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This paper demonstrates a negative refractive index material composed of an array of 
circular single split-ring resonators. We discuss in details the design and its features. 
The reflection and transmission spectra are measured using quasi-optical technique 
with normal incidence. The measured magnetic resonant frequency that is excited by 
the electric field is 142 GHz. Moreover, we study the various parameters of the design 
such as the refractive index, figure of merit, group velocity and phase velocity. The 
obtained results from the measured data are in good agreement with that retrieved from 
the simulations. 

Introduction 
Split ring resonators (SRRs) have shown fascinating properties, especially negative 
refractive index. They were first introduced by Pendry et al. in 1999 [1]. So far, many 
designs have been developed and extensively studied in different frequency ranges. In 
2004 Katsarakis et al. [2] demonstrated experimentally that the magnetic resonance can 
be excited by the electric field. This new finding allow designing SRRs with small 
dimensions. However, square split-ring resonators have been employed and many 
detailed studies have been provided on SRRs that resonate with normal incidence in 
terahertz and far-infrared frequency range [3]-[6]. The aim of this paper is to investigate 
a circular split-ring design that resonant in w-band, and provide a detailed study about 
the effective parameters such as the refractive index (n), the permeability (μ),the 
permittivity (ε) , the group delay and the group velocity. We also demonstrate the 
performance of the design using the figure of merit (FOM). 
 

 
 
Fig. 1: Geometry and microscopic image of SRR array: l = 300 μm, ro = 130 μm, 
ri = 70 μm, and g = 20 μm. 
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Fabrication and structure
The negative-index metamaterial presented in this paper consists of an array of circu-
lar split rings. Fig. 1 shows the schematic and geometric parameters. The fabrication
process has been performed using the positive photolithography. After exposing the pho-
toresist using UV light, the sample with the aluminium layer of 0.65 µm thick are etched.
Finally, the photoresist is stripped with acetone then the sample is cleaned using Isopropyl
Alcohol (IPA).

Simulation and Experiments
The simulations were carried out by the transient solver in CST Microwave Studio. The
optical dispersion properties of aluminium are computed using the Drude Model. On the
other hand, the experiments were performed using AB millimetre 8-350-2 vector network
analyser [7] in the D-band radiation (110-170 GHz). The boundary conditions are set for
normal incidence where the wave propagates perpendicularly to the plane of SRRs and
the electric field is parallel to the gap. Figs. 2a and c depict the measured and simulated
transmission spectrum. As it can be seen, the LC resonance is excited by the electric field,
which couples to the capacitance, inducing a circular current in the coil and leading to an
oscillatory magnetic dipole moment perpendicular to the SRR plane [8]. This produces
a LC-resonance at 142 GHz. Rotating the sample 90◦ and measuring the reflection and
the transmission causes the dip to disappear, as shown in Figs. 2b and d, because the
electric field cannot couple to the LC circuit. Furthermore, both Figures demonstrate a
good agreement between the simulated and the measured results.

Fig. 2: a) and b) measured, c and d) simulated transmittance (solid) and reflectance (dot-
ted) spectra.

The refractive index is extracted from the reflection and transmission coefficients using
the method described in [9]. As it can be seen from Fig. 3, the minimum value of
the retrieved refractive index is about -3 around 142 GHz. In order to characterize the
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Fig. 3: Real part (solid) and imaginary part (dotted) of the retrieved refractive index from
a) measured b) simulated data.

performance of our structure, the figure of merit (FOM) (−Re(n)/Im(n)) is calculated
from the retrieved refractive index (n). The value for FOM is 1.4.

The phase velocity and group delay
The group delay (λg) is defined as the difference between the propagation time of a pulse
with group velocity υg to travel a distance z and the time it takes to travel the same
distance in vacuum:

λg =
z

υg
− z

c
(1)

where c is the light speed and υg is given by [11]

υg =
dω
dk

=
c

Re(n)+ωdRe(n)
dω

(2)

where k is the wave number and ω is the angular frequency. For abnormal group velocity,
the group delay is negative [10] [11]
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dω
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where φ is the unwrapped phase of the transmission coefficient. On the other hand, the
phase delay is expressed as λp = −φ/ω. The measured transmission phase and the cal-
culated group delay are depicted in Fig. 4. As it can be seen, in the frequency range
between 141 to 143.4 GHz the slope of the phase is positive indicating a negative group
delay. Since the real part of the refractive index is negative in this region, therefore
(dRe(n)/dω) is negative and as a consequence υg in this range is also negative.

Conclusion
In conclusion, we investigated a circular split ring resonator design. The extracted pa-
rameters from the simulated and measured data show that the SRRs exhibit a negative
refractive index in the frequency range of 141-143 GHz. This also has been verified by
the extracted group delay. There is a good agreement between the measured and simu-
lated data. Moreover, the design has acceptable figure of merit which is 1.4.
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Fig. 4: Retrieved group delay and phase from a) measured and b) simulated data
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