is shown in both Figures) in power harvesting applications. The 

concentrations of these distributions are on gaps and some parts of resonators of the 

designed structure where there are resistors because electric field directions are chosen 

to be parallel to y-axis as it is mentioned before. The basis of this is the design can be 

used as a voltage source due to the confinement of the EM waves at the resonance 

frequency. 
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Figure 4-18. For (Silver (Johnson) (metal plate), Silica (substrate) and Silver (Johnson) (resonator)) 

structure (This structure can be seen in either Figure 4-13 or Figure 4-16j1 because the same structure 

is shown in both Figures.) (a) Electric field distribution (b) Magnetic field distribution (c) Surface 

current distribution at the resonance frequency of 252.8 THz at 400 ohm. 

 

4.5. Conclusion 

In this chapter, single band metamaterial absorber based energy harvester designs are 

analysed in microwave (GHz), sub-THz and infrared frequency regimes for single 

band topology by changing two geometric parameters and increasing quantities of 

resonators and resistors. Therefore, effects of quantities of resonators and resistors 

with different sizes of two parameters is understood. When adding all resonators and 
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resistors, high absorptions and lumped network element power values are obtained in 

microwave (GHz), sub-THz and infrared frequency regimes for metamaterial absorber 

based energy harvesters. Also, reflectance, effect of metal plate and field distributions 

can be seen above. Numerical results show that the usage of near perfect metamaterial 

absorbers can be efficient and easy for electromagnetic energy harvesters. Proposed 

structures can be used for many application such as antennas, EM filters, sensors, THz 

imaging systems, infrared spectroscopy, infrared cameras, solar cells.    
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CHAPTER 5 

PARAMETRIC STUDY FOR ENERGY HARVESTING OF 

METAMATERIAL ABSORBER FOR HIGH FREQUENCY REGION AND 

ENHANCEMENT TECHNIQUES  

5.1. Introduction 

In this chapter, a triple band metamaterial absorber based energy harvester structure is 

designed. Information about the structure is given in Section 5.2. In Section 5.3, the 

design is analyzed. Results, which are obtained in Section 5.3, are enhanced in Section 

5.4 by applying some techniques. Creation of a hole in the middle of metal plate, 

integration materials like Graphene [70, 76 – 78] or Indium Tin Oxide (ITO) [83 – 90] 

are called as enhancement methods. Parametric studies are carried in most of the 

results below. In addition, all simulation results are realized in both infrared and visible 

frequency regime at the same time. 

5.2. Design and Simulation 

In Figure 5-1b and Figure 5-1c, the parametric dimensions of the infrared and visible 

metamaterial absorber based energy harvester structure can be seen. Four resistors are 

used. Resistors are located as lumped network elements across the gaps on the 

resonator. Before selected numerical values of these resistors are specifically chosen, 

many parametric studies have been done with finite integration technique (FIT)-based 

numerical simulator. Silver (Johnson) metal element is used at the bottom layer (as a 

metal plate) and top (as a resonator) of this structure as metallic layers as shown in 

Figure 5-1a. The optical properties Silver (Johnson) metal can be found in Ref. [85]. 

Aim of the metal plate (as shown Figure 5-1a) on back side of the structure is the 

realization of approximately zero transmission (T(ω)) as it is mentioned before in 

previous chapters. Aim of the resonator (as shown Figure 5-1a) on front side of the 

structure is the minimization of the reflection as it is mentioned before in previous 

chapters. Amorphous Silicon (a-Si) is used as a substrate with Silver (Johnson) metal 

for metamaterial absorber based energy harvester as shown in Figure 5-1. Dimension 

values of the structure a, b, c, d, e, m, n and p are given as 600, 440, 40, 90, 180, 100, 

10 and 100 nm, correspondingly [Figure 5-1b and Figure 5-1c]. Along the x- and y- 
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directions, the magnetic and electric field components of the incident plane wave are 

polarized, respectively [60 – 62]. 

 

Figure 5-1. (a) Substrate, metal plate, resonator and resistors, (b and c) dimensions of near perfect 

metamaterial absorber based energy harvester unit cell structure in infrared and visible range. 

5.3. Result and Discussion 

Numerical reflectance and absorption result can be seen in Figure 5-2. In Figure 5-2, 

maximum absorptions are obtained around 99.98%, 83.72% and 92.77% at 363 THz, 

468.7 THz and 529.6 THz, respectively. This values are obtained when four 900 ohm 

resistors are placed across the gaps. 

 

Figure 5-2. Reflectance and absorption result for the structure in Figure 5-1 (The resonance frequencies 

at 363 THz, 468.7 THz and 529.6 THz). 

Four lumped network elements (resistors) are located parallel to y-axis (electric field 

direction) is shown in Figure 5-1. When input powers were chosen 0.500 W, maximum 
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efficiencies are obtained around 93.6% (output power is 0.468 W), 61.4% (output 

power is 0.307 W) and 14% (output power is 0.070 W) at 361.6 THz, 472.9 THz and 

552 THz at 900 ohm in Figure 5-3.  

 

Figure 5-3. Gathered power frequency diagram for four 900 ohm resistors for the structure in Figure 5-

1. 

For the structure in Figure 5-1, two numerical studies are achieved with metal plate 

and without metal plate situations as shown in Figure 5-4 in order to see the effect of 

metal plate existence. In Figure 5-4, total lumped elements` powers` values are 0.468 

W at 361.6 THz, 0.307 W at 472.9 THz and 0.070 W at 552 THz at 900 ohm when 

there is Silver (Johnson) metal plate at the bottom of the structure. However, total 

lumped elements` powers` value is decreased when the metal plate is removed from 

the structure. The harvested power is directly affected by metal plate due to the effects 

of the metal plate on total capacitance value. 

 

Figure 5-4. Simulated lumped element power magnitude for both cases with and without metal plate for 

900 ohm resistor for the structure in Figure 5-1. 
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The electric fields, magnetic fields, and surface current distributions are given in 

Figure 5-5 at three resonance frequencies in order to understand better the physical 

mechanism of the structure in Figure 5-1 in power harvesting applications. When 

resonance frequency is 363 THz, electric field, magnetic field and surface current 

distribution are shown in Figure 5-5a1, in Figure 5-5a2 and Figure 5-5a3, respectively. 

When resonance frequency is 468.7 THz, electric field, magnetic field and surface 

current distribution are shown in Figure 5-5b1, in Figure 5-5b2 and Figure 5-5b3, 

respectively. When resonance frequency is 529.6 THz, electric field, magnetic field 

and surface current distribution are shown in Figure 5-5c1, in Figure 5-5c2 and Figure 

5-5c3, respectively. The concentrations of these distributions are on gaps across the 

resonator of the designed structure where there are resistors because electric field 

directions are chosen to be parallel to y-axis as it is mentioned before. The basis of this 

is the design can be used as a voltage source due to the confinement of the EM waves 

at the resonance frequency. 

 

Figure 5-5. For the structure in Figure 5-1 (a1) Electric field distribution (a2) Magnetic field distribution 

(a3) Surface current distribution at the resonance frequency of 363 THz at 900 ohm, (b1) Electric field 

distribution (b2) Magnetic field distribution (b3) Surface current distribution at the resonance frequency 

of 468.7 THz at 900 ohm, (c1) Electric field distribution (c2) Magnetic field distribution (c3) Surface 

current distribution at the resonance frequency of 529.6 THz at 900 ohm. 
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As parametric studies, results in Figure 5-6 and in Figure 5-7 show that the energies 

are affected by the resistances. As percentages, maximum efficiencies are obtained at 

900 ohm as seen from Figure 5-6 and Figure 5-7 for both absorption and total output 

power value of four lumped elements. Input powers were chosen 0.500 W. In previous, 

maximum efficiencies are given for both absorption and total output power value of 

four lumped elements at 900 ohm above when explanations have done for Figure 5-2 

and Figure 5-3 about the structure in Figure 5-1.  

 

Figure 5-6. Gathered absorption frequency diagram for selected different resistors between 900-3000 

ohm for the structure in Figure 5-1. 

 

 

Figure 5-7. Gathered power frequency diagram for selected different resistors between 900-3000 ohm 

for the structure in Figure 5-1. 
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5.4. Enhancement Methods of Results  

5.4.1. Hole at the metal plate 

By opening a square shape hole in the middle of the metal plate, view of the back side 

of the metamaterial absorber based energy harvester structure in Figure 5-1 is 

reformed. Therefore, the modification in the structure can be seen in Figure 5-8 with 

dimension parameter “h”. A parametric study, which is shown in Figure 5-9, has 

realized for the “h” parameter. As percentages, maximum efficiencies are obtained 

around 94% (output power is 0.470 W), 62.6% (output power is 0.313 W) and 14.8% 

(output power is 0.074 W) at 365.1 THz, 474.3 THz and 553.4 THz at 900 ohm in 

Figure 5-9 when h=20 nm. These three percentage values (for when h=20 nm) are 

higher than other three percentage values (for when h=0 nm (without hole)) in Figure 

5-9. The differences are shown with arrows at the top of the Figure 5-9 in order to 

make a comparison between h=0 nm (which means without any holes in metal plate) 

and h=20 nm (which means with a square shape hole in metal plate). According to 

given three resonance frequencies in Figure 5-3, new three resonance frequencies are 

shifting higher (right side) values between 300 and 600 THz frequency range in Figure 

5-9. Total power values of maximum efficiencies are increased 0.4%, 1.2% and 0.8% 

as percentages for three resonances when value of the “h” parameter is increased from 

0 nm to 20 nm in Figure 5-9. Although small rising in total power value, an 

enhancement is realized for three resonances by the creation a square shape hole at the 

metal plate. In this way, the small but positive effect of hole has been seen and 

understood on this metamaterial absorber based energy harvester unit cell structure in 

infrared and visible range.    

 

Figure 5-8. View of created hole at the metal plate with dimensions for parametric study. 
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Figure 5-9. Gathered power frequency diagram for selected different “h” parameters for the structure 

when R=900 ohm in Figure 5-8. 

5.4.2. Adding different materials into the hole 

In Figure 5-10, adding a substrate material is shown in the created square shape hole 

at the metal plate. Simulations results are obtained in Figure 5-11 when h=20 nm and 

R=900 ohm because enhancement is realized with these two parameters above. Silicon 

Amorphous (a-Si), Indium Tin Oxide (ITO), Silicon Dioxide (SiO2) and Zinc Oxide 

(ZnO) (Postava) are four different substrate materials. They are separately adding and 

used in hole for the same structure, which means there is a structure with a hole and 

this structure is separately analysed four times four different substrate materials, so 

behaviour and effect onto results of each material can be seen in Figure 5-11. For 

comparison of obtained previous enhanced result in Figure 5-9 with four different 

substrate materials, output power, power efficiency and resonance frequency values 

are given in Table 5-1 for three resonances. In this way, new small enhancements are 

realized in some power efficiencies at some resonance(s) as percentage(s) according 

to Table 5-1. Power efficiencies are same for the structure designed with Silicon 

Dioxide substrate material in hole, with Zinc Oxide substrate material in hole and 

without any substrate materials in hole at three resonances. Power efficiency is 

increasing at the first resonance for the structure designed with Amorphous Silicon 

substrate material in hole, but other two power efficiencies are decreasing at the second 
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and third resonances as percentages with shifting three resonance frequencies to lower 

(left side) values according to the results of the structure designed without any 

substrate materials in hole. Power efficiency is decreasing at the first resonance for the 

structure designed with Indium Tin Oxide substrate material in hole, but other two 

power efficiencies are increasing at the second and third resonances as percentages 

without any shifting at values of three resonance frequencies according to the results 

of the structure designed without any substrate materials in hole.   

 

Figure 5-10. View of adding material in created hole at the metal plate for the structure in Figure 5-8 

when h=20 nm and R=900 ohm. 

 

Figure 5-11. Gathered power frequency diagram for four different materials which are separately adding 

in created hole at the metal plate and analysed when h=20 nm and R=900 ohm for the structure in Figure 

5-8. 
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Table 5-1. Output power, power efficiency and resonance frequency values according to four different 

substrate materials in hole and without any substrate materials in hole for at first, second and third 

resonances due to comparison. 

  First 

resonance 

Second 

resonance 

Third 

resonance 

Without any substrate 

materials in hole 

Output Power (Watt) 0.470 0.313 0.074 

Power efficiency (%) 94.0 62.6 14.8 

Resonance frequency (THz) 365.1 474.3 553.4 

Amorphous Silicon (a-Si) Output Power (Watt) 0.471 0.270 0.073 

Power efficiency (%) 94.2 54.0 14.6 

Resonance frequency (THz) 356.0 466.6 533.8 

Indium Tin Oxide (ITO) Output Power (Watt) 0.470 0.314 0.075 

Power efficiency (%) 94.0 62.8 15.0 

Resonance frequency (THz) 365.1 474.3 553.4 

Silicon Dioxide (SiO2) Output Power (Watt) 0.470 0.313 0.074 

Power efficiency (%) 94.0 62.6 14.8 

Resonance frequency (THz) 365.1 474.3 553.4 

Zinc Oxide (ZnO) 

(Postava) 

Output Power (Watt) 0.470 0.313 0.074 

Power efficiency (%) 94.0 62.6 14.8 

Resonance frequency (THz) 365.1 474.3 553.4 

 

5.4.3. Graphene 

The positive effect of using Graphene layer(s) has been seen on a metamaterial 

absorber structure in the Section 2.3 in the Chapter 2 of this thesis. The properties of 

Graphene and theory are briefly mentioned there. Instead of using Graphene layer(s) 

at top of the resonator or at the bottom of the resonator or at the both top and bottom 

of the resonator at the structure, Graphene is only used at the bottom of the metal plate 

and a-Si substrate material in created hole in the middle of metal plate here at the same 

time. In Figure 5-12, adding Graphene is shown.  

 

 

Figure 5-12. View of adding Graphene layer(s) at the bottom of the metal plate and a-Si substrate 

material in created hole in the middle of metal plate for the structure in Figure 5-10 when h=20 nm and 

R=900 ohm. 
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Two parametric studies are realized by changing Graphene thicknesses for the 

structure in Figure 5-12. Absorption and total power values of lumped element results 

can be seen in Figure 5-13 and Figure 5-14, respectively. About these results, which 

are shown in Figure 5-13 and Figure 5-14, details are given in Table 5-2 and Table 5-

3 for comparison. 

 

Figure 5-13. Gathered absorption frequency diagram for the parametric study with three graphene 

thicknesses for the structure in Figure 5-12. 

 

 

Figure 5-14. Gathered power frequency diagram for the parametric study with three graphene 

thicknesses for the structure in Figure 5-12. 
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Table 5-2. Absorption and resonance frequency values (which are received from the results in Figure 

5-13) according to adding three different Graphene thicknesses for the structure in Figure 5-12 for at 

first, second and third resonances due to comparison. 

Graphene 

thickness 

(nm) 

 First 

resonance 

Second 

resonance 

Third 

resonance 

0.335 
(1-layer) 

Absorption (%) 99.97 79.41 79.73 

Resonance frequency (THz) 355.3 462.4 512.8 

0.670 

(2-layers) 

Absorption (%) 99.96 79.64 79.84 

Resonance frequency (THz) 355.3 461.7 511.4 

1.005 

(3-layers) 

Absorption (%) 99.99 79.42 79.65 

Resonance frequency (THz) 355.3 462.4 514.9 
 

 

Table 5-3. Output power, power efficiency and resonance frequency values (which are received from 

the results in Figure 5-14) according to adding three different Graphene thicknesses for the structure in 

Figure 5-12 for at first, second and third resonances due to comparison. 

Graphene 

thickness 

(nm) 

 First 

resonance 

Second 

resonance 

Third 

resonance 

0.335 

(1-layer) 

Output Power (Watt) 0.471 0.270 0.073 

Power efficiency (%) 94.2 54.0 14.6 

Resonance frequency (THz) 356.0 466.6 534.5 

0.670 

(2-layers) 

Output Power (Watt) 0.471 0.271 0.073 

Power efficiency (%) 94.2 54.2 14.6 

Resonance frequency (THz) 353.2 471.5 533.1 

1.005 

(3-layers) 

Output Power (Watt) 0.477 0.273 0.073 

Power efficiency (%) 95.4 54.6 14.6 

Resonance frequency (THz) 352.5 466.6 537.3 

 

Figure 5-15 and Figure 5-16 are become by receiving and using some obtained results, 

which are separately given in Figure 5-2, Figure 5-3, Figure 5-13 and Figure 5-14 

above in this chapter, for comparison. For both cases with and without hole & hole 

substrate & Graphene for the structures in Figure 5-1 and Figure 5-12, two absorption 

and two total power values of lumped element results can be seen in Figure 5-15 and 

Figure 5-16, respectively. About these results, which are shown in Figure 5-15 and 

Figure 5-16, details are given in Table 5-4 and Table 5-5 for comparison. When 

passing from the without hole & hole substrate & Graphene situation to the with hole 

& hole substrate (a-Si) & Graphene (Graphene thickness = 1.005 nm (3-layers)) 
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situation according to results in Table 5-4, as percentages absorption value of the first 

resonance is increasing 0.01%, but absorption values of the second and third 

resonances are decreasing 4.3% and 13.12%, respectively. When passing from the 

without hole & hole substrate & Graphene situation to the with hole & hole substrate 

(a-Si) & Graphene (Graphene thickness = 1.005 nm (3-layers)) situation according to 

results in Table 5-5, as percentages total power value of the second resonance is 

decreasing 6.8%, but total power value of the first and third resonances are increasing 

1.8% and 0.6%, respectively. Moreover, three resonance frequencies are shifting lower 

(left side) values between 300 and 600 THz frequency range in both Figure 5-15 and 

Figure 5-16 for not only absorptions but also total power values when passing from 

the without hole & hole substrate & Graphene situation to the with hole & hole 

substrate (a-Si) & Graphene (Graphene thickness = 1.005 nm (3-layers)) situation 

according to results in both Table 5-4 and Table 5-5. In this way, new small 

enhancements are realized in an absorption value and two power efficiencies at some 

resonance(s) as percentage(s).    

 

 

Figure 5-15. Simulated absorption magnitude for both cases with and without hole & hole substrate & 

Graphene for the structures in Figure 5-1 and Figure 5-12. 
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Figure 5-16. Simulated total power values of lumped elements magnitude for both cases with and 

without hole & hole substrate & Graphene for the structures in Figure 5-1 and Figure 5-12. 

 

 

Table 5-4. Absorption and resonance frequency values (which are received from the results in Figure 

5-15) according to both cases with and without hole & hole substrate & Graphene for the structures in 

Figure 5-1 and Figure 5-12 at first, second and third resonances due to comparison. 

  First 

resonance 

Second 

resonance 

Third 

resonance 

Without hole & hole substrate 

& Graphene 

Absorption 

(%) 

99.98 83.72 92.77 

Resonance 

frequency 

(THz) 

363.0 468.7 529.6 

With hole & hole substrate (a-

Si) & Graphene (Graphene 

thickness = 1.005 nm (3-

layers)) 

Absorption 

(%) 

99.99 79.42 79.65 

Resonance 

frequency 

(THz) 

355.3 462.4 514.9 
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Table 5-5. Output power, power efficiency and resonance frequency values (which are received from 

the results in Figure 5-16) according to both cases with and without hole & hole substrate & Graphene 

for the structures in Figure 5-1 and Figure 5-12 at first, second and third resonances due to comparison. 

  First 

resonance 

Second 

resonance 

Third 

resonance 

Without hole & hole substrate 

& Graphene 

Output Power 

(Watt) 

0.468 0.307 0.070 

Power efficiency 

(%) 

93.6 61.4 14.0 

Resonance 

frequency (THz) 

361.6 472.9 552.0 

With hole & hole substrate (a-

Si) & Graphene (Graphene 

thickness = 1.005 nm (3-

layers)) 

Output Power 

(Watt) 

0.477 0.273 0.073 

Power efficiency 

(%) 

95.4 54.6 14.6 

Resonance 

frequency (THz) 

352.5 466.6 537.3 

 

The electric fields, magnetic fields, and surface current distributions are given in 

Figure 5-17 at three resonance frequencies in order to understand better the physical 

mechanism of the structure in Figure 5-12 in power harvesting applications. When 

resonance frequency is 355.3 THz, electric field, magnetic field and surface current 

distribution are shown in Figure 5-17a1, in Figure 5-17a2 and Figure 5-17a3, 

respectively. When resonance frequency is 462.4 THz, electric field, magnetic field 

and surface current distribution are shown in Figure 5-17b1, in Figure 5-17b2 and 

Figure 5-17b3, respectively. When resonance frequency is 514.9 THz, electric field, 

magnetic field and surface current distribution are shown in Figure 5-17c1, in Figure 

5-17c2 and Figure 5-17c3, respectively. The concentrations of these distributions are 

on gaps across the resonator of the designed structure where there are resistors because 

electric field directions are chosen to be parallel to y-axis as it is mentioned before. 

The basis of this is the design can be used as a voltage source due to the confinement 

of the EM waves at the resonance frequency. Some differences, which are as either 

views or densities, are become when passing from the without hole & hole substrate 

& Graphene situation in Figure 5-5 to the with hole & hole substrate (a-Si) & Graphene 

(Graphene thickness = 1.005 nm (3-layers)) in Figure 5-17. These differences are 
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reasons of changes in both percentages of absorption and total power values and 

resonance frequencies.   

 

Figure 5-17. For the structure in Figure 5-12 (a1) Electric field distribution (a2) Magnetic field 

distribution (a3) Surface current distribution at the resonance frequency of 355.3 THz at 900 ohm, (b1) 

Electric field distribution (b2) Magnetic field distribution (b3) Surface current distribution at the 

resonance frequency of 462.4 THz at 900 ohm, (c1) Electric field distribution (c2) Magnetic field 

distribution (c3) Surface current distribution at the resonance frequency of 514.9 THz at 900 ohm (for 

the with hole & hole substrate (a-Si) & Graphene (Graphene thickness = 1.005 nm (3-layers)) situation). 

5.5. Conclusion 

Although all bands are not near perfect, triple band is obtained in infrared and visible 

frequency regime in this chapter. The aim of this chapter is realization of many 

different parametric studies with applying enhancement techniques in addition to 

reflectance, absorption, power efficiency, effect of metal plate, fields and surface 

current distribution results. As a result of this idea, behaviours and effects are seen on 

results for the structure when utilizing different materials and/or applying 

enhancement methods. Many comparison opportunities are also created between all 

results in this chapter above. Proposed structures can be used for many application 

such as infrared spectroscopy, infrared cameras, solar cells. 
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CHAPTER 6 

ENERGY HARVESTING APPLICATION OF METAMATERIAL 

ABSORBER INTEGRATED TO THE MICROSTRIP PATCH ANTENNA FOR 

WIRELESS COMMUNICATION 

6.1. Introduction 

Microstrip patch antenna, which is utilized in communication technology, is one type 

of antennas [91, 92]. Main concepts about antennas in literature can be found in [91 – 

97]. Here, two microstrip patch antennas are designed for 2.4 GHz operation. Each of 

them has a rectangular patch metal resonator. Some dimensions of them are different. 

Also, two different substrate materials are used in designs. According to width and 

length of each patch, two metamaterial absorber based energy harvesters are designed 

and horizontally and vertically adding at the top of patch. For each situation, quantities 

of adding metamaterials as layers are increased until obtain highest performance. 

Substrate legs between patch and metamaterial are only used during horizontal 

additions. A metal plate at the bottom of the first adding metamaterial is only used 

during vertical additions. Electromagnetic incident waves come from +x direction by 

a waveport (the direction of the propagation). Instead of placing waveport at +z 

direction (which is applying in previous chapters), waveport is located at +x direction 

(which is applying for this chapter). Usage of microstrip patch antenna designs in this 

chapter is the unique reason of this situation, so results can be negatively affected (near 

to 100% efficiencies can not be obtained because losses will become). Designs, 

simulations, results and discussions for FR4 substrate and Rogers RT5880 substrate 

are given in Section 6.2 and in Section 6.3, respectively. The Section 6.4 is the 

conclusion of this chapter.     

6.2. A microstrip patch antenna in 2.4 GHz operation and a metamaterial 

absorber based energy harvester with FR4 substrate with/without FR4 substrate 

legs on its patch 

6.2.1. Design and Simulation 

In Figure 6-1b, the parametric dimensions of a 2.4 GHz (in the microwave (GHz) 

frequency regime) microstrip patch antenna structure can be seen. A ground metal 
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plate at the bottom of the structure, a substrate in the middle of the structure, patch, 

edge-fed and quarter wavelength at the top of the structure are exist. Study has been 

done with finite integration technique (FIT)-based numerical simulator. Copper metal 

element is used at the bottom layer (as a ground metal plate) and top (as patch, edge-

fed and quarter wavelength) of this structure as metallic layers as shown in Figure 6-

1a and Figure 6-1c. Thicknesses are same and equal to 0.035 mm for both bottom and 

top metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 S/m. 

FR4 is used as a substrate with copper metal for microstrip patch antenna as shown in 

Figure 6-1. The thickness, loss tangent, relative permittivity and relative permeability 

of the FR4 substrate material are 1.6 mm, 0.025, 4.3 and 1, respectively. Dimension 

values of the (Copper, FR4 and Copper) microstrip patch antenna structure x, y, W, L, 

wqw, Iqw, w50 and I50 are given as 110, 98.5, 22, 28, 0.72, 24.05, 4.84 and 15 mm, 

correspondingly [Figure 6-1b]. Dimension values of the rectangular waveport a 

(width) and b (height) are given as 50 and 15 mm, respectively [Figure 6-1c]. S-

parameter settings are normalized to fixed impedance (50 ohms). For the x-, y-, and z- 

directions, open (add space) boundary conditions are selected. 

 

 

Figure 6-1. (a) Substrate, patch, edge-fed, quarter wavelength and waveport (b) dimensions, (c) ground 

metal plate and dimensions of waveport for a 2.4 GHz microstrip patch antenna in microwave (GHz) 

range. 
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6.2.2. Result and Discussion 

Numerical reflectance result can be seen in Figure 6-2. In Figure 6-2, minimum 

reflectance results are obtained around 0.029, 0.739 and 0.280 at 2.380 GHz, 3.320 

GHz and 4.788 GHz, respectively. First resonance at 2.380 GHz is more important 

because 2.380 GHz is around 2.4 GHz and we would like to design an antenna for 2.4 

GHz operation.     

 

Figure 6-2. Reflectance result for a 2.4 GHz microstrip patch antenna design in Figure 6-1 in microwave 

(GHz) range from 1 GHz to 5 GHz (The resonance frequencies at 2.380 GHz, 3.320 GHz and 4.788 

GHz). 

In Figure 6-3a, a metamaterial absorber based energy harvester with four legs is 

horizontally adding at the top of the patch on the designed a 2.4 GHz microstrip patch 

antenna in Figure 6-1. Dimensions, FR4 substrate, Copper resonator and four resistors 

of this adding metamaterial absorber based energy harvester can be seen in Figure 6-

3b1. Four FR4 (substrate) legs and Copper metal plate of this adding metamaterial 

absorber based energy harvester can be seen in Figure 6-3b2. Dimensions of FR4 

(substrate) legs, which are located between Copper patch layer of the antenna and 

Copper metal plate of the metamaterial absorber based energy harvester as shown in 

Figure 6-3a, can be seen in Figure 6-3b3. Dimension values in Figure 6-3b1and in 

Figure 6-3b3 W, L, h, k and g are given 22, 28, 15, 2.5 and 5 mm, respectively. 

Thicknesses are same and equal to 0.035 mm for both bottom (metal plate) and top 
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(resonator) metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 

S/m as it is used in antenna design above in this chapter. FR4 is used as a substrate for 

both metamaterial absorber based energy harvester and four legs. The thickness, loss 

tangent, relative permittivity and relative permeability of the FR4 substrate material 

are 1.6 mm, 0.025, 4.3 and 1, respectively.  

 

 

Figure 6-3. (a) Adding four FR4 substrate legs and metamaterial absorber based energy harvester on a 

2.4 GHz microstrip patch antenna in microwave (GHz) range (b1) Dimensions, FR4 substrate, Copper 

resonator and four resistors for a metamaterial absorber based energy harvester (b2) FR4 (substrate) 

legs and Copper metal plate, (b3) dimensions of FR4 (substrate) legs . 
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Numerical reflectance and absorption result can be seen in Figure 6-4. In Figure 6-4, 

maximum absorptions are obtained around 95.06%, 43.83% and 94.90% at 2.348 GHz, 

3.156 GHz and 4.804 GHz, respectively. This values are obtained when four 10 ohm 

resistors are placed across the gaps for the structure in Figure 6-3a. 

 

Figure 6-4. Reflectance and absorption results for the design in Figure 6-3a in microwave (GHz) range 

from 1 GHz to 5 GHz (The resonance frequencies at 2.348 GHz, 3.156 GHz and 4.804 GHz). 

Four lumped network elements (resistors) are located as shown in Figure 6-3a. When 

input powers were chosen 0.500 W, maximum efficiencies are obtained around 4.00% 

(output power is 0.020 W) at 2.424 GHz, 0.20% (output power is 0.001 W) at 2.764 

GHz and less than 0.10% (output power is less than 0.001 W) at 4.908 GHz at 10 ohm 

as shown in Figure 6-5.  

 

Figure 6-5. Gathered power frequency diagram for four 10 ohm resistors for the design in Figure 6-3a 

in microwave (GHz) range from 1 GHz to 5 GHz (The resonance frequencies at 2.424 GHz, 2.764 GHz 

and 4.908 GHz). 
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In Figure 6-6, increasing quantities of metamaterial absorber based energy harvester 

with their legs can be seen on the designed 2.4 GHz microstrip patch antenna in 

microwave (GHz) range. Four 10 ohm resistors are located across the gaps on each 

resonator for each adding metamaterial absorber based energy harvester. Metamaterial 

absorber based energy harvester with their legs are horizontally adding 9 – times on 

top of the each previous adding, so ten layers of metamaterial absorber based energy 

harvester with their legs are become on designed antenna as shown in Figure 6-6. 

 

 

Figure 6-6. Adding ten layers metamaterial absorber based energy harvester with their legs on a 2.4 

GHz microstrip patch antenna in microwave (GHz) range (Each layer have four 10 ohm resistors). 

 

Numerical absorption results can be seen in Figure 6-7 for three different (three 

different quantities of adding metamaterial absorber based energy harvesters with their 

legs) layers. For adding 2 – layers, maximum absorptions are obtained around 95.51% 

at 2.348 GHz, 45.19% at 3.160 GHz and 93.01% at 4.804 GHz in Figure 6-7. For 

adding 5 – layers, maximum absorptions are obtained around 96.83% at 2.340 GHz, 

43.95% at 3.136 GHz and 93.05% at 4.820 GHz in Figure 6-7. For adding 10 – layers, 

maximum absorptions are obtained around 97.78% at 2.344 GHz, 44.21% at 3.148 

GHz and 93.69% at 4.820 GHz in Figure 6-7. These values are obtained when four 10 

ohm resistors are placed across the gaps on each resonator for each adding 

metamaterial absorber based energy harvester at the structure in Figure 6-6. 
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Figure 6-7. Gathered absorption frequency diagram for selected different quantities of adding layers 

between 2 – 10 layers for the structure in Figure 6-6. 

 

For adding 2 – layer, maximum efficiencies are obtained around 3.40% (output power 

is 0.017 W) at 2.392 GHz, 0.40% (output power is 0.002 W) at 3.356 GHz and 0.60% 

(output power is 0.003 W) at 4.884 GHz at 10 ohm as shown in Figure 6-8. For adding 

5 – layer, maximum efficiencies are obtained around 4.40% (output power is 0.022 W) 

at 2.392 GHz, 0.60% (output power is 0.003 W) at 2.956 GHz and 1.40% (output 

power is 0.007 W) at 4.900 GHz at 10 ohm as shown in Figure 6-8. For adding 10 – 

layer, maximum efficiencies are obtained around 10.00% (output power is 0.050 W) 

at 2.408 GHz, 1.00% (output power is 0.005 W) at 3.176 GHz and 2.00% (output 

power is 0.010 W) at 4.904 GHz at 10 ohm as shown in Figure 6-8. These values are 

obtained when four 10 ohm resistors are placed across the gaps on each resonator for 

each adding metamaterial absorber based energy harvester at the structure in Figure 6-

6. 
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Figure 6-8. Gathered power frequency diagram for selected different quantities of adding layers between 

2 – 10 layers for the structure in Figure 6-6. 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

6-9 at the first resonance frequency in order to understand better the physical 

mechanism of the structure in Figure 6-6. Concentrations of these distributions are 

from on and near of edge-fed, quarter wavelength, patch to on gaps and some parts of 

resonators of adding layers. The basis of this is the design can be used as a voltage 

source due to the confinement of the EM waves at the resonance frequency. In Figure 

6-9a, electric field at the top of the substrate layer of the microstrip patch antenna 

behaves as a dipole. Furthermore, typical radiation pattern and three – dimensional far 

– field pattern are given in Figure 6-10 at the first resonance frequency. The same far 

– field is shown from two different directions in Figure 6-10b1 and in Figure 6-10b2. 

In Figure 6-10(b1 or b2), electromagnetic waves propagate +z direction.   
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Figure 6-9. For the structure (adding 10 – layers metamaterial absorber based energy harvester with 

their legs on the designed 2.4 GHz microstrip patch antenna in microwave (GHz) range) in Figure 6-6 

(a) Electric field distribution (b) Magnetic field distribution (c) Surface current distribution at the 

resonance frequency of 2.344 GHz at 10 ohm. 
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Figure 6-10. For the structure (adding 10 – layers metamaterial absorber based energy harvester with 

their legs on the designed 2.4 GHz microstrip patch antenna in microwave (GHz) range) in Figure 6-6 

(a) typical radiation pattern (b1) and (b2) view of three – dimensional far – field pattern from two 

different sides at the resonance frequency of 2.344 GHz at 10 ohm. 

 

In Figure 6-11a, a metamaterial absorber based energy harvester (without any legs due 

to placing vertical) is vertically adding at the top of the patch on the designed a 2.4 

GHz microstrip patch antenna in Figure 6-1. Dimensions, FR4 substrate, Copper 

resonator and four resistors of this adding metamaterial absorber based energy 

harvester can be seen in Figure 6-11b1. Copper metal plate of this adding metamaterial 

absorber based energy harvester can be seen in Figure 6-11b2. In Figure 6-11b1, 

dimension values W, L, h and k are given 22, 28, 15 and 2.5 mm, respectively. 

Thicknesses are same and equal to 0.035 mm for both bottom (metal plate) and top 

(resonator) metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 

S/m as it is used in antenna design above in this chapter. FR4 is used as a substrate for 

metamaterial absorber based energy harvester. The thickness, loss tangent, relative 
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permittivity and relative permeability of the FR4 substrate material are 1.6 mm, 0.025, 

4.3 and 1, respectively.  

 

 

Figure 6-11. (a) Adding metamaterial absorber based energy harvester on a 2.4 GHz microstrip patch 

antenna in microwave (GHz) range (b1) Dimensions, FR4 substrate, Copper resonator and four resistors 

for a metamaterial absorber based energy harvester (b2) Copper metal plate for a metamaterial absorber 

based energy harvester. 

Numerical reflection and absorption result can be seen in Figure 6-12. In Figure 6-12, 

maximum absorptions are obtained around 99.01%, 50.26% and 91.99% at 2.376 GHz, 

3.336 GHz and 4.860 GHz, respectively. This values are obtained when four 10 ohm 

resistors are placed across the gaps for the structure in Figure 6-11a. 
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Figure 6-12. Reflectance and absorption results for the design in Figure 6-11a in microwave (GHz) 

range from 1 GHz to 5 GHz (The resonance frequencies at 2.376 GHz, 3.336 GHz and 4.860 GHz). 

Four lumped network elements (resistors) are located as shown in Figure 6-11a. When 

input powers were chosen 0.500 W, maximum efficiencies are obtained around 0.20% 

(output power is less than (but approximately near to) 0.001 W) at 2.372 GHz, around 

0.20% (output power is less than (but approximately near to) 0.001 W) at 3.740 GHz 

and less than 0.10% (output power is less than 0.001 W) at 4.908 GHz at 10 ohm as 

shown in Figure 6-13.  

 

Figure 6-13. Gathered power frequency diagram for four 10 ohm resistors for the design in Figure 6-

11a in microwave (GHz) range from 1 GHz to 5 GHz (The resonance frequencies at 2.372 GHz, 3.740 

GHz and 4.908 GHz). 
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In Figure 6-14, increasing quantities of metamaterial absorber based energy harvester 

without their Copper metal plates can be seen on the designed 2.4 GHz microstrip 

patch antenna in microwave (GHz) range. Four 10 ohm resistors are located across the 

gaps on each resonator for each adding metamaterial absorber based energy harvester. 

Metamaterial absorber based energy harvester without their Copper metal plates are 

vertically adding 12 – times next to the each previous adding, so thirteen layers are 

become on designed antenna as shown in Figure 6-14. Copper metal plate is only used 

for the back of the first adding metamaterial absorber based energy harvester. It is not 

adding for backs of others. There are not any overflows from the top of the patch on 

the microstrip antenna after thirteen layers have adding.   

 

Figure 6-14. Adding thirteen layers metamaterial absorber based energy harvesters without their Copper 

metal plates (excluded for the first layer) on a 2.4 GHz microstrip patch antenna in microwave (GHz) 

range (Each layer have four 10 ohm resistors). 

Numerical absorption results can be seen in Figure 6-15 for three different (three 

different quantities of adding metamaterial absorber based energy harvesters without 

their Copper metal plates (excluded for the first layer)) layers. For adding 2 – layers, 

maximum absorptions are obtained around 98.76% at 2.376 GHz, 51.09% at 3.336 

GHz and 91.88% at 4.860 GHz in Figure 6-15. For adding 7 – layers, maximum 

absorptions are obtained around 99.19% at 2.368 GHz, 52.97% at 3.332 GHz and 

91.56% at 4.864 GHz in Figure 6-15. For adding 13 – layers, maximum absorptions 

are obtained around 96.43% at 2.348 GHz, 52.74% at 3.320 GHz and 86.46% at 4.876 

GHz in Figure 6-15. These values are obtained when four 10 ohm resistors are placed 
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across the gaps on each resonator for each adding metamaterial absorber based energy 

harvester at the structure in Figure 6-14. 

 

 

Figure 6-15. Gathered absorption frequency diagram for selected different quantities of adding layers 

between 2 – 13 layers for the structure in Figure 6-14. 

 

For adding 2 – layer, maximum efficiencies are obtained around 0.20% (output power 

is 0.001 W) at 2.468 GHz, 0.60% (output power is 0.003 W) at 3.728 GHz and 0.20% 

(output power is approximately 0.001 W) at 4.916 GHz at 10 ohm as shown in Figure 

6-16. For adding 7 – layer, maximum efficiencies are obtained around 1.00% (output 

power is 0.005 W) at 2.484 GHz, 1.40% (output power is 0.007 W) at 3.636 GHz and 

2.20% (output power is 0.011 W) at 4.832 GHz at 10 ohm as shown in Figure 6-16. 

For adding 13 – layer, maximum efficiencies are obtained around 13.80% (output 

power is 0.069 W) at 2.392 GHz, 0.80% (output power is 0.004 W) at 3.556 GHz and 

6.00% (output power is 0.030 W) at 4.908 GHz at 10 ohm as shown in Figure 6-16. 

These values are obtained when four 10 ohm resistors are placed across the gaps on 

each resonator for each adding metamaterial absorber based energy harvester at the 

structure in Figure 6-14. 
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Figure 6-16. Gathered power frequency diagram for selected different quantities of adding layers 

between 2 – 13 layers for the structure in Figure 6-14. 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

6-17 at the first resonance frequency in order to understand better the physical 

mechanism of the structure in Figure 6-14. Concentrations of these distributions are 

from on and near of edge-fed, quarter wavelength, patch to on gaps and some parts of 

resonators of adding layers. The basis of this is the design can be used as a voltage 

source due to the confinement of the EM waves at the resonance frequency. In Figure 

6-17a, electric field at the top of the substrate layer of the microstrip patch antenna 

behaves as a dipole. Furthermore, typical radiation pattern and three – dimensional far 

– field pattern are given in Figure 6-18 at the first resonance frequency. The same far 

– field is shown from two different directions in Figure 6-18b1 and in Figure 6-18b2. 

In Figure 6-18(b1 or b2), electromagnetic waves propagate +z direction.   
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Figure 6-17. For the structure (adding 13 – layers metamaterial absorber based energy harvester without 

their Copper metal plate (excluded for the first layer) on the designed 2.4 GHz microstrip patch antenna 

in microwave (GHz) range) in Figure 6-14 (a) Electric field distribution (b) Magnetic field distribution 

(c) Surface current distribution at the resonance frequency of 2.348 GHz at 10 ohm. 
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Figure 6-18. For the structure (adding 13 – layers metamaterial absorber based energy harvester without 

their Copper metal plate (excluded for the first layer) on the designed 2.4 GHz microstrip patch antenna 

in microwave (GHz) range) in Figure 6-14 (a) typical radiation pattern (b1) and (b2) view of three – 

dimensional far – field pattern from two different sides at the resonance frequency of 2.348 GHz at 10 

ohm. 

6.3. A microstrip patch antenna in 2.4 GHz operation and a metamaterial 

absorber based energy harvester with Rogers RT5880 substrate with/without 

Rogers RT5880 substrate legs on its patch 

6.3.1. Design and Simulation 

In Figure 6-19b, the parametric dimensions of a 2.4 GHz (in the microwave (GHz) 

frequency regime) microstrip patch antenna structure can be seen. A ground metal 

plate at the bottom of the structure, a substrate in the middle of the structure, patch, 
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edge-fed and quarter wavelength at the top of the structure are exist. Study has been 

done with finite integration technique (FIT)-based numerical simulator. Copper metal 

element is used at the bottom layer (as a ground metal plate) and top (as patch, edge-

fed and quarter wavelength) of this structure as metallic layers as shown in Figure 6-

19a and Figure 6-19c. Thicknesses are same and equal to 0.035 mm for both bottom 

and top metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 S/m. 

Rogers RT5880 is used as a substrate with copper metal for microstrip patch antenna 

as shown in Figure 6-19. The thickness, loss tangent, relative permittivity and relative 

permeability of the Rogers RT5880 substrate material are 1.6 mm, 0.0009, 2.2 and 1, 

respectively. Dimension values of the (Copper, Rogers RT5880 and Copper) 

microstrip patch antenna structure x, y, W, L, wqw, Iqw, w50 and I50 are given as 110, 

98.5, 49.38, 41.32, 0.72, 24.05, 4.84 and 15 mm, correspondingly [Figure 6-19b]. 

Dimension values of the rectangular waveport a (width) and b (height) are given as 50 

and 15 mm, respectively [Figure 6-19c]. S-parameter settings are normalized to fixed 

impedance (50 ohms). For the x-, y-, and z- directions, open (add space) boundary 

conditions are selected. 

 

 

Figure 6-19. (a) Substrate, patch, edge-fed, quarter wavelength and waveport (b) dimensions, (c) ground 

metal plate and dimensions of waveport for a 2.4 GHz microstrip patch antenna in microwave (GHz) 

range. 
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6.3.2. Result and Discussion 

Numerical reflectance result can be seen in Figure 6-20. In Figure 6-2, minimum 

reflectance results are obtained around 0.034, 0.059 and 0.671 at 2.324 GHz, 3.852 

GHz and 4.796 GHz, respectively. First resonance at 2.324 GHz is more important 

because 2.324 GHz is around 2.4 GHz and we would like to design an antenna for 2.4 

GHz operation.     

 

Figure 6-20. Reflectance result for a 2.4 GHz microstrip patch antenna design in Figure 6-19 in 

microwave (GHz) range from 1 GHz to 5 GHz (The resonance frequencies at 2.324 GHz, 3.852 GHz 

and 4.796 GHz). 

In Figure 6-21a, a metamaterial absorber based energy harvester with four legs is 

horizontally adding at the top of the patch on the designed a 2.4 GHz microstrip patch 

antenna in Figure 6-19. Dimensions, Rogers RT5880 substrate, Copper resonator and 

four resistors of this adding metamaterial absorber based energy harvester can be seen 

in Figure 6-21b1. Four Rogers RT5880 (substrate) legs and Copper metal plate of this 

adding metamaterial absorber based energy harvester can be seen in Figure 6-21b2. 

Dimensions of Rogers RT5880 (substrate) legs, which are located between Copper 

patch layer of the antenna and Copper metal plate of the metamaterial absorber based 
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energy harvester as shown in Figure 6-21a, can be seen in Figure 6-21b3. Dimension 

values in Figure 6-21b1and in Figure 6-21b3 W, L, h, k and g are given 49.38, 41.32, 

25, 5 and 5 mm, respectively. Thicknesses are same and equal to 0.035 mm for both 

bottom (metal plate) and top (resonator) metallic layers. Also, electrical conductivity 

of the copper is 5.8001× 107 S/m as it is used in antenna design above in this chapter. 

Rogers RT5880 is used as a substrate for both metamaterial absorber based energy 

harvester and four legs. The thickness, loss tangent, relative permittivity and relative 

permeability of the Rogers RT5880 substrate material are 1.6 mm, 0.0009, 2.2 and 1, 

respectively.  

 

 

Figure 6-21. (a) Adding four Rogers RT5880 substrate legs and metamaterial absorber based energy 

harvester on a 2.4 GHz microstrip patch antenna in microwave (GHz) range (b1) Dimensions, Rogers 

RT5880 substrate, Copper resonator and four resistors for a metamaterial absorber based energy 

harvester (b2) Rogers RT5880 (substrate) legs and Copper metal plate, (b3) dimensions of Rogers 

RT5880 (substrate) legs. 

Numerical reflection and absorption result can be seen in Figure 6-22. In Figure 6-22, 

maximum absorptions are obtained around 96.15%, 99.59% and 73.55% at 2.312 GHz, 
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3.860 GHz and 4.760 GHz, respectively. This values are obtained when four 4700 ohm 

resistors are placed across the gaps for the structure in Figure 6-21a. 

 

 

Figure 6-22. Reflectance and absorption results for the design in Figure 6-21a in microwave (GHz) 

range from 1 GHz to 5 GHz (The resonance frequencies at 2.312 GHz, 3.860 GHz and 4.760 GHz). 

Four lumped network elements (resistors) are located as shown in Figure 6-21a. When 

input powers were chosen 0.500 W, maximum efficiency is obtained around 6.00% 

(output power is 0.030 W) at 2.304 GHz at 4700 ohm as shown in Figure 6-23.  

 

 

Figure 6-23. Gathered power frequency diagram for four 4700 ohm resistors for the design in Figure 6-

21a in microwave (GHz) range from 1 GHz to 5 GHz (The resonance frequency at 2.304 GHz). 

In Figure 6-24, increasing quantities of metamaterial absorber based energy harvester 

with their legs can be seen on the designed 2.4 GHz microstrip patch antenna in 
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microwave (GHz) range. Four 4700 ohm resistors are located across the gaps on each 

resonator for each adding metamaterial absorber based energy harvester. Metamaterial 

absorber based energy harvester with their legs are horizontally adding 5 – times on 

top of the each previous adding, so six layers of metamaterial absorber based energy 

harvester with their legs are become on designed antenna as shown in Figure 6-24. 

 

 

Figure 6-24. Adding six layers metamaterial absorber based energy harvester with their legs on a 2.4 

GHz microstrip patch antenna in microwave (GHz) range (Each layer have four 4700 ohm resistors). 

 

Numerical absorption results can be seen in Figure 6-25 for three different (three 

different quantities of adding metamaterial absorber based energy harvesters with their 

legs) layers. For adding 2 – layers, maximum absorptions are obtained around 97.22% 

at 2.304 GHz, 95.34% at 3.848 GHz and 85.17% at 4.756 GHz in Figure 6-25. For 

adding 4 – layers, maximum absorptions are obtained around 96.25% at 2.304 GHz, 

88.53% at 3.888 GHz and 94.09% at 4.768 GHz in Figure 6-25. For adding 6 – layers, 

maximum absorptions are obtained around 97.08% at 2.304 GHz, 95.85% at 3.912 

GHz and 87.62% at 4.780 GHz in Figure 6-25. These values are obtained when four 

4700 ohm resistors are placed across the gaps on each resonator for each adding 

metamaterial absorber based energy harvester at the structure in Figure 6-24. 
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Figure 6-25. Gathered absorption frequency diagram for selected different quantities of adding layers 

between 2 – 6 layers for the structure in Figure 6-24. 

 

For adding 2 – layer, maximum efficiency is obtained around 30.00% (output power 

is 0.150 W) at 2.296 GHz at 4700 ohm as shown in Figure 6-26. For adding 4 – layer, 

maximum efficiency is obtained around 51.00% (output power is 0.255 W) at 2.300 

GHz at 4700 ohm as shown in Figure 6-26. For adding 6 – layer, maximum efficiency 

is obtained around 61.20% (output power is 0.306 W) at 2.300 GHz at 4700 ohm as 

shown in Figure 6-26. These values are obtained when four 4700 ohm resistors are 

placed across the gaps on each resonator for each adding metamaterial absorber based 

energy harvester at the structure in Figure 6-24. 
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Figure 6-26. Gathered power frequency diagram for selected different quantities of adding layers 

between 2 – 6 layers for the structure in Figure 6-24. 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

6-27 at the first resonance frequency in order to understand better the physical 

mechanism of the structure in Figure 6-24. Concentrations of these distributions are 

from on and near of edge-fed, quarter wavelength, patch to on gaps and some parts of 

resonators of adding layers. The basis of this is the design can be used as a voltage 

source due to the confinement of the EM waves at the resonance frequency. In Figure 

6-27a, electric field at the top of the substrate layer of the microstrip patch antenna 

behaves as a dipole. Furthermore, typical radiation pattern and three – dimensional far 

– field pattern are given in Figure 6-28 at the first resonance frequency. The same far 

– field is shown from two different directions in Figure 6-28b1 and in Figure 6-28b2. 

In Figure 6-28(b1 or b2), electromagnetic waves propagate +z direction.  
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Figure 6-27. For the structure (adding 6 – layers metamaterial absorber based energy harvester with 

their legs on the designed 2.4 GHz microstrip patch antenna in microwave (GHz) range) in Figure 6-24 

(a) Electric field distribution (b) Magnetic field distribution (c) Surface current distribution at the 

resonance frequency of 2.304 GHz at 4700 ohm. 
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Figure 6-28. For the structure (adding 6 – layers metamaterial absorber based energy harvester with 

their legs on the designed 2.4 GHz microstrip patch antenna in microwave (GHz) range) in Figure 6-24 

(a) typical radiation pattern (b1) and (b2) view of three – dimensional far – field pattern from two 

different sides at the resonance frequency of 2.304 GHz at 4700 ohm. 

In Figure 6-29a, a metamaterial absorber based energy harvester (without any legs due 

to placing vertical) is vertically adding at the top of the patch on the designed a 2.4 

GHz microstrip patch antenna in Figure 6-19. Dimensions, Rogers RT5880 substrate, 

Copper resonator and four resistors of this adding metamaterial absorber based energy 

harvester can be seen in Figure 6-29b1. Copper metal plate of this adding metamaterial 

absorber based energy harvester can be seen in Figure 6-29b2. In Figure 6-29b1, 

dimension values W, L, h and k are given 49.38, 41.32, 25 and 5 mm, respectively. 
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Thicknesses are same and equal to 0.035 mm for both bottom (metal plate) and top 

(resonator) metallic layers. Also, electrical conductivity of the copper is 5.8001× 107 

S/m as it is used in antenna design above in this chapter. Rogers RT5880 is used as a 

substrate for metamaterial absorber based energy harvester. The thickness, loss 

tangent, relative permittivity and relative permeability of the Rogers RT5880 substrate 

material are 1.6 mm, 0.0009, 2.2 and 1, respectively.  

 

Figure 6-29. (a) Adding metamaterial absorber based energy harvester on a 2.4 GHz microstrip patch 

antenna in microwave (GHz) range (b1) Dimensions, Rogers RT5880 substrate, Copper resonator and 

four resistors for a metamaterial absorber based energy harvester (b2) Copper metal plate for a 

metamaterial absorber based energy harvester. 
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Numerical reflectance and absorption result can be seen in Figure 6-30. In Figure 6-

30, maximum absorptions are obtained around 77.16%, 83.40% and 81.38% at 2.336 

GHz, 3.820 GHz and 4.584 GHz, respectively. This values are obtained when four 

4700 ohm resistors are placed across the gaps for the structure in Figure 6-29a. 

 

Figure 6-30. Reflectance and absorption results for the design in Figure 6-29a in microwave (GHz) 

range from 1 GHz to 5 GHz (The resonance frequencies at 2.336 GHz, 3.820 GHz and 4.584 GHz). 

Four lumped network elements (resistors) are located as shown in Figure 6-29a. When 

input powers were chosen 0.500 W, maximum efficiency is obtained less than 0.10% 

(output power is less than 0.001 W) at 2.240 GHz at 4700 ohm as shown in Figure 6-

31.  

 

Figure 6-31. Gathered power frequency diagram for four 4700 ohm resistors for the design in Figure 

6-29a in microwave (GHz) range from 1 GHz to 5 GHz (The resonance frequency at 2.240 GHz). 
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In Figure 6-32, increasing quantities of metamaterial absorber based energy harvester 

without their Copper metal plates can be seen on the designed 2.4 GHz microstrip 

patch antenna in microwave (GHz) range. Four 4700 ohm resistors are located across 

the gaps on each resonator for each adding metamaterial absorber based energy 

harvester. Metamaterial absorber based energy harvester without their Copper metal 

plates are vertically adding 29 – times next to the each previous adding, so thirty layers 

are become on designed antenna as shown in Figure 6-32. Copper metal plate is only 

used for the back of the first adding metamaterial absorber based energy harvester. It 

is not adding for backs of others. There are not any overflows from the top of the patch 

on the microstrip antenna after thirty layers have adding.   

 

Figure 6-32. Adding thirty layers metamaterial absorber based energy harvesters without their Copper 

metal plates (excluded for the first layer) on a 2.4 GHz microstrip patch antenna in microwave (GHz) 

range (Each layer have four 4700 ohm resistors). 

Numerical absorption results can be seen in Figure 6-33 for three different (three 

different quantities of adding metamaterial absorber based energy harvesters without 

their Copper metal plates (excluded for the first layer)) layers. For adding 2 – layers, 

maximum absorptions are obtained around 88.79% at 2.276 GHz, 90.90% at 3.772 

GHz and 79.53% at 4.704 GHz in Figure 6-33. For adding 16 – layers, maximum 

absorptions are obtained around 99.92% at 2.300 GHz, 92.20% at 3.792 GHz and 

71.98% at 4.520 GHz in Figure 6-33. For adding 30 – layers, maximum absorptions 
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are obtained around 99.98% at 2.284 GHz, 85.92% at 3.716 GHz and 65.80% at 4.408 

GHz in Figure 6-33. These values are obtained when four 4700 ohm resistors are 

placed across the gaps on each resonator for each adding metamaterial absorber based 

energy harvester at the structure in Figure 6-32. 

 

 

Figure 6-33. Gathered absorption frequency diagram for selected different quantities of adding layers 

between 2 – 30 layers for the structure in Figure 6-32. 

For adding 2 – layer, maximum efficiency is obtained around 0.10% (output power is 

less than (but approximately near to) 0.001 W) at 2.332 GHz at 4700 ohm as shown in 

Figure 6-34. For adding 16 – layer, maximum efficiency is obtained around 17.60% 

(output power is 0.088 W) at 2.300 GHz at 4700 ohm as shown in Figure 6-34. For 

adding 30 – layer, maximum efficiency is obtained around 24.80% (output power is 

0.124 W) at 2.284 GHz at 4700 ohm as shown in Figure 6-34. These values are 

obtained when four 4700 ohm resistors are placed across the gaps on each resonator 

for each adding metamaterial absorber based energy harvester at the structure in Figure 

6-32. 
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Figure 6-34. Gathered power frequency diagram for selected different quantities of adding layers 

between 2 – 30 layers for the structure in Figure 6-32. 

 

The electric field, magnetic field, and surface current distributions are given in Figure 

6-35 at the first resonance frequency in order to understand better the physical 

mechanism of the structure in Figure 6-32. Concentrations of these distributions are 

from on and near of edge-fed, quarter wavelength, patch to on gaps and some parts of 

resonators of adding layers. The basis of this is the design can be used as a voltage 

source due to the confinement of the EM waves at the resonance frequency. In Figure 

6-35a, electric field at the top of the substrate layer of the microstrip patch antenna 

behaves as a dipole. Furthermore, typical radiation pattern and three – dimensional far 

– field pattern are given in Figure 6-36 at the first resonance frequency. The same far 

– field is shown from two different directions in Figure 6-36b1 and in Figure 6-36b2. 

In Figure 6-36(b1 or b2), electromagnetic waves propagate +z direction.  
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Figure 6-35. For the structure (adding 30 – layers metamaterial absorber based energy harvester without 

their Copper metal plate (excluded for the first layer) on the designed 2.4 GHz microstrip patch antenna 

in microwave (GHz) range) in Figure 6-32 (a) Electric field distribution (b) Magnetic field distribution 

(c) Surface current distribution at the resonance frequency of 2.284 GHz at 4700 ohm. 



 

138 
 

 

Figure 6-36. For the structure (adding 30 – layers metamaterial absorber based energy harvester without 

their Copper metal plate (excluded for the first layer) on the designed 2.4 GHz microstrip patch antenna 

in microwave (GHz) range) in Figure 6-32 (a) typical radiation pattern (b1) and (b2) view of three – 

dimensional far – field pattern from two different sides at the resonance frequency of 2.284 GHz at 4700 

ohm. 

6.4. Conclusion 

In this chapter, reflection results, absorption results, total lumped elements power 

values, field and surface current distributions and typical and 3-D far – field radiation 

patterns are numerically analysed for FR4 and Rogers RT5880 substrate materials. 
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Maximum total lumped elements power efficiency is numerically obtained around 

61.20% (output power is 0.306 W when input power is 0.500 W) at 2.300 GHz 

resonance frequency at 4700 ohm (value of lumped elements (resistors)) when six 

metamaterial absorber based energy harvesters with their Rogers RT5880 legs are 

horizontally adding at the top of the Copper metal patch in designed microstrip patch 

antenna for 2.4 GHz operation. This efficiency value (a predictable low result) 

(61.20%) can not be near to 100% because of the direction of incident EM waves. 

Proposed structures can be used for many application such as antennas, EM filters, 

sensors. 
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CHAPTER 7 

  CONCLUSION AND FUTURE WORK  

 

Many metamaterial absorber studies are available in literature for different working 

frequency regions, but metamaterial absorber based energy harvesters are available in 

literature for low frequency regions. Also, usage of graphene material on metamaterial 

absorber based energy harvester was a weakness.  

First of all, a basic metamaterial absorber was designed and analyzed. Later, in Chapter 

2, same metamaterial absorber was converted into two different metamaterial absorber 

based energy harvester. The difference between MA and MA based EH is collected 

electromagnetic energy at a point is harvested by resistor.   

Similar viewed MA based EH structures in three different frequency region were 

designed and analysed in Chapter 3 in order to pass from lower frequency to higher 

frequency. With the same idea, another new similar viewed MA based EH structures 

were designed and analysed in Chapter 4. Therefore, the positive effects of parametric 

dimensions and resonators on results were seen. 

Graphene material is generally utilized at the top of structure in MA study because of 

its enhancement effect on results. However, it has negative effect on MA based EH if 

it is used at the top of structure. Therefore, graphene material is utilized at the bottom 

of structure in Chapter 5 in order to get rid of from the weakness, strength and 

limitation. This situation can be called as a novelty. 

In chapter 6, horizontal and vertical multilayer metamaterials on two different 

microstrip patch antennas have extremely enhancement effect on results. 6.00% power 

efficiency is specifically increased to 61.20% power efficiency when multilayer 

metamaterials are horizontally adding at the top of antenna in 2.4 GHz operation. This 

means power efficiency is improved 10.2 times. 

Utilization of designs can be in several applications such as antennas, EM filters, 

sensors, THz imaging systems, infrared spectroscopy, infrared cameras, solar cells, 

and so on.      
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Materials, which are utilized in designs of structures, are chose according to their 

working frequency ranges in electromagnetic spectrum region. Although high costs 

(expensive material price) or low efficiency effect (due to properties of material) of 

any materials, many materials are used in designs in this thesis study in order to see 

effects of each material and obtain highest efficiency. It should be note that this study 

is not a feasibility study. All these efficient studies can be extremely valuable with 

lower cost of material in the future because high costs of materials will not continue 

forever. Therefore, productions can be realized cheaper and then feasibility studies can 

be done as future work. Parameters of structures can be suitable for experimental 

studies and fabrication in future by advancing technology.       

Some of the results reported in this thesis have been presented in SOLARTR 2014 

Solar Conference & Exhibition, and in International Conference on Renewable Energy 

Technologies and Applications (RETA’16), and  in URSI – Turkey’2016 8th Scientific 

Congress. One journal paper from this thesis was published in Journal of Alloys and 

Compounds (JALCOM) journal. 
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