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Abstract

It is essential to alter effective electromagnetic parameters of a material to enhance its response.
In the present work, we propose a novel Left Hand Metamaterial (LHM) structure comprising double turn
spiral resonator (DTSR) and capacitance loaded strips (CLS). This structure is numerically explored to
examine the resonance and effective material parameters i.e. permeability and permittivity. The negative
refraction in the unit cell is confirmed with identification of double negative region (negative permittivity, €
and negative permeability, u) on placing the unit cell in a waveguide with well defined Perfect Electric
Conduction/Perfect Magnetic Conduction boundary conditions.
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1. Introduction

There has been a great deal of attraction and attention in design of structures based
materials in last decade, which exhibit new unnatural qualitative response functions. A recent
example of these artificial materials is ‘Metamaterials’ which have led to paradigm shifting by
opening prospects for improved antenna design to overpower the limitations of conventional
antennas. These materials demonstrate negative permittivity and/or negative permeability.
Metamaterials are unnatural materials that could be engineered by embedding specific
inclusions of metal in some host media. This ensuant material can be tailored to achieve
electromagnetic characteristics (such as permeability and permittivity) according to system
requirements [1]. Due to their exotic features, these materials have applications in the field of
antenna to design small antennas [2] with enhanced directivity [3] and beam-width control [4].
Another application of metamaterials is to enhance the magnetic permeability of nonmagnetic
materials by metallic inclusions [5].

The man behind the remarkable discovery of these materials was Victor Veselago [6]
who, in 1968, made a theoretical assumption of artificial materials which exhibit negative
permittivity and permeability. His work was acknowledged after more than three decades when
Pendry et al. proposed periodical thin-wire (TW) structure that exhibits the negative effective
permittivity [7]. It was also demonstrated in [8] that negative magnetic permeability could be
achieved using an array of split-ring resonators (SRR). In 2001, Smith realized the first
prototype Left Hand Metamaterial (LHM) structure by combining split ring resonators and thin
wires [9]. LHMs have numerous exceptional properties particularly the backward wave and
negative refraction. Carbonnel et al verified the backward wave propagation in [10]. Negative
refraction was confirmed experimentally by Pendry and Smith in [11-12]. A number of new
structures such as spiral multi-split, omega shape and S-shape have been proposed in [13]
which show LHM characteristics. In [14-16], authors analyzed the SRR structures to conclude
dependence of effective material parameters on geometrical dimensions of metamaterial
structure to upgrade the properties of the microwave devices.

It is well known fact that antenna gives low efficiency when its size is reduced below
Chu limit [17-20]. Because of this reason, antenna design has been a big challenge for
researchers. Many miniaturization techniques are available in literature like insertion of slots on
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the radiating patch [21] and design of fractal based antenna [22] etc., but this problem can be
solved through magnetic permeability enhanced metamaterials which are used to design small
antennas below Chu limit with considerable size reduction [5], [23-24].

In this paper, a new left hand metamaterial structure consisting of double turn spiral
resonator (DTSR) and two capacitively loaded strips(CLS) of copper, is modelled, optimized and
simulated using Finite Element Method (FEM) based Ansoft HFSS software to prove the
negative refraction property. The proposed structure has a single spiral resonator along with
CLS which is different from work done in [25] where double cut SRRs are being used. The use
of spiral resonator (SR) is proposed in this paper because the spiral resonators use the unit cell
area effectively and have significant potential to reduce the electrical size of the metamaterial
unit cell than the conventional square SRR structures [5, 23]. We preferred a spiral loop as it
uses less area to provide equivalent capacitance while simultaneously provide additional
inductance and hence additional permeability [16, 23].

This paper is organised in four sections. After discussion of previous work done in
Introduction, Section 2 discusses proposed design of LHM structure. Section 3 presents
simulation methodology of LHM unit cell inside a waveguide with suitable boundary conditions
and excitations. Section 4 presents numerically analyzed results and discussions. Section 5
gives conclusion of paper.

2. Proposed Design of LHM Structure

The proposed LHM unit cell structure consisting a double turn spiral resonator (DTSR)
and two capacitively loaded strips (CLS) on both sides (left and right side) of Spiral Resonator
(SR) is shown in Figure 1. The geometrical parameters of SR and CLS are given in Table 1.
The proposed structure is patterned on FR-4 substrate with permittivity 4.7, thickness 1.6 mm,
and loss tangent of 0.019.

T wi

L1

Figure 1. LHM unit cell structure geometry

Table 1. Geometrical Parameters of the Proposed LHM Unit Cell

S.N. Dimension of LHM Structure Units (mm)
1 Height of two capacitance strips (L1) 17.52
2 Length of full CLS (L2) 15.2
3 Length of half strip (L3) 7.6

4 Gap between SR and CLS (G1) 3.5

5 Gap between two CLS strips (G2) 1.16
6 Width of CLS (W1) 1.16
7 Width or metallic thickness of a turn of SR (W2) 0.45
8 Gap or split of SR (G3) 0.45
9 Spacing between two turns of SR (G4) 0.45
10 Length of outer arm of SR (L5 and L4) 8.19
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Metallic length of DTSR and CLS is equivalent to inductive coil. The gap in SR and CLS
generates parallel plate capacitor. An electric circular current is induced in the metallic ring
when placed in a time varying magnetic field. Thus, SR is a resonator which couples to a
perpendicular magnetic field and can be characterized by the effective capacitance of the gap
and effective inductance of the loop defined by the metallic ring. The CLS introduces an extra
capacitance [25]. We can tune several parameters of SR like size of SR, spacing between the
rings, size of the split [15], thickness of substrate, length, width and height of CLS and gap
between two CLS to control magnetic and electric resonance.

3. Simulation Methodology of LHM in Waveguide

We put the proposed LHM unit cell in a waveguide as shown in Figure 2 and simulate
the metamaterial structure. Perfect electric conductor (PEC) boundary conditions are assigned
on the z-faces of the unit cell. The perfect magnetic conductor (PMC) boundary conditions are
applied on the y-faces of the unit cell. The two wave ports 1 and 2 are assigned along each of
the substrate line on the x-faces form —x to x direction.

PERFECT MAGNETIC CONDUCTOR

Figure 2. Boundaries and excitations in LHM unit cell

The metamaterial unit cell is modelled in HFSS and allocated suitable boundary
conditions for far-field calculation to get consistent results. After modeling, the adaptive meshing
is applied to problem domain. The adaptive meshing algorithm looks for the largest gradients in
the E field or error and then subdivides the mesh in these areas or regions. For the simulation,
25 passes have been taken with an error tolerance of 2%. HFSS compares the S-Parameters
from the current mesh to the results of the preceding mesh. With each adaptive pass, maximum
30% refinement per pass is achieved in solutions. Once the user defined error tolerance is
attained, then the solution get converged and the current or preceding mesh is used to execute
a frequency sweep.

The effective permeability (i) and effective permittivity (e.) of an equivalent
metamaterial can be determined using Nicolson-Ross-Weir approach [20]. This method is
applied to retrieve effective material parameters and MATLAB code is written to implement the
following equations:

Vi=3581+51 (1)
Vo =51 —511 (2)
The complex terms, V; and V, symbolize the summation and difference of S-

parameters and are estimated using Equations (1) and (2) by exporting values of transmission
coefficient (S,;) and reflection coefficient (S;,).

k= (%) Vit = kovigs (3)
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Where k is complex wave number, w is angular frequency, k, is wave number in free space
(ko =w/c), u, is effective permeability, ¢, is effective permittivity of equivalent metamaterial and
c is speed of light.

2 1-1

'ur = jkod 14V, (4)
_ 2 1%
& = ikd 1tvi )

d is thickness of substrate.
By putting the Equations (1) and (2) in egns. (4) and (5), we can get effective
permeability (u,.) and effective permittivity (g,.).

4. Results and discussion

A Full wave simulation of the proposed LHM unit cell in a waveguide is performed with
electromagnetic solver. After applying appropriate boundary conditions and excitations, as
mentioned in Section 3, the model is then executed to verify its metamaterial features. The
transmission and reflection characteristics in terms of S-parameters are plotted for the proposed
LHM structure for validating the performance.

4.1. Reflection Coefficient (S;;) and Transmission coefficient (S,,)

Figure 3 shows reflection coefficient (S;;) and transmission coefficient (S,;)
characteristics of LHM w.r.t. frequency. It can be noticed from the simulated results that there is
strong reflection of -23.7 dB at 1.84GHz. This signifies that proposed LHM resonates at 1.84
GHz. Resonance occurs at the frequency close to the frequency location where the logarithmic
transmission has a minimum value. The first transmission minimum for the proposed structure is
-37.8 dB at 2.12GHz.
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Figure 3. Transmission coefficient (S,,) and reflection coefficient (5;4)
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The dip in the phase of S, is observed for the designed LHM structure and the negative
refraction region is identified. Real and imaginary parts of S,; are depicted in Figure 4 and
Figure 5 respectively. These values are used to evaluate the negative characteristics of
permeability and permittivity for the proposed LHM structure.
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Figure 5. Real and imaginary part of transmission coefficient (S,,)
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The magnitude and phase of S;; and S,;, are shown in Figure 6 and Figure 7
respectively. The reversal of phase of S;; and S,; at particular frequency validates the

metamaterial behaviour of SR.
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Figure 7. Magnitude and phase of transmission coefficient (S,;)
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4.2. Effective Permeability and Effective Permittivity

Figure 8 depicts the extracted real part of permeability and permittivity. Red curve
shows real part of permeability. Green line presents the real part of permittivity. To evaluate the
effective permeability and effective permittivity, first MATLAB code is generated. Then by
exporting the values of S;; and S,,; obtained from Figure 4 and Figure 5 in MATLAB and
implementation of Equations (4) and (5), we evaluate effective permeability, u, and effective
permittivity, &, to verify the metamaterial properties.
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Figure 8. Permittivity, Permeability and Negative refraction region of LHM Unit cell

According to the theory of metamaterials, the real part of ¢, and u,, must be negative for
the proposed LHM structure. It can be observed from the plot that the negative values of
permittivity and permeability are achieved for the proposed structure. The real part of the
permittivity is apparently negative from 1.95-3.28GHz. These are the electric plasma
frequencies for proposed LHM structure. The negative real part of the permeability lies between
2.88-3.98GHz. These are magnetic plasma frequencies for the proposed LHM. The negative
band of refractive index for the proposed LHM exists at overlapped region of magnetic plasma
frequencies and electrical plasma frequency shown in Figure 8. For the proposed structure, the
permeability and permittivity simultaneously become negative for a frequency range of 2.88
GHz to 3.28 GHz. Hence it is marked that the proposed LHM exhibits negative refraction in 2.88
GHz to 3.28 GHz frequency range.

5. Conclusion

This work successfully demonstrates the metamaterial properties of proposed LHM unit
cell. This new structure exhibits double negative properties from 2.88 GHz to 3.28 GHz. Hence
negative refraction is observed with this LHM in this frequency range. This work can be
extended to get periodic structure of this unit cell and can be used as superstrate for microstrip
antenna to enhance its performance characteristics. This structure can also be used to
construct new functional devices such as electromagnetic filters, antennas and waveguides.
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