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Abstract
This paper presents two-dimensional simulation of 
electromagnetic metamaterial with left-handed properties. 
Numerical modeling of glass slab with negative index of 
refraction has been done using Finite Element Method (FEM). 
The design strategies have been discussed for selection of 
proper wavelength and geometry to demonstrate negative 
refraction through the metamaterial slab considering different 
incident angles at different frequency ranges. The validity 
of Snell’s law with negative refractive index is confirmed. 
Parametric evaluation has also been performed numerically 
as well as through simulation. 
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I. Introduction
During the past ten years a great interest in the research 
of metamaterials has been observed. Engineered materials 
composed of designed inclusions can exhibit unique and 
exotic electromagnetic properties not inherent in the 
individual constituent components. These artificially structured 
composites are called left handed because the electric, 
magnetic and wave vectors form a left handed coordinate 
system. Metamaterials have both negative permittivity and 
permeability simultaneously and therefore possess several 
unusual properties: the index of refraction is negative i.e. n= 
-√εμ and the direction of the group velocity is antiparallel to the 
direction of the phase velocity. These properties have drawn 
significant scientific interest, underscoring the remarkable 
potential of metamaterials to facilitate new developments in 
electromagnetism. Metamaterial technology is a breakthrough, 
mainly due to their ability to guide and control efficiently the 
electromagnetic waves and the material properties.
The novel concept of negative refractive index materials 
(NIM) was first hypothesized by Veselago. Sir J. B. Pendry 
brought Veselago's idea into reality [1-3]. This opened doors 
to study various interesting phenomenon in electromagnetics. 
Engineers and scientists have tried various ways to bring these 
special material characteristics into practical applications. 
The metamaterials have been successfully applied for optical 
imaging. Although it is easier to realize metamaterials in 
microwave frequency region for negative refractions, there was 
still little advancement toward practical applications. These 
materials offer brilliant applications in microwave and radio 
engineering, optics and spectroscopy, covering the frequency 
region from microwaves to visible range [4-6].
Negative refraction is also achievable in two-dimensional (2D) 
dielectric photonic crystals that have a periodically modulated 
positive permittivity and a permeability of unity [7-9]. But periodic 
structures, such as photonic crystals can reflect electromagnetic 
waves in the selected frequency regions, which have many 
potential applications, such as microwave filter, microstrip 

antenna etc. As a special periodic structure, the reflection of 
Left Handed Metamaterial (LHM) may widen their applications. 
Photonic crystals are not effective structures for the frequencies 
where the period is comparable to the guided wavelength. The 
structure is diffractive rather than refractive in this situation. 
Therefore, periodic structures at those frequencies do not fall 
in the category of metamaterials, even though they can emulate 
effects similar to negative refraction.

II. Negative Refractivity in Metamaterials
Negative refraction is the name for an electromagnetic 
phenomenon where light rays are refracted at an interface 
in the reverse sense to that normally expected as shown in 
Fig.1. At the surface light inside the medium makes a negative 
angle with the surface normal. The complex refractive index 
of a given medium is defined as the ratio between the speed 
of an electromagnetic wave through that medium and that in 
vacuum and can thus be written as n2=με, where μ is complex 
relative magnetic permeability and ε complex relative dielectric 
permittivity [10-13]. 

Fig. 1: Negative refraction through a metamaterial

If both ε and μ are negative in a given wavelength range, this 
means that we may write μ = |μ| exp( iπ) and in an equivalent 
fashion ε  = |ε| exp( iπ). It follows that

 

 

 
i.e. the refractive index of a medium with simultaneously 
negative μ and ε must be negative.

III. Design Methodology
For the design and analysis of negative index metamaterials, 
numerical Maxwell solvers are highly valuable [14]. In this 
paper, 2-D model of glass slab bounded by perfectly matched 
layers (PML) has been created in COMSOL Multiphysics (3.5a) 
environment based on Finite Element Method. The refraction 
characteristics have been investigated for the metamaterial and 
further analyzed at different frequency ranges for obtaining the 
appropriate geometry and the corresponding wavelength. 
Fig.2 shows the geometry of left handed metamaterial slab 
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enclosed within a boundary of perfectly matched layers. The 
entire geometry consists of six parts. R1-R4 is the PML, R5 is 
the slab and SQ1 is a square whose sub domain properties 
are those of air. Table 1 shows the physical properties used to 
create the model during the simulation. 

Fig. 2: Geometrical model of metamaterial slab

Table 1: Dimensions and design parameters of model
Slab Width 0.03 m
Slab Height 0.18 m
εr (Slab) -2 
μr (Slab) -1.5 
Wavelength 0.008 m
PML Width 0.24m
PML Height 0.24m
PML Thickness 0.02m

The higher order adaptive mesh refinement technique has 
been implemented using Lagrange –Quadratic type element 
for meshing the geometry. The number of degree of freedom 
is 127041 with number of triangular elements 63232. The 
number of boundary element is 1376 with minimum element 
quality of 0.669 as shown in Fig. 3.

Fig.3: Meshing of geometry with adaptive refinement

The 2D In-Plane Waves Application Mode of the RF Module 
has been used for simulations of left handed metamaterial. 
Scattered Harmonic propagation has been chosen to describe 
propagation though the transition region. To extract the refracted 
field the domain within the PML domains surrounding slab has 
been filled with air. Further, scattering boundary conditions are 
imposed on PML walls for improving the efficiency of PML. 

The following PDE equation defines the wave equation for 

evaluating the electric field strength ( ) using In-Plane TE 
Wave.

  (1)

where ,  is conductivity, k0 is the wave vector,  is 
the radian frequency .
Since the presented model’s glass slab lies within the x-y plane, 
the electric field is pointed in the z-direction. The transmittance 
and reflectance properties can be defined numerically using 
Fresnel’s equation given by 

 (2)

 (3)
where T is the transmission coefficient and R is the reflection 
coefficient,  and  are the wave impedance of medium 1 
and medium 2 respectively.  is the electric field strength 
on the boundary line,  is the refracted field intensity,  is 
the reflected field intensity,  is the angle of incidence and  
is the angle of reflectance. 
In case of a LHM, the wave impedance of the material must be 
included in Fresnel’s equations for calculating the transmitted 
field of a glass slab having metamaterial properties.
The electric field intensities can hence be evaluated using modified 

Fresnel’s equations 

                

    (4)

   (5)  

                (6)                          

where is the total electric field and wave impedance  
where Z>0 for all cases, including those where  

IV. Results and Discussions
The solution of a wave travelling through an LHM has been 
evaluated to illustrate the negative refraction process through 
a metamaterial. Surface plot of z component of electric field 
is depicted in Fig.4, Positive refraction has been visualised for 
n>0 and negative refraction has been visualised for n<0. For 
negative refraction, the refracted wave’s path is on the same 
side of the normal as the incident wave. After comparing these 
images one can see the distinct path change for positive and 
negative refraction. 
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(a)

(b)
Fig.4: Simulation results of left handed metamaterial slab with 
(a) n>0 (b) n<0

1. Calculation of Angle of Refraction for Different 
Incident Angles
Negative refraction through a slab having metamaterial 
properties, at different incidence angles has been documented. 
For this, a plane wave with free space wavelength λ = 0.008m 
has been generated at different angles of incidence (θ = 10° to 
20°) and negative refraction at various incidence angles can be 
observed  from the surface plots of electric field as shown in Fig. 
5. It can be visualized from the plots that as angle of incidence 
increases from 10° to 20°, the refracted angle also follows 
as increasing trend. Further the values of angle of refraction 
and correspondingly refractive index have been analyzed and 
compared with the numerically calculated results from Snell’s 
law in Table 2. For incident angle of 15°, the evaluated from 
simulation results is -1.7510 and the refractive index measured 
from Snell’s law is -1.7321. The simulated results are therefore 
in close agreement with measured results.

(a)

(b)

  
(c)

Fig.5: Simulation results of left handed metamaterial with λ= 
0.008m and θ = 0° to 20°. (a) θ = 10°(b) θ = 15° (c) θ = 
20°

Table 2: Comparison of measured and 
simulated results for different incidence angles

Angle
of 
Incid-
ence

Angle of refraction Refractive Index

Measured Simulated Measured Simulated
10 -5.7539 -5.6 -1.7321 -1.7795   
15 -8.5939 -8.5 -1.7321 -1.7510   
20 -11.3888 -11.5 -1.7321 -1.7155

The intensity of electric field amplitudes at 3.75GHz for incidence 
angles of 15° is analyzed. Theoretical value of electric field 
intensity is calculated from equation (3-6). Fig. 6 shows the 
simulation results for electric field intensity in Z direction.

Fig. 6: Electric field at λ= 0.008 and angle of incidence is equal 
to 15°



 InternatIonal Journal of electronIcs & communIcatIon technology 77

IJECT Vol. 2, IssuE 3, sEpT. 2011ISSN : 2230-7109(Online)  |  ISSN : 2230-9543(Print)

w w w . i j e c t . o r g

2. Negative Refraction at Different Frequency Ranges
To explore the potential use of metamaterials in optical 
frequencies and THz ranges, negative refraction has further 
been analyzed in the different frequency ranges. The simulation 
results are shown in Fig.7. Here glass slab is tilted at an angle 
of 15º. A cursory look at the Fig.s suggests that if there is any 
change in frequency range then correspondingly dimensions of 
geometry must be changed for producing negative refraction. 
So, proper design can thus fulfil the demand for negative 
refraction in different frequency regions.

(a)

(b)

(c)
Fig.7: Simulation results for different frequency ranges at an 
angle of 15° (a)λ=0.08m(b) λ= 0.08e-3m
(c) λ=0.08e-5m

V. Conclusions
2-D Finite Element simulation of glass slab surrounded by 
perfectly matched layer (PML) demonstrating electromagnetic 
metamaterial properties has been presented. The LHM 
characterized simultaneously by negative permittivity and 
permeability, is developed for an arbitrary incident angle 
and the negative refraction was shown to be nearly angle-
independent. The metamaterial can be tuned to operate over 
a wide bandwidth of the RF spectrum ranging from microwave 
to visible spectra. The simulated results have been validated 
numerically.

VI. Future Scope
The aforementioned ideas and model can be incorporated with 

other configurations to allow the use of LHM in the microwave 
engineering for obtaining an enhancement of the directivity 
and gain from a particular antenna. Further the operation of 
metamaterials in THz range is a crucial enabling step in the 
effort to realize “real world” applications of THz technology. 
Nano-technology promises a unique variety of applications 
and it provides greater opportunities for researchers to explore 
new techniques. The nanoantennas may serve as tools to 
characterize nanostructures from semiconductors, sensor 
structures, and integrated circuits. Raising the frequency 
of operation may have significant impact in reducing the 
physical size of the antenna and in increasing its operational 
bandwidth. The metamaterials will play a key role in providing 
new functionalities and enhancements to the future electronic 
devices and components, since it will be possible to create 
materials with fundamentally new properties required by new 
technologies.
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