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Abstract. We fabricated the electric and magnetic metamaterial, and measured their transmission spectra. The electromagnetic response of the combined structure, which consists of cut-wire
pair and continuous wire, are experimentally and numerically studied in the microwave frequency
regime. The simulations are performed in a qualitative agreement with experiment utilizing the
transfer-matrix method. The double negative behavior of combined structure is observed and
demonstrated using the effective medium theory.

I. INTRODUCTION
Recently, the naturally available range of the matter-wave interaction is extended
by the appearance of artificial-class materials, the so-called metamaterials. As common
understanding, complex magnetic permeability and dielectric permittivity are two fundamental parameters that describe the response of matter to external electric and magnetic
fields. With the brought-forth scenario, we can control the effective permittivity and
permeability by tuning the structural parameters, and hence, obtain the desired values
at any interested frequency. Consequently, the novel properties of metamaterials such
as negative refraction, negative phase velocity, and the left-handed rule of k, E and H
vectors, which are observable in the simultaneously negative permittivity and permeability medium, initially predicted by Veselago [1]. More than 30 years long after, the first
experimental demonstration of the existence of a double negative metamaterial (DNM)
was realized using the combination between split-ring resonator (SRR) and continuous
wire based on Pendry’s suggestion [2]. Later, the negative refractive index, which was the
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most challenging property of DNM, was shown in Shelby’s experiment [3], The specific
properties of DNMs make them become more and more interesting for the physical and
technological applications, such as super lens [4], electromagnetic cloaking [5] and perfect
absorber [6]. Therefore, the existences and the characteristics of DNMs is unfailingly a
spellbound area, especially for DNM working at optical frequencies.
It well known that the magnetic metamaterials provide a negative permeability
and the electric metamaterials yield a negative permittivity. Combining the magnetic
and the electric components is the most common way to obtain the DNMs. While the
negative permittivity can be simply archived by a periodic array of continuous wires [7],
the desirable negative permeability is the choice in several magnetic resonators [8–10].
Among them, the cut-wire pair (CWP) structure, which comes from the flattening of
two-gap SRR, has attracted a considerable attention due to its easily fabricating and
high applicability [11–13]. Beside the ebullience in searching for the suitable magnetic
and electric systems [14–16], the realization of the existence of DN behavior is still an
important work in studying metamaterials [10, 17]. Normally, the DN behavior cannot
be obviously determined as usual by only employing the scattering parameters. It could
be observed, but usually together with the double positive one (right-handed behavior),
and both of them exhibit the transmission, which might separate by a certain amount of
frequency [18]. In this study, we experimentally and numerically study the DN behavior of
the combined structure, which consists of a periodic array of CWPs and continuous wires.
The simulated results are in a qualitative agreement with experiments. The existence of
DN behavior is essentially demonstrated using effective medium theory [19].
II. NUMERICAL AND EXPERIMENTAL SETUP
In our numerical calculation, we utilized the transfer-matrix method (TMM). The
original algorithm of the TMM, based on the scattering formalism, was described by
MacKinnon and Kramer [20] to numerically reassert the scaling theory of localization.
Later, it has been generalized to solve the problems of electromagnetic waves in the inhomogeneous medium by Pendry et al. [21]. The TMM not only becomes the well-known
standard tool for the numerical analysis on the transport properties of disordered electronic structures [22], but also is proven to be useful for the numerical simulation on
photonic band-gap materials [23]. Recently, a DNM structure consisting of the SRRs and
the continuous wires has been studied by Markos et al. [24, 25] using an improved TMM.
The agreement between experimental measurements and theoretical predictions for the
transmission properties of SRRs structure was confirmed. In the TMM, the sample is
considered as a scatterer for the incoming wave and is characterized by four parameters:
transmission of the wave from left to right t+ , from right to left t− , and the reflection from
right to right r+ and left to left r− . The corresponding scattering matrix S comes to be


t+ r+
S=
(1)
r− t−
which determines the amplitudes of outgoing wave B and C in terms of the amplitudes of
incoming wave A and D, namely,
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It can be rewritten into the transfer matrix form as




D
B
=T
C
A

(3)

where T is the transfer matrix
T =



t−1
−t−1
−
− r−
−1
r+ t− t+ − r+ t−1
− r−



(4)

which determines the outgoing electromagnetic fields on one side of structure from the
incident fields [23]. One of the most important properties of the transfer matrix is to obey
the composition law. If the sample consists of two substructures, then the total transfermatrix of the whole system can be calculated by multiplying the transfer matrices of
substructures as below
T12 = T2 T1
(5)
The total transfer matrix has the same form as the primary one. The composition law enables us to calculate the transmission of complicated structures [23]. In the
numerical simulation, the total volume of the system is divided into small cells, and the
fields in each cell are coupled to those in the neighboring one. The unit cell is discretized
according to the original algorithm described in [24, 25]. For each point of the lattice, four
components of the electromagnetic field Ex, Ey , Hx and Hy are calculated. Detail about
the TMM was presented in [26].
A combined structure consists of a periodic array of unit cells and each unit cell
contains a pair of cut-wire and continuous wires in parallel direction. Fig. 1(a) shows a unit
cell of combined structure which was used in simulation. In this study, the incident wave
propagates along the z direction, while the H and E fields are assumed to be polarized
along the x and y axis, respectively.
Fig. 1(b) defines the structural parameters of combined structure, where Lx , Ly
and Lz are lattice constants in the x, y and z directions, respectively. The thicknesses of
metal pattern and dielectric spacer are denoted by tc and ts while the width and the length
of cut-wire are w and l. The unit cell is divided into Nx × Ny × Nz mesh points so that
each mesh point is regarded as a homogeneous medium. We call the minimum unit length
δ: the homogeneous discretization or the discrected length. All length parameters are
given as integer multiples of δ. In our model, Lx = δ×Nx , Ly = δ×Ny and Lz = δ×Nz .
The thickness of metal pattern is assume to be equal to the minimum unit length (tc =
δ) in this simulation, which is nearly ten times larger than the actual thickness (0.036
mm). Although, we did not expect that the thickness considerably influences on the
electromagnetic properties of the structure, in fact this induces a slight difference between
simulation data and experimental results (see Fig. 2). However, it is still reasonable
because the metal used in experiments is copper, which exhibits a high conductivity at
the frequency of interest. The complex dielectric constant of spacer for simulation is kept
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Fig. 1. (a) A unit cell of combined structure. (b) Geometry of a unit cell of
combined structure. (c) The loop current inside a pair of cut-wires, here J is
current vector.

to be equal to the experimental value, 5.1 + i.0.31. It is assumed that the embedded
reference medium is vacuum.
For the experiment, the cut-wire pair and the combined structure were fabricated
using the conventional printed circuit board (PCB) process with 36 µm-thick copper patterns on both sides of a dielectric PCB spacer with a thickness of 0.4 mm. Further details
on the fabrication of the cut-wire-pair as well as the combined structure are given in Ref.
18. The length and the width of cut-wire pair are kept to be 5.6 and 1.2 mm, respectively,
and the width of the continuous wire is 1.2 mm. We performed the transmission measurements in free space using a Hewlett-Packard E8362B network analyzer connected to the
microwave standard-gain horn antennas.
III. RESULTS AND DISCUSSIONS
One fundamentally developed method used for the determination whether a metamaterial is single-, double- negative or positive is using effective medium theory [19]. Since
the DN behavior is composed by a negative permeability (µ < 0) and a negative permittivity (ε < 0) at the same frequency, we start by considering the transmission spectrum
of µ-negative medium. The magnetic resonance of CWP resonator provides the negative
permeability, comes from the oscillation of circular current inside a pair of cut-wires [27],
as shown in Fig. 1(c). The magnetic resonance can be determined using LC equivalent
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circuit with the inductance of cut-wires and the capacitance of gap between a pair of
cut-wires. Short-circuiting at the end of the cut-wire-pair structure through the dielectric
spacer is known to eliminate the capacitor of the cut-wire pair, and as a consequence,
lead to the magnetic resonance vanishing. By this way, we can construct another effective
medium, the so-called shorted CWP medium, without magnetic resonance, in other words,
non negative permeability medium. It means that we will observe the µ-negative band
gap made of magnetic resonance in transmission spectrum of CWP medium. This band
gap will be entirely disappeared in the shorted CWP medium.
For the negative permittivity, it is well known that the ε-negative medium can be
obtain below plasma frequency using the periodic array of continuous wire [28]. The
composite medium of CWPs and continuous wire can exhibit the DN behavior. However,
the shorted combined structure consisting of the shorted CWPs and continuous wires does
not exhibit the DN behavior. The transmission spectra of two composite media are able
to qualitatively infer whether the medium is DN or not (see also Figs. 3 and 4). The
predicted behaviors of combined structure using qualitatively effective medium theory
were experimentally and numerically verified as shown in Fig. 3.

Fig. 2. The measured and the calculated transmission spectra of cut-wire pair
and its shorted medium.

Fig. 2 presents the measured and calculated transmission spectra of CWPs and
shorted CWPs media. In case of CWPs medium, the capacitance between cut-wires in a
pair that are formed by circular currents inducing from magnetic field that resembles a
magnetic resonance band. When shorting the capacitance, the resonating by magnetic field
is eliminated, and hence, the band gap of effective medium is disappeared. By employing
this method, we can thereby infer merely from transmission spectra whether the stop band
exhibits the negative permeability or not. As shown in Fig. 2, the band gap of the CWP

88

NGUYEN THANH TUNG et al

medium between 13.4 and 14.65 GHz does not appear in case of shorted one. Therefore,
this band gap exhibits the negative permeability. The other band gap starting from 17
GHz is corresponding to electric resonance, still be available even shorting CWPs. A good
agreement between measurements and simulations is achieved.
Fig. 3 reveals the transmission of only continuous wires, CWPs and combined structure medium as a function of frequency. Again, a good agreement between measurements
and simulations is achieved. Clearly, the continuous wires act as a ε-negative plasmon
system with a plasma frequency, which is higher than the measured frequency range. As
aforementioned, the band gap between 13.4 and 14.65 GHz of CWP media exhibits the
negative permeability. From the transmission spectra in Fig. 3, we assert that the transmission peak ∼ 13.9 GHz is the result of the DN parameters (ε and µ < 0), in other words,
indicating the left-handed behavior.

Fig. 3. (a) Experimental transmission spectra of continuous wires, cut-wire pair
and combined structure, and (b) the simulated ones.

In addition, we observed another transmission band of combined structure from 15.7
to 17.1 GHz, which exhibits the double positive parameters (ε and µ > 0). The understandable reason for this phenomenon is that the combined structure consists of CWPs
and continuous wires, which exhibits a lower total plasma frequency than continuous wire
medium only [19]. Furthermore, the cut-wire pair does not provide a magnetic resonance
in frequency range from 15.7 to 17.1 GHz, and also the effective permittivity of combined
structure is positive. Therefore, both the effective permittivity and permeability are positive in this frequency range, result in obtaining the double positive. This explanation
was also reaffirmed by the numerical calculation as shown in Fig. 4, which presents the
transmission of combined and shorted combined structures.
The shorted combined structure consists of the shorted cut-wire pair and the continuous wire, which provides important information in determining the effective plasma
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Fig. 4. The simulated transmission spectra of combined structure and shorted
combined structure.

of the combined structure. As shown in Fig. 4, the shorted combined structure does not
exhibit the DN transmission peak at 13.9 GHz, but the second transmission band still
remains. It means that the total plasma frequency of the combined structure is around
15 GHz, hence, the second observed transmission band from 15.7 to 17.1 GHz exposes the
double positive behavior.
In conclusion, the DN behavior of a planar combined metamaterial operating at
microwave frequency was investigated and demonstrated both experimentally and theoretically using the effective medium theory. The structures are fabricated via conventional
photo-lithography technology. The responses of the electric and magnetic metamaterial
were studied separately. All the experimental results are reasonably coincident with the
numerical simulation using TMM.
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