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Abstract

We numerically and experimentally investigate a planar metamaterial that is composed of connected cut-wire pairs and
continuous wires operating at 21 GHz. The characterization was performed by using the effective medium theory. The existence of
negative refraction is concluded from the transmission data of four structures: cut-wire pairs, shorted cut-wire pairs, composite

metamaterial, and shorted composite metamaterial.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

An artificial medium composed of periodically
arranged electrically small resonators can exhibit an
effective negative index of refraction. Experimental
demonstration of the medium called an electromagnetic
metamaterial was conducted by wusing split ring
resonators (SRRs) and continuous wires [1,2]. The
periodic arrangement of thin wires provides a negative
effective permittivity at frequencies lower than the
plasma frequency of the system [3]. The SRRs provide a
strong magnetic resonance that leads to a negative
effective permeability medium [4,5].
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One of the major aims of the study of metamaterials is
to achieve negative refraction at the visible range of the
electromagnetic spectrum. By scaling the size of the
SRR, a magnetic response at around 1 THz, [6] 6 THz,
[7] 70 THz, [8] 100 THz, [9] and 200 THz [10] is
achieved experimentally. However, metamaterials that
are composed of layers of SRRs and wires have several
restrictions. Firstly, as the size of the SRR is decreased,
the magnetic resonance becomes weaker and approaches
a limit [11]. A large number of SRR layers have to be
produced and stacked in order to obtain the negative
index medium. The fabrication of SRRs with resonance
frequency at the visible range is rather difficult.
Moreover, the alignment of the produced layers is a
major problem. The restrictions of the conventional
metamaterial construction are overcome by way of the
introduction of planar metamaterials [10-14].

Metamaterials for which the propagation direction is
normal to the plane of the metamaterial layers are called
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planar metamaterials. A negative index metamaterial is
experimentally demonstrated at 150 THz by using a pair
of metal layers that are separated by a dielectric in order
to provide resonant interactions along with a periodic
array of holes [12] and at 200 THz by using a thin layer of
pairs of parallel metal nanorods [13]. At this point, it is
noteworthy that the imaginary part of the effective index
of refraction for these works at the operation frequency
was large, and thereby, the losses were significant. The
systematic study and characterization of cut-wire pairs
(cwp) operating at 300 THz [14] and the fishnet design at
200 THz [15] were performed experimentally. In the
fishnet design, the cut-wire pairs are as wide as the lattice
constant and are physically connected with the con-
tinuous wires, see Fig. 1. Recently, a negative index
metamaterial operating at 385 THz was experimentally
demonstrated by using the fishnet design [16].

The experimental characterization and parametric
study of planar metamaterials is rather easy for the
operation frequencies at the GHz range. One advantage
of working at this frequency regime is that the
metamaterial features are sufficiently large to study
several effects, such as the misalignment of metal pairs
and metamaterial layers. Such studies are rather
difficult to perform at the THz range. Recently, planar
metamaterials at 14 GHz attained by using cut-wire
pairs [17,18], and at 13 GHz by using the fishnet design
[19], were demonstrated experimentally. In the present

Fig. 1. The geometry of one unit cell of the fishnet metamaterial. The
electromagnetic wave propagates in the —z direction, in which E and B
are along the y and z directions. There are two layers in the propagation
direction; the parameters are given in the text.

work, we extend the experimental and numerical study
of the fishnet structure to the case in which the structure
is symmetric with respect to the x = £y plane, which is
shown in Fig. 1. In this case, the x- and y-polarized
incident wave the structure gives the same response.

2. Theory and simulations

Theoretical modeling of the metamaterials is
performed by using effective inductor—capacitor cir-
cuits (LC circuit). When the elements of the metama-
terial in the propagation direction are small compared to
the free space wavelength at the operation frequency,
we can use the quasistatic process approach [20]. An LC
circuit model for the fishnet structure was given in Ref.
[17]. The model predicts the dependence of magnetic
resonance frequency on the structure’s parameters by
way of the formula:

where I, = (a, — [,/2), 1, is the cut-wire length, w; the
wire width, and a, and a, are the periodicity in the x and
y directions, see Fig. 1.

There are two methods for the characterization of
metamaterial slabs: the retrieval procedure and the
effective medium analysis. The retrieval of the effective
index of refraction (n), impedance (z), permittivity (),
and permeability (1) of a metamaterial slab is extracted
from the magnitude and phase of the reflection and
transmission data [21,22]. On the other hand, the
effective medium analysis is performed by only using
the magnitude of the transmission data. However, four
different structures are necessary: p-negative (MNG)
material, shorted MNG material, composite medium of
MNG materials, and continuous wires (cmm), as well as
the shorted cmm. [23] In the present work, we followed
the latter characterization method, in which our MNG
material is the cut-wire pairs, Fig. 2a, and the cmm is the
fishnet structure, Fig. 3a.

We perform a qualitative effective medium theory
characterization numerically via the commercial soft-
ware CST Microwave Studio. This software is a three
dimensional full-wave solver that employs the finite
integration technique [24]. In the simulations, we insert
the unit cell of the structure in a waveguide and obtain
the scattering parameters by using waveguide ports. By
way of this method, the structure unit cell is assumed to
extend to infinity in the lateral directions and the
incident, reflected and transmitted waves are in the form
of a plane wave. The E field is in the y-direction, the B
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Fig. 2. The geometry and surface current: (a) the cut-wire pair (cwp); (b) shorted cut-wire pair; (c) transmission spectrum magnitude of the cwp and

shorted cwp structures.

field is in the x-direction, and the propagation vector is
in the negative z-direction: E= v, A= X, k= —% The
metallic features are assumed to be a perfect electric
conductor (PEC) and the relative permittivity of the
substrate is ¢, = 1.94. Other structure parameters are as
follows, see Fig. 1: a,=a,=10mm, a,=3 mm,
Li=wy=5mm, t;=1mm, £ =0.05mm. We have
one layer of the metamaterial in the propagation
direction, in which the metal and substrate losses are
ignored. The results of the first part of the effective
medium analysis are summarized in Fig. 2.

For the case of metamaterials a stop band at the
transmission spectra indicates a resonance phenom-

enon, which could be electrically or magnetically
originated. The fishnet metamaterial is composed of
metallic and dielectric parts both of which are
nonmagnetic. The only source of magnetic resonance
is the circulating currents driven by the capacitance
between the cut wires. A simple method to determine
whether a stop band is due to the magnetic or electric
resonance is to shorten the cut wire capacitance as
shown in Fig. 2b. By this way the driven force of the
circulating currents will be eliminated and the
magnetically originated stop band at the transmission
spectra will disappear, Fig. 2c [23]. Moreover, as we kill
the magnetic resonance by shorting the cut-wire pairs
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Fig. 3. Schematic view: (a) two layer cmm; (c) two layer shorted cmm. Surface current on the face of the first layer: (b) cmm; (d) shorted cmm. (e)
Magnitude of the transmission data for the cmm and shorted cmm structures.

the circulating surface current in Fig. 2a disappears and cmm and shorted cmm are shown in Fig. 3a and c,
the current pattern becomes similar to an electric dipole, respectively. In this part, there are two layers in the
Fig. 2b. The second part of the effective medium theory propagation direction. The transmission data implies

analysis is summarized in Fig. 3. The geometry of the the existence of a negative index of refraction at around
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Fig. 4. (a) The transmission spectrum of the fishnet metamaterial simulation and experiment. In the simulation, the loss of the metal and dielectric
parts is taken into account. (b) Phase spectra of the metamaterial for a different number of layers.

21 GHz. However, the magnetic resonance frequency of
the cut-wire pairs was around 19.5 GHz. This difference
is a characteristic of the fishnet metamaterial and can be
explained by considering the surface current at the first
face of the metamaterial, Fig. 3b. When we combine the
cut-wire pairs with the continuous wires, the effective
cut-wire length decreases and the magnetic resonance
frequency increases. Finally, we would like to note that
the transmission properties remain the same when the
incident wave polarization is rotated 90°. Since the
structure is symmetric with respect to the x = £y plane
this behavior was expected.

3. Experiment

The experiments were performed via an HP8510C
Network Analyzer and two standard gain horn antennae.
After the full two-port calibration we first measured the
scattering parameters for the free space, i.e. without the
metamaterial layers being inserted. Subsequently, we
repeat the experiment wherein the metamaterial slab is in
between the antennae. The distance between the
transmitter and receiver antennae is kept fixed at
79 mm during the experiments. The metamaterial
substrate is cardboard of 1 mm thickness and the metallic
features are formed by using an aluminum based tape. In
Fig. 4, the transmission magnitude and phase data are
shown. The transmission data is scaled to the free space
data. The experimental results are in good agreement
with the simulation. At this point we should clarify the
difference between the design simulations shown in

Fig. 3e and the more realistic simulation shown in Fig. 4a.
In the design simulations, we assumed lossless metal and
dielectric parts in order to clearly demonstrate the
effective medium theory concepts (see Figs. 2c and 3e).
In Fig. 4a, when comparing the simulation and
experimental results we have taken the loss effects into
account. The conductivity of the aluminum type and
dielectric were 20,000 and 0.001 S/m, respectively. The
possible reasons of the discrepancies between the
simulation and experiment are: the misalignment of
the continuous and cut-wire pairs in a layer, small
deviations of the fabricated material parameters from the
intended values and misalignment of the multiple layers.
We expect the transmission band between the frequencies
20.2 and 21.2 is negative (see Figs. 3e and 4a). The
fractional bandwidth of the negative region is narrow and
calculated as 2% by using the formula: FBW = Af/f,,
where is Af is the half power bandwidth and f is the
center frequency. The effective medium theory is a
qualitative approach and in order to determine the
negative band exactly a robust retrieval analysis is
necessary [21,22]. In Fig. 4b, we demonstrate that the
phase shift of the wave within the left-handed band is
negative. In this band, as the number of layers increase,
the phase decreases.

4. Conclusion
In summary, we characterized a planar metamaterial

operating at 21 GHz by using a qualitative effective
medium theory. The planar metamaterial was the fishnet
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structure, which is symmetric with respect to the x = +y
plane. The operation frequency of the fishnet metama-
terial is higher than the corresponding cut-wire pair
magnetic resonance frequency. The left-handed nature
of the transmission peak is identified unambiguously by
using the shorted cmm structure. The experimental
phase data strengthens the indication of the negative
index of refraction. By investigating the planar
metamaterials at microwave frequencies several con-
tributions can be added to the study of metamaterials at
optical frequencies.
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