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ABSTRACT 

 
 

This work analyses and designs a new leaf-like metamaterial structure constructed of copper material in 

the frequency range of 1-10 THz. The suggested metamaterial has a geometrical size of 10 x10 µm2 and 

is designed on a FR-4 substrate with a thickness of 0.35 µm. The NRW method is used to calculate the 

designed structure's permittivity ( 𝜺 r), permeability (µr), and refractive index (nr) using scattering 

parameters. The simulations analysed two different resonance peaks for the transmission (S21) and 

reflection coefficient (S11) at frequencies of 2.46 THz, 7.83 THz, and 3.15 THz, 8.7 THz, respectively.  

In this research, the distribution of electric and magnetic fields is also studied. The proposed structure's 

effective medium ratio (EMR) is 12.1, that demonstrating the compactness and homogeneity of the 

proposed metamaterial unit cell. The proposed structure can be used in short-range wireless THz 

communication or ultrafast THz interconnects, as well as the non-destructive detection of hidden 

weapons, because it resonates in the THz frequency band. 

Here, we have made design on COMSOL Multiphysics software. 
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CHAPTER - 01 

INTRODUCTION  

In the exploration of such kind of materials that can manipulate electromagnetic waves, the search began 

at the end of the 19th century by Jagdish Chandra Basu. After that in the 1940s Winston E. Kock from 

AT &T laboratories started developing materials by studying their dielectric properties which can 

manipulate the EM wave. These materials are now known as metamaterials.[1] 

Metamaterials are specially engineered materials having some extraordinary properties that are not found 

in naturally occurring materials. But their base materials do not define their properties until they are 

designed in some structural form.[2] 

Metamaterials can manipulate the em wave by absorbing, blocking, or bending them with their shape, 

size, geometry and orientation to achieve results that are uncommon in conventional metamaterials.[3] 

  

Fig 1:  Metamaterial array [1] 

Now a days metamaterials are used in various fields like aerospace application, optical filters, high gain 

antennas, solar power management, etc, and on the basis of these applications’ metamaterial possess 

various properties. Such an extraordinary property is that they show negative refractive index for 

particular wavelengths and these materials are called negative refractive index metamaterials (NRIs).[4] 

The THz frequency ranges from 0.1 to 10 THz has numerous applications in metamaterial research 

which lies between the microwave and infrared region [5]. In comparison to its surrounding microwave 

and infrared regimes, the lack of THz materials has hampered the development of THz technology for 

real-world applications at terahertz frequencies, magnetic responses (permeability) can be measured 

using a structure made up of non-magnetic elements, such as copper-wire SRR, which show distinct 

responses centred around a resonant frequency. SRR have demonstrated the ability to tune in the terahertz 

range. It is the least studied frequency range in the electromagnetic spectrum, despite the fact that it has 

a wide range of uses, including secure short-range wireless communication, material characterisation, 

chemical and biological spectroscopy, and sensing. THz metamaterials are discussed here, including 

their design, fabrication, and characterisation, with a focus on their passive and active features for THz 
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device applications [6]. A multimode self-resonance enhanced wideband meta surface is presented in 

year 2021 [7]. This meta surface improves the wireless power system efficiency up to 39.2 % which was 

0.04 %. With the meta surface the figure of merit (FoM) is improved to 2.09 at 90 MHz and 2.16 at 770 

MHz, respectively.  

A metamaterial-based absorber for terahertz based on the dielectric layer of polyimide having a H- 

shaped slot in the metallic plane which provides absorption peaks at 0.81 THz, 1.98 THz, 3.25 THz and 

3.50 THz, respectively [8]. Tunable epsilon negative near zero index metamaterial based on symmetric 

resonators with high effective medium ratio for multiband wireless applications [9] offers a cross-

coupled resonator-based metamaterial for satellite and RADAR communications with negative 

permittivity, close to zero refractive index, and an EMR of 8.03. On the other hand, a magnetically 

resonant meta surface with a high Q value which consist of a sandwich structure of Au film, a SiO2 pacer 

layer and an Au nanorod array to enhance the Q-value. A metamaterial based on FR-4 substrate material 

is constructed for long range radio communications showing resonance frequencies at 2.89 GHz, 9.42 

GHz and 15.16 GHz [10]. A metamaterial absorber made of tungsten film layered on silicon oxide (SiO2) 

is described in another paper [11]. The absorptivity of the MTM is determined by the tungsten nanohole 

radius [12].A SRR on ultrathin Silicon Nitride (SiNx) substrate of thickness 400 nm is designed based on 

the planar terahertz metamaterial having resonance at 0.255 THz was detected in this SRR-MMs [13].  

In this paper, a new design of leaf like metamaterial is designed for the frequency range of 1-10 µm. 

The scattering parameters (S21) shows the two resonance frequency dips at 2.46 µm and 7.83 µm, 

respectively. The relative permittivity (휀𝑟), relative permeability (𝜇𝑟) and refractive index (𝜂) is also 

evaluated. The EMR of the proposed structure comes out to be 12.1. 

 

 

 

  



13 | P a g e  
 

 

CHAPTER - 02 

APPLICATIONS 

 
2.1  Invisibility cloaking 

 

In invisibility cloaking, Metamaterials alter the path travelled by light via a revolutionary 

optical material by directing and controlling the propagation and transmission of a specific 

portion of the light spectrum, displaying the capacity to make an item almost invisible. 

 

Fig 2: Invisibility cloaking [2] 

 

 
2.2 Antennas 

The majority of the signal is reflected back to the source by conventional antennas that 

are quite modest in comparison to the wavelength. Metamaterials in antenna designs can 

increase the antenna's radiated power. Since of its novel structure, a metamaterial antenna 

appears to be much larger than it is because it stores and re-radiates energy. Metamaterials 

enable smaller antenna elements to span a larger frequency range, allowing space-

constrained applications to make better use of available space.  
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Fig 3: Metamaterial antenna designed by NIST [3] 

 

2.3 Super lenses (Metamaterial lenses) 

In the absence of any aberrations, the best optical lens-based imaging systems are purely 

diffraction-limited. It's long been speculated that physics may be tweaked to increase 

resolution beyond the limits imposed by the airy disc diameter. Negative refractive index 

materials were regarded to be a viable option. This is why metamaterials have been 

proposed for use in the "super lens." 

A super lens is a lens that goes above the diffraction limit by using metamaterials. The 

diffraction limit is a property of traditional lenses and microscopes that restricts their 

resolution fineness.  

              
 

                                Fig 4: Image reconstruction by metamaterials [4] 

 



15 | P a g e  
 

 
2.4 THz Screening for Civil and Military Security 

Currently, law enforcement organizations are facing problems in fighting terrorism-related threats. 

One of the particular interests is the detection of explosives and weaponry hidden beneath the 

garments The things of particular interest are explosive devices and weapons hidden beneath the 

clothing. Terahertz electromagnetic waves of frequency from 0.1–3.0 THz are good for this purpose. 

Explosives like Octogen, Penthrite, and Hexogen exhibit distinct characteristics of transmission and 

reflection in the THz region that differentiates them from other materials. Radiation from the 

frequency in THz can also pass-through clothing with little weakening [14] but are highly reflected 

by metallic objects such as blades, knives, or other weapons [15]. Now as the energy of the photon 

is very low i.e., 4.4 meV at 1 THz), THz waves offer little health risks to humans and have no effect 

on the operation of various devices. Strong molecular absorption by water vapour is the principal 

factor limiting its propagation through the air [15]. Because of the aforementioned characteristics, 

THz radiation can be mainly used for two security-related applications: bomb detection [16] and 

person screening [17–19]. 
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CHAPTER - 3 

METAMATERIAL PARAMETERS 

 

3.1 Electric and Magnetic field response 

An electromagnetic field, which is a physical behaviour formed in space by time-varying electric charges 

and represents the interaction between electric fields and magnetic fields. Unlike static charges, which 

can only produce static electric fields in space. The time-varying electric field which is produced by the 

magnetic fields is one of the cause of time varying electric chThis is described by four differential 

equation which expressed the time-varying Maxwell's equations. 

𝜵. 𝑬 =  𝝆𝒗(𝒕)/𝛆                           (3.1 1) 

𝜵. 𝑩 =  𝟎                                     (3.1 2) 

𝜵 ×  𝑬 = − 𝝁
𝝏𝑯

𝝏𝒕
                        (3.1 3) 

𝜵  × 𝑩 =  𝑱(𝒕) +  𝜺
𝝏𝑬

 𝝏𝒕
                (3.1 4) 

Here, 𝝆𝒗 = charge density of time-varying volume 

 𝜺 = Relative Electric permittivity  

 𝝁 = Relative Magnetic permeability  

𝑱 = Electric current density in a material that varies over time  

D & B denote the flux densities of the electric and magnetic fields, respectively. 

E & H denote the intensity of time-varying electric and magnetic fields that varies with time, 

respectively. 

James Maxwell in 1865 developed Equations. from (3.1 1) to (3.1 4) explaining that magnetic fields and 

oscillating electric fields produces electromagnetic radiation and the speed of these electromagnetic 

radiations are equivalent to the speed of light in free space. It is equally convenient to demonstrate 

electromagnetic wave propagation using the curl of Eqs. (3.1 3) and (3.1 4). In addition to conductivity, 

two primary factors, also known as constitutive parameters, influence the characteristics and behavior of 

an electromagnetic wave in a material.  These are electric permittivity and magnetic permeability. To 

placed it in another way, the aforementioned characteristics establish the medium's reaction to an 

incoming electromagnetic wave while paired with the medium's boundary conditions.  The following are 

two equations that represents the electric and magnetic field variable relations in a basic linear and 

isotropic medium 

  𝑫 = 𝜺𝑬                 (3.1 5) 

  𝑩 = 𝝁𝑯                  (3.1 6) 

Where each ε and μ are generally complex and frequency-based in a lossy dispersive medium and the 

real quantities is in the lossless isotropic medium in Eqs. (3.1 5) and (3.1 6). We can calculate some 
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important parameters like refractive index, n, wavenumber, k by using Eqs. (3.1 1)–( 3.1 6), which are 

given as  

      𝒌 = 𝝎√𝝁𝜺                 (3.1 7) 

       𝜼 = √𝝁𝜺                    (3.1 8) 

      𝒏 = √ 𝝁𝒓𝜺𝒓                (3.1 9) 

 

Where, 

 𝝎 = 𝟐𝝅𝒇 is the radial frequency (in rad/sec), f is the frequency in Hz 

 𝝁𝒓 = 𝝁/𝝁𝟎 and 𝜺𝒓 = 𝜺/𝜺𝟎  are the relative permeability and permittivity, respectively. 

. 

3.2 Negative refractive index (NRIs): 

NRIs were first discussed by victor Veselago in 1967 where he showed that it is possible to reverse the 

direction of phase velocity antiparallel to the pointing vector. We also refer these NRI metamaterials as 

left-handed metamaterials.  

John Pendry in the year of 2000 figure out a practical way to use the left-handed metamaterials, which 

will allow the EM wave’s phase velocity to propagate against the group velocity by aligning a metallic 

wire along the direction of the wave in a result of which it will provide negative permittivity. 

  

 

Fig 5: Bending of light through material [5] 

From the figure [2] when the light is incident on the interface of the medium then if the material is a 

conventional material, then the light will get refracted in positive 𝜃 direction in the reference of the 

normal and if the material is a NRI material then the light will get reflected in −𝜃 direction. 

In optics, a material's refractive index is generally considered as a measure of its 'optical density,' and is 

defined as 
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  n = c v                       (3.2 1) 

Where, 

c stands for the vacuum speed of light. 

In a medium, v is the velocity of an electromagnetic plane wave. 

The Maxwell relation, derived from Maxwell's equations, determines the refractive index 

   𝒏𝟐= εµ                       (3.2 2) 

 

ε = the relative dielectric permittivity  

And µ = the relative magnetic permeability of the medium. 

𝒏 = √𝝁𝒓𝝐𝒓                 (3.2 3) 

 

Now, negative refraction can be achieved when (𝝁𝒓 𝑎𝑛𝑑 𝝐𝒓 ) are negative. 

 

√(−𝝁𝒓)(−𝝐𝒓) = √𝒆−𝒋𝝅 × √𝒆−𝒋𝝅 × (√𝝁𝒓𝝐𝒓) 

                                      = (𝒆−𝒋𝝅/𝟐) × (𝒆−𝒋𝝅/𝟐) × (√𝝁𝒓𝝐𝒓) 

             = 𝒆−𝒋𝝅 × (√𝝁𝒓𝝐𝒓) 

          = −𝟏 × (√𝝁𝒓𝝐𝒓) 

 

The sole issue was to obtain negative permeability, as all natural materials have negative permittivity.  
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Fig6: Categories of materials according to their 𝝐 and 𝝁 [6]. 

 

3.3 Phase velocity, group velocity and energy flow: 

In an isotropic NRM negative refraction is achieved by the wave vector that that points in the opposite 

direction of the Poynting vector 𝑺 =  𝑬 ×  𝑯.The phase velocity 𝒗𝝋  =  𝒌/𝝎 is plainly negative as a 

result. However, the energy flow is away from the source and along the Poynting vector. 

The group velocity, given as 𝒗𝒈  =  𝛁𝒌𝝎(𝒌), for relatively narrow-band pulses, is generally along the 

direction of the Poynting vector and should thus be oriented opposite to the phase velocity.  However, 

for broad-band pulses that are easily twisted due to dispersion, the concept of a group velocity may fail. 

In anisotropic media, the pointing vector and the phase velocity can both point in  opposite directions. 

As a result, we shouldn't be surprised by this point. 

In an NRM the group velocity and negative refraction effect have been the topic of some heated 

discussion. It was supposed that refraction at the interface between a positive medium and an NRM was 

positive.  In a homogeneous isotropic medium, the group velocity is 

𝒗𝒈 = 𝜵𝒌𝝎(𝒌) = 𝒑𝒌 ̂
𝒅𝝎(𝒌)

𝒅𝒌
 

 Both the phase velocity and the Poynting vector can be used in anisotropic media. 

Here p = ±1, due to isotropy. This indicates that the group velocity can only be anti- parallel to or parallel 

to the phase velocity (in a positive medium) (in an NRM).  
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3.4 S- Parameters: 

 At various ports of devices such as filters, antennas, waveguide transitions, and transmission lines 

scattering parameters (S-parameters) are matrices which are used to describe the transmission and 

reflection of electromagnetic waves 

 For a device having n ports, the S-parametersis given by, 

𝑺 = [
𝑺𝟏𝟏 𝑺𝟏𝟐 ⋯ 𝑺𝟏𝒏

⋮ ⋱ ⋮
𝑺𝒏𝟏 ⋯ 𝑺𝒏𝒏

] 

                                              

Where, 𝑺𝟐𝟏  gives the transmission coefficient from port 1 to port 2, and 𝑺𝟏𝟏  gives the reflection 

coefficient at port 1 . The time average power reflection/transmission coefficients are obtained as|𝑺𝒊𝒋|𝟐. 

The scattering parameters can be used to analyse the MTM influence on wave propagation. The S-

parameters correspond to reflection coefficients when impedance matching is taken into account. As a 

result, analysing those parameters provides crucial information on the guide's propagation quality. The 

lowest possible reflection coefficient signifies the best possible signal transmission within the stated 

objectives. High transmission rates are represented by low reflection indices. 

The transmission coefficient (𝑆21) and reflection coefficient (𝑆11) are used to calculate metamaterial 

properties like relative permeability and relative permittivity. 

The simplified formulas for the calculation are given below [11]: 

                                          𝜺𝒓 =  
𝟐

𝒋𝒌𝒅

𝟏−𝑺𝟏𝟏−𝑺𝟐𝟏

𝟏+𝑺𝟏𝟏+𝑺𝟐𝟏
                                                  (3.4 1) 

 

                                         𝝁𝒓 =  
𝟐

𝒋𝒌𝒅

𝟏+𝑺𝟏𝟏−𝑺𝟐𝟏 

𝟏−𝑺𝟏𝟏+𝑺𝟐𝟏
                                                   (3.4 2) 

 

                                       𝒏 =  
𝟐

𝒋𝒌𝒅
√

(𝑺𝟐𝟏−𝟏)𝟐−(𝑺𝟏𝟏)𝟐

(𝑺𝟐𝟏+𝟏)𝟐−(𝑺𝟏𝟏)𝟐                                          (3.4 3) 

Where,  𝜂 = Refractive index 

              C = Velocity of light 

              d = Slab Thickness         

  



21 | P a g e  
 

       

CHAPTER - 4 

DESIGN OF METAMATERIAL 

Metamaterial design plays an important role in achieving the desired properties. To design a 

metamaterial, we take the dimension of metamaterial to be much smaller than the wavelength. This 

property makes metamaterial structure a special structure. Proposed metamaterial will be finalized 

through step by step design and observing the response of different properties to different design 

configurations.  

 

4.1 Metamaterial structure  

As shown in Fig. 1, the suggested metamaterial's unit cell is made of FR-4 dielectric substrate material 

with a dimension of 10 x 10 μm2 and a thickness  (𝑡1) of 0.8 μm, with tangent loss (δ) of 0.02 and 

dielectric constant (ε) of 4.4.   The proposed structure was composed of copper material with a 

conductivity (σ) of 5.80 107 S/m, and the thickness was determined to be 0.35 μm from the substrate's 

surface. A square ring with outer and inner side dimensions of 10 μm and 9 μm was first constructed on 

the substrate, and within this square ring, a gap of 0.5 μm 0.16 μm was created, and two rectangles and 

eight triangles were arranged to construct a leaf-like design. The standard copper material structure, which 

was structured like a leaf, had a thickness of 0.35 μm. The Outer rectangle has dimensions as 7 × 0.3 μm whereas 

the inner rectangle has 2.2 μm × 0.4 μm. Then we have eight triangles, with the lower triangles having the same 

dimensions as the upper triangles. Upper triangle as shown in Fig. 1(a) and dimension of these triangles shown 

in Table 1. 

  

 

Fig 7: Front view of Proposed Metamaterial  
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Fig 8:  Side View of Metamaterial  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Parameters with dimension of designed unit cell 

 

 

Parameters Dimension (μm) Description 

𝑳𝟎 9.0 Outer square ring side 

𝑳𝒊 8.0 Inner square ring side 

𝑳𝟏 0.5 Gap width 

𝑳𝟐 1.6 Gap height 

𝑳𝟑 7.0 Outer rectangle length 

𝑳𝟒 0.3 Outer rectangle breadth 

𝑳𝟓 2.2 Inner rectangle breadth 

𝑳𝟔 0.4 Inner rectangle length 

𝑳𝟕 1.6 Upper triangle side 

𝑳𝟖 1.2 Upper triangle base 

𝑳𝟗 2.6 Lower triangle side 

𝑳𝟏𝟎 1.6 Lower triangle base 

𝑳𝒔 10 Length of substrate 

𝒕𝟏 0.8 Substrate thickness 

𝒕𝟐 0.35 Material thickness 
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4.2 Constitution of metamaterial 

We used a FR-4 substrate in the proposed metamaterial. With a loss tangent of 0.02 and a permittivity 

of 4.4, FR-4 has the highest permittivity. On the other hand, Rogers has the lowest permittivity of 2 and 

a loss tangent of 0.0021. FR-4 is also cost friendly that why this is good for our proposed metamaterial. 

The choice of substrate material plays a vital role in metamaterial unit cell design because for the 

electromagnetic field, the resonant excitation which is determined by the exact geometrical shape of the 

conductive materials deposited on the dielectric substrate material, is crucial to the functionality of those 

metamaterials. The resonance frequency and electromagnetic characteristics of metamaterial unit cells 

are affected by the substrate. In macroscopic terms, resonant excitation changes effective optical 

characteristics like the dielectric constant and magnetic permeabilities. 

The refractive index of the substrate which acts like a support for the metamaterial and which changes 

the effective size of the metamaterial patterns, affects the resonant frequency of metamaterial.  

Dielectric constant: It describes the ratio of the permittivity of the substance to the permittivity of the 

free space. 

𝑲 =
𝜺

𝜺𝒐
  

Were, 

 𝜺 and 𝜺𝒐 are permittivity of material and free space respectively. 

Permittivity: It is the measure of a material that is concerned with the polarization of that material 

Permeability: It is the measure of a material which is concerned with the magnetization of that material. 

Loss tangent: It is the measure of the dissipation of electromagnetic energy in the substrate of the 

metamaterial. It is also referred as dissipation factor. It is given by 

 𝐃 = 𝐭𝐚𝐧 𝜹,  

Where 𝛿 is the loss angle 

𝐭𝐚𝐧 𝜹 =
𝛆𝐈

𝛆𝐑  

Where 𝜺𝑰 and 𝜺𝑹 are imaginary and real parts of the dielectric constant respectively. 
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CHAPTER - 5 

RESULTS AND DISCUSSION  

 

5.1 Estimation of S-Parameter and electromagnetic parameters 

The evaluation of scattering parameter is done in RF module Finite element method based on COMSOL 

Multiphysics simulation software. The direction of propagation of the electromagnetic plane wave  is 

along the z-axis and the Perfect Magnetic Conductor and Perfect Electric Conductor  boundary condition 

is applied along the y-and x-axis with electric field polarized along y- axis. The Nicolson–Ross–Weir 

approach is used for the calculation of effective medium parameters i.e., permittivity (ε), permeability 

(μ) and refractive index (η) of the proposed structure. 

 
Fig 9. Scattering parameter (S11 & S21) variation with the incident frequency wave. 

  

 

The transmission coefficient (𝑺𝟐𝟏) and reflection coefficient (𝑺𝟏𝟏) of the proposed 

metamaterial unit cell are illustrated in Fig 2.  
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Fig 10: Variation of (a) Relative permittivity (𝜺𝒓), (b) Relative permeability (𝝁𝒓) and (c) 

Relative refractive index (𝜼) with the incident wave frequency on the proposed metamaterial unit 

cell 

The transmission coefficient (𝑆21) shows a dip at resonance frequencies 2.46 THz and 7.83 THz with the 

amplitudes of -17.084 dB and -21.25 dB, correspondingly, similarly the unit cell's reflection coefficient 

(𝑆11) showed two resonances with amplitudes of -21.74 dB and -12.865 dB at frequencies of 3.15 THz 

and 7.5 THz respectively. The plot of permittivity (휀), permeability (μ) and refractive index (η) of the 

proposed metamaterial is displayed in Fig. 3. In Fig. 3(a), the peak corresponding to frequencies 2.4 

THz, 6.14 THz and 9.3 THz shows negative permittivity with amplitude -165, -684 and -300 respectively 

and for permeability there is slight drop on frequency for 2.4 THz as shown in Fig. 3(b) with amplitude 

11.27. The negative refractive index is shown on frequencies 6 THz and 9.5 THz with amplitude -108.28 

and -2 and positive refractive index on 2.79 THz with amplitude 4.8 (Fig. 3(c)). 

5.2 Electric field and Magnetic field distribution 

In fig. 12 and 13, Distribution of electric field and magnetic field is shown   
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Fig 11. Electric Field at (a) 2.4 THz (b) 7.8 THz 

It is seen from the fig. 4 (a) that the electric field concentrates maximum in the gap (𝐿1) between the 

square ring of the order of nearly 1.82×107 V/m for the frequency 2.4 THz 

 

As the frequency increases to 7.8 THz, the confinement of the electric field in the gap increases to the 

order of 2.8×107 V/m (Fig. 4(b)). With change in frequency there is a change in the electric field 

distribution caused by the large amount of accumulation of charges causing the metamaterial structure 

to resonate in the frequency range. The plot of magnetic field distribution for the resonance frequency is 

presented in Fig. 7.   

 

Fig 12: Magnetic Field at (a) 2.4 THz (b) 7.8 THz 

The magnetic field accumulate in the lower part of the structure for the resonance frequency 2.4 THz of 

the order of 7×104 A/m but for 7.8 THz the accumulation is in both upper and lower part of the structure.  
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5.3 FAR FIELD RADIATION PATTERN 

Far Field Region, also known as Radiation Field, it is the area that follows the near radiative near field. 

Radiating fields are used to control the electromagnetic fields in this area. As the plane waves, the E and 

H-fields are orthogonal to each other and also to the direction of propagation. The below equation 

represents the far-field area: 

𝐹𝑎𝑟 𝐹𝑖𝑒𝑙𝑑 𝑟𝑒𝑔𝑖𝑜𝑛 >  
2𝐷2

𝜆
 

Energy of the radiated antenna is represented by the pattern of radiation of an antenna. Pattern of 

radiation is representations of radiated energy which is distribution in space as the direction function. 

(a) Pattern of Radiation 

In various direction, the relative strength of the radiated field from the antenna at a constant distance is 

described by pattern of radiation or antenna. The pattern of radiation is also a "reception pattern," as it 

describes the antenna's receiving characteristics. The pattern of radiation is three-dimensional, yet 

displaying the three-dimensional radiation pattern in a meaningful way is problematic manner. 

Measuring a three-dimensional radiation pattern takes time as well. Often, the patterns of radiation 

detected are 2-D representation of the 3-D pattern, which can be conveniently presented on a screen or 

sheet of paper. These Pattern measurements can be displayed in a rectangular or polar style. 

(b) Directivity  

It is an antenna's ability to focus energy in a certain direction when transmitting or to receive energy 

more efficiently from a specific direction when receiving. The ratio of the  antenna's peak radiation 

intensity to the isotropic or reference antenna radiating the same total power is known as directivity. 

Antennas radiate power, but the direction in which they transmit it is crucial. The antenna whose 

performance is being evaluated is known as the subject antenna. While sending or receiving, the 

intensity of its radiation is directed in a specific direction.  

 

(c) Lobe Formation 

We frequently come across distinct shapes in the representation of a radiation pattern, which show the 

major and minor radiation zones, which are used to determine the antenna's radiation effectiveness. 

Now following is the diagram of the dipole antenna radiation pattern 
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Fig 13: Lobe 

There is a main lobe, side lobes, and back lobe in this radiation pattern. 

 The major lobe is the main lobe which has the most extensive part of the radiated field, which 

spans in  a larger area and which has the most extensive part of the radiated field and this is the 

portion where all the energy is released. Because of the orientation of this lobe the antenna’s 

directivity is determined 

. 

 The other lobe is in the opposite direction of the first lobe which is known as black lobe or minoe 

lobe.. A large amount of energy is lost even here. 

 

The Far field radiation pattern for the resonance frequencies 2.4 THz and 7.8 THz is shown in Fig. 6. 

The far field radiation pattern shows that the lobe is distributed on the vertical axis at 2.46 THz frequency, 

demonstrating unidirectionality, but as the frequency increases to 7.8 THz, the lobe reduces to a single 

lobe. The proposed structure's directivity is 2.856 dB, indicating that the designed structure can be 

implemented as an antenna with the appropriate directivity. 
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Fig.14: Far Field radiation pattern of the designed structure 

5.4 Effective Medium Ratio (EMR) 

The metamaterial size structure is miniaturised and follows a suitable EMR.The effective medium ratio 

(EMR) is a crucial factor for a metamaterial's properties, since it symbolises the metamaterial's compact 

size and efficiency [11]. Many devices work at low resonance frequencies, but due to the small size of 

metamaterial, low resonance frequencies are difficult to achieve, but a high EMR symbolises the 

metamaterial design's perfection and criteria fulfilment. If the EMR value is more than 4, negative 

permittivity is possible with the proposed metamaterial design. If the EMR value is less than 4, the 

metamaterial sub wavelength condition is not met. Following is the simplified formula for calculating 

the EMR:  

           𝐸𝑀𝑅 =  
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 (𝜆)

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝐿)
                                  

 

The computed EMR value for the proposed metamaterial unit cell is 12.1 (10×10×1.15). The high EMR 

value demonstrates the structure's compactness. 
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CHAPTER - 6 

CONCLUSION 

 

For THz applications in the range of 1-10 THz, a new leaf-like metamaterial structure is designed and 

investigated. In addition, the scattering and propagation parameters are analyzed. For transmission 

coefficient, the structure resonates at two resonance frequencies i.e., 2.46 THz and 7.83 THz (S21). At 

2.46 THz, the structure exhibits negative permittivity. Also exhibited is the electric and magnetic field 

response at the resonance frequency. Because the suggested metamaterial unit cell is tiny, it achieves the 

ideal resonance frequency and a high EMR value of 12.1. The antenna structure can be used with a 

computed directivity value. As a result, the proposed metamaterial can be used in short-range wireless 

THz communication, ultrafast THz interconnects, and non-destructive detection of hidden objects. 

  



31 | P a g e  
 

FIGURE CITATION  

 

[1]https://upload.wikimedia.org/wikipedia/commons/f/fb/Lefthanded_metamaterial_array_configuratio

n.jpg  

[2] Science report , Hong Kong University of Science and Technology, “Invisibility cloak’ metamaterials 

make their way into products "by Josh Jacobs MARCH 29 2018. 

[3]  https://pubs.rsc.org/en/content/articlelanding/2017/nr/c7nr05436j/unauth 

[4]https://en.wikipedia.org/wiki/Metamaterial_antenna#/media/File:Z_Antennas_at_UHF 

Frequencies.jpg 

[5]  https://en.wikipedia.org/wiki/Negative_refraction#/media/File:Metarefraction.svg 

[6]  S. P. Burgos, R. De Waele, A. Polman, and H. A. Atwater. A single- layer wide-angle negative-index 

metamaterial at visible frequencies. Nature Materials, 9(5):407–412, 2010F. Capolino. Theory and 

phenomena of metamaterials. CRC press, 2017. 

[7,8,9,10,11,12] Comsol Multiphysics software . 

[13]https://www.tutorialspoint.com/antenna_theory/antenna_theory_near_and_far_fields.htm 

[14] Comsol Multiphysics software 

  

https://www.tutorialspoint.com/antenna_theory/antenna_theory_near_and_far_fields.htm


32 | P a g e  
 

SCOPUS INDEXED REPORT 

 

 

  



33 | P a g e  
 

 
 

REFERENCES  
 

 

[1] D. R. Smith, J. B. Pendry, and M. C. Wiltshire, “Metamaterials and negative refractive index,” 

Science, vol. 305, no. 5685, pp. 788–792, 2004. 

 

[2] M. Moniruzzaman, M. T. Islam, I. Hossain, M. S. Soliman, M. Samsuzzaman, and S. H. Almalki, 

“Symmetric resonator based tunable epsilon 

negative near zero index metamaterial with high effective medium ratio for 

multiband wireless applications,” Scientific Reports, vol. 11, no. 1, pp. 1–21, 

2021. 

 

[3] S. Mingle, I. Hassoun, and W. Kamali, “A combination of c and u double negative metamaterial 

having negative permittivity and permeability 

at 28ghz,” in 2018 1st International Conference on Advanced Research in 

Engineering Sciences (ARES), pp. 1–4, IEEE, 2018. 

 

[4] M. B. Hossain, M. R. I. Faruque, S. S. Islam, and M. T. Islam, “Modified 

double dumbbell-shaped split-ring resonator-based negative permittivity 

metamaterial for satellite communications with high effective medium ratio,” Scientific Reports, vol. 11, 

no. 1, pp. 1–18, 2021. 

[5]  M. Beruete and I. Jáuregui-López, “Terahertz sensing based on metasurfaces,'' Adv. Opt. 

Mater., vol. 8, no. 3, Feb. 2020, Art. no. 1900721 

[6]   M. J. Fitch and R. Osiander. Terahertz waves for communications and sensing. Johns Hopkins 

APL technical digest, 25(4):348–355, 2004. 

[7]    X. Jiang, R. K. Pokharel, A. Barakat, and K. Yoshitomi. A multimode metamaterial for a compact 

and robust dualband wireless power transfer system. Scientific reports, 11(1):1–10, 2021. 

[8] S. C. Bakshi, D. Mitra, and L. Minz. A compact design of multiband terahertz metamaterial 

absorber with frequency and polarization tunability. Plasmonics, 13(6):1843–1852, 2018. 

[9]  M. Moniruzzaman, M. T. Islam, I. Hossain, M. S. Soliman, M. Samsuzzaman, and S. H. 

Almalki. Symmetric resonator based tunable epsilon negative near zero index metamaterial with high 

effective medium ratio for multiband wireless applications. Scientific Reports, 11(1):1–21, 2021. 

[10]  W.-Y. Tsai, C.-M. Wang, C.-F. Chen, P. C. Wu, Y.-H. Chen, T.-Y. Chen, P. R. Wu, J.-W. 

Chen, and D. P. Tsai. Material-assisted metamaterial: a new dimension to create functional 

metamaterial. Scientific reports, 7(1):1–6, 2017. 

[11]  H. Tao, A. C. Strikwerda, M. Liu, J. P. Mondia, E. Ekmekci, K. Fan, D. L. Kaplan, W. J. 

Padilla, X. Zhang, R. D. Averitt, et al. Performance enhancement of terahertz metamaterials on 

ultrathin substrates for sensing applications. Applied Physics Letters, 97(26):261909, 2010. 



34 | P a g e  
 

[12] M. Moniruzzaman, M. T. Islam, N. Misran, M. Samsuzzaman, T. Alam, and M. E. Chowdhury. 

Inductively tuned modified split ring resonator based quad band epsilon negative (ε) with near zero 

index (n) metamaterial for multiband antenna performance enhancement. Scientific reports, 11(1):1–

29, 2021. 

[13] S. U. Afsar, M. R. I. Faruque, M. J. Hossain, M. U. Khandaker, H. Osman, and S. Alamri. 

Modified hexagonal split ring resonator based on an epsilon-negative metamaterial for triple-band 

satellite communication. Micromachines, 12(8):878, 2021. 

[14] Gatesman AJ et al (2006) Terahertz behaviour of optical components and common materials. Proc 

SPIE 6212:62120E 

[15] Yun-Shik L (2008) Principles of terahertz science and technology. Springer, New York 

[16] Palka N et al (2012) THz spectroscopy and imaging in security applications. 19th international 

conference on microwaves, radar and wireless communications, pp 265–270 

[17] Heinz E et al (2012) Development of passive submillimeter-wave video imaging systems for 

security applications. Proc SPIE 8544:854402 

[18] Cooper KB, Dengler RJ, Llombart N, Bryllert T, Chattopadhyay G, Mehdi I, Siegel PH (2009) An 

approach for sub-second imaging of concealed objects using terahertz (THz) radar. J Infrared Millim 

Terahz Waves 30:1297–1307 

[19] Appleby R, Wallace HB (2007) Standoff detection of weapons and contraband in the 100 GHz to 

1 THz region. IEEE Trans Antennas Propag 55:2944–2956 

[20] Millivision, website: www.millivision.com 

[21] ProVision ATD, website: http://www.sds.l-3com.com 

[22] ThruVision System Ltd., website: www.truvision.com 

[23] Brijot imaging systems Inc., website: www.brijot.com 

[24] STANAG 4349 (ED. 1) Nato standardization agreement: measurement of the minimum resolvable 

temperature difference of thermal cameras (09-AUG-1995) 



35 | P a g e  
 

REGISTRATION RECORD 

 



36 | P a g e  
 

 

  



37 | P a g e  
 

 

 



38 | P a g e  
 

 

 

  



39 | P a g e  
 

 

  



40 | P a g e  
 

 


