
 
Abstract—Insertion phase is a key parameter for 

understanding negative refraction in metamaterial. In this paper, 
we address the phase behavior on propagating through 
metamaterial which can be used to predict the direction of 
transmitted beam inside metamaterial. We find that the phase 
difference between the entrance side (before the waves enter into 
the medium), inside the material, and the exit side (after the 
waves exit the medium), may indicate negative refractive index 
for the metamaterial at the resonant frequency and positive at 
other frequencies. 

 
Index Terms—Transmission phase variation, metamaterial, 

negative refraction. 

I. INTRODUCTION 

ETAMATERIALS, which properties were theorized  by 
Veselago in 1968 [1], have have provided novel physics 

and engineering properties such as simultaneously negative 
permittivity, ε, and magnetic permeability, μ. Based on these 
unique properties, metamaterials have been used to design 
perfect lens or cloaking, [2], [3]. Metamaterials are often 
composed of loops or rings for magnetic response and rods, 
wires, or probes for electric response. In order to verify these 
responses, the constitutive effective parameters of materials 
are used. These values are obtained by calculating S 
parameters for a plane wave incident normally on a slab of 
metamaterial. However, in some instances, such as when S 
data are very small in magnitude, the constitutive parameters 
may not be retrieved correctly. 

In this paper, we analyze the phase variation on propagating 
through metamaterial to verify the concept of negative 
refractive index. The metamaterial selected for the study is a 
split-ring resonator (SRR) on one side of the substrate and a 
continuous wire on the opposite side. To simplify the problem, 
the relative permittivity εr of the substrate carrying the ring, 
loop, and wire is set to 1 for free space. The incident plane 
wave’s electric field is polarized in the direction of the wire in 
the metamaterial. The phase propagation across metamaterial, 
which is simulated using the commercial electromagnetic 
simulator, FEKO, shows a negative slope inside the 
metamaterial at the resonance frequency and a positive slope 
at the other frequencies. 

II. SIMULATION OF SRR AND CONTINUOUS-WIRE 

CONFIGURATIONS   

The geometry and dimensions of the SRR and continuous-
wire used in this study are chosen to be the same as the design 
proposed by Smith et al in [4]. The unit cell is placed at the 
origin and excited by a y-polarized electric field in a plane 
wave traveling along the xz-plane, as shown in Figure 1. This 
is referred to as parallel incidence, where the material extends 
to infinite in the y and z directions, with thickness of one or 
multiple cells in the x-direction.  The results in this paper are 
for a one-cell thickness of the material. 

 

 
Figure 1. Unit cell of a metamaterial consisting of SRR plus continuous wire. 
 

The S parameters for the unit cell of Figure 1 are computed 
using FEKO, as shown in Figure 2, for both amplitude and 
phase. The flip in the phase of S21 (from negative to positive) 
indicates the presence of a negative refractive index band. 
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                                   (a)                                                         (b) 

Figure 2. (a) Magnitude and (b) phase of simulated S-parameters for the unit 
cell in Figure 1. 

III. PHASE STUDY OF SRR AND CONTINUOUS-WIRE 

CONFIGURATIONS  

To verify a negative refractive index band as suggested 
from the phase of S21 as shown in Figure 2, we analyze the 
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phase profile in the plane of propagation (x-z plane). The 
observation plane is constructed so that its length in x and z-
axis is three unit cells and metamaterial cell is placed in the 
middle. A y-polarized E-field plane wave traveling along the 
x-z plane at an angle of 450 with respect to z-axis is used as the 
excitation to the unit cell. 

Figure 3 shows the phase profile of the electric field (y 
component) in x-z plane at 10 GHz and 17.4 GHz respectively. 
As seen in Figure 3a, the phase front inside the metamaterial 
has the same positive slope as the region before the waves 
enter the material and the region after the waves exit the 
material, indicating that the metamaterial acts as conventional 
positive dielectric material, or free space in this example. At 
the resonant frequency, shown in Figure 3b, the phase front 
inside the metamaterial has a negative slope, which can be 
interpreted as being a negative refractive index in that region. 
It should be noted that the phase front before the waves enter 
to the material did not show 450 as the phase front when the 
waves exit to the material. This can be explained by the fact 
that the computer simulations show the total field comprised 
of the incident and reflected waves in that region. 

    

 
                         (a)                                                      (b) 

Figure 3. The phase profile of the electric field (y component) at (a) 10 GHz 
and (b) 17.4GHz. 
 

Figure 4 shows the phase profile of electric field along z-
axis for different x positions at 10 GHz and 17.4 GHz. As we 
observe, the slope of phase is governed by equation (1) 

 
   (1) 

 
where k is the wave number, d is distance between the 
elements and θ is the incident angle. 

Figure 5 shows the phase profile of electric field along x-
axis for different z positions at 10 GHz and 17.4 GHz. As we 
observe, the slope of phase inside metamaterial is negative at 
the resonance frequency. The negative slope also verifies the 
negative refraction phenomenon in this region.   

IV. CONCULSION 

In this work, we analyzed the phase front when the waves 
propagate through a metamaterial. We find that the phase front 
has a negative slope in the region inside the metamaterial at 
the resonance frequency, which can be interpreted as negative 
refraction region in the frequency band.  
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Figure 4. The phase profile of the electric field (y component) along z-axis at 
(a) 10 GHz and (b) 17.4GHz. 
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Figure 5. The phase profile of the electric field (y component) along x-axis at 
(a) 10 GHz and (b) 17.4GHz. 
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