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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 um? and
is designed on a FR-4 substrate with a thickness of 0.35 um. The NRW method is used to calculate the
designed structure's permittivity (&), permeability (pr), and refractive index (ny) 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 19" 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]

Wire

Split-ring

resonators board

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 (SiOz)
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 pm.
The scattering parameters (S21) shows the two resonance frequency dips at 2.46 um and 7.83 um,
respectively. The relative permittivity (e,.), relative permeability (u,) and refractive index (n) is also
evaluated. The EMR of the proposed structure comes out to be 12.1.
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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.

Metamaterials: cloaking by transforming space

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.

Diffraction Limited Image Reconstructed Image

Lens

Object

o T - .E
=
2
Objective = ‘ ﬁ L
Wavelength
— 4

Metamaterial

Fig 4. Image reconstruction by metamaterials [4]
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24

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.

V.E = p,(t)/e (3.11)
V.B= 0 (3.12)
v xE=-p°>" (3.13)
v xB=J{t)+ &2 (3.14)

Here, p,, = charge density of time-varying volume

& = Relative Electric permittivity

u = 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 Egs. (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 =¢E (3.15)
B = uH (3.16)

Where each € and p are generally complex and frequency-based in a lossy dispersive medium and the
real quantities is in the lossless isotropic medium in Egs. (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 Egs. (3.1 1)—( 3.1 6), which are
given as

k = w/ue (3.17)
n =+Jue (3.18)
n =+ Uu&, (3.19)

Where,
w = 2xf is the radial frequency (in rad/sec), f is the frequency in Hz

u,. = p/u0and g, = £/€0 are the relative permeability and permittivity, respectively.

3.2 Negative refractive index (NRISs):

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.

Conventional
Material

Left-handed
metamaterial

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 8 direction in the reference of the
normal and if the material is a NRI material then the light will get reflected in —8 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=cv (3.21)
Where,
¢ 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

n’=gn (3.22)

¢ = the relative dielectric permittivity
And p = the relative magnetic permeability of the medium.

n =+Uu,e, (3.23)

Now, negative refraction can be achieved when (u, and €, ) are negative.

JEr) (e = Ve Tm x Ve x (Y€,
= (e J™/?2) x (e7/™/?) x (\/R)
= e T x (Vur€,)
=—-1x (Vpr€r)

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 € and u [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 § = E X H.The phase velocity v, = k/w 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 v, = V,w(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

~dw(k)
v, = Viw(k) = pk K

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,

Sll SIZ"' Sln
s=|: :

Sn1 San

Where, S5, gives the transmission coefficient from port 1 to port 2, and §;; gives the reflection
coefficient at port 1. The time average power reflection/transmission coefficients are obtained as|S;|%.

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 (S,;) and reflection coefficient (S;;) are used to calculate metamaterial
properties like relative permeability and relative permittivity.

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

2 1-511-521

£T - jkd 1+511+S21 (34 1)

2 14+8S11-S21
jkd 1-S11+S521

_ 2 [(521-1)*=(S11)?
= jkd\ 521+ D= (510)? (343)
Where, n = Refractive index

C = Velocity of light
d = Slab Thickness

p = (3.42)
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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 pm? and a thickness (t1) of 0.8 um, with tangent loss (&) of 0.02 and
dielectric constant (g) of 4.4. The proposed structure was composed of copper material with a
conductivity (c) of 5.80 107 S/m, and the thickness was determined to be 0.35 um from the substrate's
surface. A square ring with outer and inner side dimensions of 10 um and 9 pm was first constructed on
the substrate, and within this square ring, a gap of 0.5 pm 0.16 um 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 um. The Outer rectangle has dimensions as 7 x 0.3 um whereas
the inner rectangle has 2.2 um x 0.4 um. 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

3 ) % 0
L, 9.0

Outer square ring side

L; 8.0 Inner square ring side
L, 0.5 Gap width

L, 1.6 Gap height

L 7.0 Outer rectangle length
Ly 0.3 Outer rectangle breadth
Ls 2.2 Inner rectangle breadth
Lg 0.4 Inner rectangle length
L, 1.6 Upper triangle side
Lg 1.2 Upper triangle base
Lo 2.6 Lower triangle side
Lqo 1.6 Lower triangle base
Lg 10 Length of substrate
ty 0.8 Substrate thickness
t, 0.35 Material thickness

Table 1: Parameters with dimension of designed unit cell
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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==

&0

Were,

€ and &o 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 §,

Where § is the loss angle
81
tand = X

Where & and £R 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 (€), permeability

(n) and refractive index (n) of the proposed structure.

-10 4

-15 <

S-parameter (dB)

=204

25 -
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1 2 3 4 5 6 7 8 9 10
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Fig 9. Scattering parameter (S11 & S»1) variation with the incident frequency wave.

The transmission coefficient (S,4) and reflection coefficient (§11) of the proposed
metamaterial unit cell are illustrated in Fig 2.
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The transmission coefficient (S,,) 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 (¢), permeability (i) and refractive index (1) 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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It is seen from the fig. 4 (a) that the electric field concentrates maximum in the gap (L,) between the
square ring of the order of nearly 1.82x107 VV/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 2.8x107 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.

(a)

(b)

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 7x10* 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:

2D?

Far Field region > I

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.

e 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

e 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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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:

Operating wavelength of unit cell (1)
Unit cell length (L)

EMR =

The computed EMR value for the proposed metamaterial unit cell is 12.1 (10x10x1.15). 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.
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A nesw leal-like metamaterial structure made up of copper material is analyzed and designed in this paper
in the frequency range of 1-10 THz. The suggested metamaterial designed on an FR-4 substrare with a
thickness of 0.35 pm having a geometrical dimension of 10 = 10 um®. The NEW method is used for
the calculation of permittivity (£ ], permeability (g, ) and refractive index (g, ] of the designed structure
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1. Introd uction

In the last 20 years, a new form of materials called metamareri-
als for 30 structures and metasurfaces for 2D flat structures has
been investigated. This sort of material’s design flexibility provided
interesting optical characteristics that drew a lot of attention and
proved to be wiable choices for a wide range of applications. As a
result, many structures for various purposes across the electromag-
netic spectrum have developed [1). Metamaterials are extraondi-
narily designed electromagnetic structures whose effective
permittivity and effective permeability can be changed, by adjust-
ing the unit structure and geometric parameters which provide
some unique properties like negative refractive index [ MR1), electric
and magnetic resonance, electromagnetic choaking, super lenses,
obstacle sensing, energy harvesting, etc [2]. Owver naturally occur-
ring materials these metamaterials show better responses for
wave-matter interaction. But it all started with Victor Veselago, a
Russian physicist who in 1968 introduced the world with the con-
cept of metamaterials. He showed that these materials can have
negative permittivity and permeabilityin a certain frequency

* Comesponding author.
E=mmmil ddress: mme gha4f@gmail.com | Meenak<hi].

bittps: |doi arg /1001016, matpr 2002 04,437
2214-7853(Copyright © 2002 Elsevier Lid All nshu reserved.

range. In 2000, Smith [3] referred to metamaterial as Left-Handed
fMetamaterial (LHM) by using a combination of plasmonic-type
metal wires and a split ring resonator (SRR) array to create negative
electric permittivity { £,y ) and negative magnetic permeability [ piy 1L
respectively. The LHMs= can be classified as DMMs (double negative
metamaterial) based on both permittivity and permeability nega-
tive on particular frequency or SMMs (single negative metamare-
rial) based on either permittivity or permeability negative.
Ordinary materials anly have positive permittivity and permeabil-
ity, which are known as double positive media found in nature [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 surmround-
ing microwawe and infrared regimes, the lack of THz materials has
hampered the development of THz technology for real-world
applications at terahertz frequencies, magnetic responses (perme-
ability] can be measured wvsing a structure made up of non-
magnetic elements, such as copper-wire SRR, which show distinct
responses centred around a resonant frequency. SRR have demon-
strated the ability to tune in the teraheriz 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

Selection and peer-reviesw under responsibility of the scientific commibtee of the International Conference on Materials, Processing & Charaoterizabion.
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and biological spectroscopy, and sensing. THz metamaterials are
discussed here, including their design, fabrication, and characteri-
sation, with a focus on their passive and active features for THz
device applications [5]. 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 392
% which was 0.04 % With the meta surface the figure of merit
[Fobd) is improved o 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 (L81 THz, 198 THz, 3.25
THz and 3.50 THz, respectively [2]. Tunable ep=ilon negative near
zero index metamaterial based on symmetric resonators with high
effective medium ratio for multiband wireless applications [2]
offers a cross-coupled resonator-based metamaterial for satellite
and RADAR communications with negative permittivity, close to
zere refractive index, and an EMR of £.03. On the other hand, a
magnetically resonant meta surface with a high ) value which con-
sist of a sandwich structure of Au film, a S5i0, pacer layer and an Au
nanorod array to enhance the (-value. A metamaterial based on
FR-4 substrate material is constructed for long range radio commu-
mications showing resonance frequencies at 2,89 GHz, 942 GHz
and 15.16 GHz [10]. A metamaterial absorber made of tungsten
film layered on silicon oxide (5i0;) is described in another paper
111]. The absorptivity of the MTM is determined by the tungsten
nanohole radius [12]4 SRR on ultrathin Silicon Nitride [5M.) sub-
strate of thickness 400 nm is designed based on the planar tera-
hertz metamaterial having resonance at 0.255 THz was detected
in this SRE-MMs [13].

In this paper, a new design of leaf like metamaterial is designed
for the frequency range of 1-10 pm. The scattering parameters
[S24) shows the two resonance frequency dips at 246 pm and
783 pm, respectively. The relative permittivity (& ], relative per-
meability () and refractive index (#] is also ewaluated. The EMR
of the proposed structure comes out to be 12.1.

2. Design of the unit cell structure

The designed metamaterial is composed of copper material hav-
ing thickness () 0.35 um and conductivity (o) 5.80 « 107 §jm.
The FR-4 epoxy resin fibre is chosen as substrate material with
dimension (L) 10 = 10 wm having thickness (&) equals to

b

(a)

2

Materisks Todey: Proceadings s {xoon] oo

0.8 pm with the tangent loss (&) .02 and dielectric constant [£)
4.4 as seen in Mg 1{b). Initially on the substrate, a square ring with
side dimensions of 9 pm each is built with a gap of 0.5 pm =« 0.1
6 pm, two rectangles with length and breadchs Ly, Ly, Ls, Ly and
eight triangles were used to create a leaf-like design inside this
square ring as presented in Fig. 1{a) and dimensions of the unit cell
is shown in Table 1.

3. Result and discussion
3.1. Estimation of 5-parameter and electromagnetic parameters

The evaluation of scattering parameter is done in RF module
Finite element method based on COMSOL Multphysics simulation
software. The electromagnetic plane wawve through normal inci-
dence is propagated along the z-axis. The Perfect Electric Conductor
[FEC) and Merfect Magnetic Conductor (PMC) boundary condition is
applied along the x-and y-axis with electric field polarized along y-
axis. The Micolson-Ross-Weir approach is used for the calculation
of effective medium parameters ie., permittivity (g], permeability
[n) and refractive index (1) of the proposed structure.

The simplified formulas for the calculations are given below
[14]:

¢ (1-5u—5u) .
Br= o e m
Jrovd (1 + 555 + 5541
Table 1
Parameters with dimension of designed unit cell.
Parameters Dimension | jpm] Dezcription
Ly as gap width
Lz 16 gap height
L 70 oaater rectangle length
Ly o3 oiater rectangle bresdth
Ls 22 mner rectangle breadth
Le 04 imner rectangle length
L 16 upper triangle side
Ly 12 upper triangles base
Ly a1 lorweer triangle side
L 16 bereer triangle base
Ly h[i] lemgth of substrate
La ] lemgth of material
ity 0s thickmess of substrate

thickress of material

-
L]

8
a
LA

(b)

Fig. 1. (a) Fromt view and [b) sde view of the proposed metamaterial unit cell

37| Page




Pdesenakshn, P Sourov and K Kishor

c (1 -5 +5u)

—_— {2
e = Tond 1T =50 +521) )
i .":521 — ]:ll - ':5|.1_I2 (3

n=——;
Jmvd I|III (534 = ]]1 - ':51112

where, 5, is the reflection coefficient, 52, is the transmission coef-
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thickness of the slab. The transmission coefficient (5 ) and reflec-
tion coefficient (5,,] of the proposed metamaterial wnit cell are
illustrated in Fig. 2.

The transmission coefficient (%, ) shows a dip at resonance fre-
quencies 2.46 THz and 7.83 THz with the amplitudes of —17.084 dB
and —21.25 dB, comrespondingly, similarly the unit cell's reflection
coefficient (5;,) showed two resonances with amplibudes of
—-21.74 dB and -12.865 dE at frequencies of 3.15 THz and 7.5
THz respectively. The plot of permittivity (&), permeability [p)
and refractive index [ ) of the proposed metamaterial is displayed
in Fig. 3. In Fig. 3(a), the peak commesponding to frequencies 2.4 THz,
6.14 THz and 93 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 fre-
gquencies 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)L

32 Electric field and mognetic field distribution

The electric field and magnetic field distribution is shown in
Fig_ 4.

It is seen from the Fiz. 4{a) that the electric field concentrates
maximum in the gap (L, between the square ring of the order of
nearly 1.82 = 107 ¥/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 (Fiz. 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 meta-
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metamaterial unit cell
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Fig 5. Magnetic Feld at {a) 2.4 THz (b) 7.8 Thz.

material structure to resonate in the frequency range. The plot of
magnetic field distribution for the resonance frequency is presented
inFig. 5.

The magnetic field accumulate in the lower part of the structure
for the resonance frequency 2.4 THz of the order of 7 x 10* A/m but
for 7.8 THz the accumulation is in both upper and lower part of the
structure.

3.3. Far field radiation pattern

Fig. 6 shows the Far field radiation pattern for the resonance fre-
quenies 2.46 THz and 7.83 THz.

It is seen from the far field radiation pattern that at 2.46 THz
frequency the lobe is distributed in the vertical axis showing the
unidirectionality but as the frequency increases to 7.83 THz the
double lobe reduces to a single lobe. The directivity of the proposed
structure comes out to be 2.856 dB which shows that the designed
structure can be used as antenna with the required directivity.

3.4. Effective medium ratio (EMR)

The effective medium ratio (EMR) is a significant parameter for
the characteristics of a metamaterial which represents the
metamaterial compact size and efficiency | 15]. Many devices oper-

Radiation Pattern Fa‘r-fteid norm (V/m)

—— 2,46 THz
7.83 THz

150° \o*
180

210"

Fig. 6. Far Field radiation pattern of the designed structure.

ate at low resonance frequencies, but low resonance frequencies
are difficult to accomplish due to the small size of metamaterial
whereas the high EMR symbolises the perfectness and critena fulfil
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of the metamaterial design. If the EME value is more than 4, nega-
tive permittivity is possible with the proposed metamaterial
design. If the EMR value is less than 4, the metamatenal’s sub
wavelength condition is not met. The EMR can be calculated using
a simplified formula [156]:
_ Operating worelength of unit cell i)

EMR = Unit cell fength (L) )

The calculated value of EMR is 12.1 (10 = 10 = 1.15) for the

designed metamaterial unit cell. The high value of EMRE shows
the compaciness of the structure.

4. Conclusion

In this paper, a new leaf like metamatenal structure is designed
and analyzed for THz applications in the range of 1-10 THz. The
scattering parameters and propagation parameters are also evalu-
ated. The structure resonates at two resonance frequencies iLe.,
246 THz and 7.83 THz for transmission coefficient [5;; . The struc-
ture shows negative permittivity at frequency 2.46 THz The elec-
tric and magnetic field response corresponding to the resonance
frequency is also shown. Due to the small size of the suggested
metamaterial unit cell, it delivers the appropriate resonance fre-
quency and a high EMR value of 12.1.The structure can be used
in the antenna with calculated value of directivity. Hence the sug-
gested metamaterial can be effectively used in short-range wire-
less THz communication or ultrafast THz interconnects, as well
as non-destructive detection of hidden weapons.
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