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Dual-band metamaterial with a windmill-like structure∗
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A broadband negative refractive index metamaterial based on a windmill-like structure is proposed, and investigated
numerically and experimentally at the microwave frequency range. From the numerical and experimental results, effect
media parameters are retrieved, which clearly show that two broad frequency bands exist in which the permittivity and
permeability are negative. The two negative bands are from 9.1 GHz to 10.5 GHz and from 12.05 GHz to 14.65 GHz
respectively, and the negative bandwidth is 4 GHz. Due to the good bandwidth performance, the metallic cell with double
negative property obtained in this paper is suitable for use in the design of multiband or broadband microwave devices.
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1. Introduction
The first realization of metamaterial exhibiting an ef-

fective negative refractive index (NRI) was based on a
combination of split-ring resonators (SRRs) and continuous
wires,[1–3] which provided negative effective magnetic per-
meability and electric permittivity in the common frequency
range. Since then, various negative refractive index meta-
materials have been proposed, designed, and experimentally
validated, such as S-shaped resonators,[4–7] Jerusalem cross
conductor pairs,[8,9] chirality-shaped resonators,[10] and cut-
wire pair (CWP) resonators.[11] However, the narrow DNG
frequency is one of the important restricting factors in practi-
cal applications. In most SRR-based metamaterials, the nega-
tive refraction bands are around their magnetic resonance fre-
quencies, which are often narrow, whereas the negative per-
mittivity frequency bands are often wide due to the wire reso-
nance behavior. So far, there has been no significant advance
in the design of metamaterials that can be used for broadband
practical applications, such as cloaking devices, bandstop fil-
tering, and broadband absorption. Researchers have tried to
realize broadband metamaterials utilizing a multiple stacked
layer configuration.[12] Compared to a planar structure which
can have a broad fundamental mode resonance, the multiple
stacked layer configuration has its own complexities in fabri-
cation.

In this paper, a novel metamaterial with a windmill-like
structure is proposed, in which the metallic patterns are printed
on the two sides of a substrate with reversed orientations to
cancel the chiral effects.[13] The resonant structure exhibits
left-handed properties in one frequency band due to the dif-
ference of current distributions. The DNG passband obtained

by overlapping the wide negative permittivity with the wide
magnetic response is very wide. In addition, the magnetic and
electric resonances can be easily tuned by structural parame-
ters such as the width and length of the metal lines and the
thickness of the substrate. A sample of the structure is fab-
ricated and tested in a waveguide measurement setup. Using
the scattering parameters obtained by Ansoft’s HFSS finite-
element-method software package and experiment, we retrieve
the complex constitutive effective parameters of this metama-
terial.

2. Unit-cell design and simulation
The proposed unit cell is a combination of a cross and

four L-shapes, which is shown in Fig. 1. The metallic pat-
terns are printed on two sides of an FR4 substrate with relative
permittivity εr = 4.4 and tanδ = 0.02. The metal used is cop-
per with a thickness of t = 17 µm . The other geometrical
dimensions shown in Fig. 1 are W = 0.5 mm, Lsub = 5 mm,
Wp = 0.4 mm, L1 = 2.5 mm, and L2 = 1.5 mm. These param-
eters are important for controlling the paralleled impedance
Z to obtain a better match to the free space. The propaga-
tion direction of the incident electromagnetic wave is parallel
with the metallic layer surface. The numerical simulations are
performed with HFSS. A theoretical model based on an artifi-
cial waveguide with transverse boundaries of two ideal mag-
netic conductors and two ideal electric conductor planes is em-
ployed. Then, the model describes an infinite layer medium il-
luminated by an incident plane wave. To be specific, input/out
ports are imposed in the x direction, and perfectly electric
conducting (PEC) and perfectly magnetic conducting (PMC)
boundary conditions are imposed in the z and the y directions,
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respectively. There are many methods to retrieve constitutive
parameters of metamaterials.[14–16] Most of them use scatter-
ing parameters to obtain impedance Z and effective refractive
index n and then calculate µ = nz and ε = n/z. In this paper,
the constitutive parameters of metamaterials are extracted by
using the standard algorithm.[16]

z

E

y

x

H

k

Lsub

Lsub

W

L2

Wp
L1

Fig. 1. (color online) Unit cell of the proposed structure.

Figure 2 gives the simulated magnitudes of parameters
S11 and S21, as well as the retrieved real (solid curves) and
imaginary (dashed curves) parts of effective permeability and
effective permittivity. Figure 2(a) shows that there are three
transmission peaks at 9.4 GHz, 13 GHz, and 14.5 GHz respec-
tively. It indicates that there are two passbands.[17] As clearly

shown in Figs. 2(b) and 2(c), there is obviously one electric
resonance and two magnetic resonances. The first magnetic
response laps the negative permittivity of the strips, enabling
a narrow left-handed passband, while the wide part of the sec-
ond magnetic response and the electric response overlap with
each other. The effective permittivity is negative in the fre-
quency range of 9.1–14.65 GHz, while the frequency ranges of
negative effective permeability are 9.1–10.5 GHz and 12.05–
15 GHz, much narrower than the negative permittivity range.
From Fig. 2(d), we can find that the negative refractive band-
width is very wide, from 9.1 GHz to 15 GHz. However, the
DNG bands are 9.1–10.5 GHz and 12.05–14.65 GHz (shaded
areas). So the DNG bandwidth is 4 GHz. The second DNG
band is much wider than that of the other conventional left-
handed materials (LHMs)[1–6,10,18] for the parallel incidence
case.

Note there is a right-handed (RH) passband between the
two left-handed (LH) passbands. The reason is that the per-
meability is negative only in the negative magnetic response
frequency range, while the permittivity is negative in the fre-
quency range from 9.1 GHz to 14.65 GHz. Thus, outside the
LH passbands, the permeability is positive while the permit-
tivity is negative, so there is a stopband between the two LH
passbands. Generally, the negative response bandwidths of the
magnetic and electric responses are usually not equal. So there
is usually a RH passband between two LH passbands.[11]
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Fig. 2. (color online) (a) Simulated magnitudes of parameters S11 and S21, and real and imaginary parts of the effective (b) relative
permittivity, (c) relative permeability, (d) index of refraction.
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To understand the magnetic response behavior, the surface current distributions in the metallic wires at the two magnetic

resonance frequencies are shown in Fig. 3. The results show that the two resonant frequencies are caused by different effective

inductance–capacitance (LC) resonances. As shown in Fig. 3(a), the surface current mainly concentrates on the two C-shaped

branches near the first resonant frequency 9.4 GHz. The electromagnetic behavior at the frequency of 12.3 GHz is shown in

Fig. 3(b). The surface current mainly concentrates on the cross wire, possessing a very wide negative permeability response.
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Fig. 3. (color online) Current distributions just above (a) the first and (b) the second magnetic resonances.

3. Experimental results
The proposed wideband and two-frequency-band meta-

material was also fabricated and investigated experimentally.
The geometric dimensions of the fabricated sample are the
same as those in the simulation. A photograph of the fab-
ricated wideband and two–frequency-band metamaterial is
shown in Fig. 4.

Fig. 4. (color online) Photomicrograph of a fabricated windmill-
like structure.

The expected behavior was confirmed experimentally by
measuring the transmission and reflection properties of the
proposed metamaterial using the waveguide method. The
sample was put into a standard waveguide BJ100 and a non-
standard waveguide. Scattering parameters of the fabricated

metamaterial were measured by the Agilent network analyzer
E8361A. By using the recorded scattering parameters, the con-
stitutive effective parameters were retrieved.

Figure 5(a) shows the simulated and the measured reflec-
tion and transmission coefficients for the investigated struc-
ture. The experimental and the simulation results agree with
each other. As the residual differences are likely to result from
some deviations in the experiment conditions from the ide-
alized ones used in the simulations, a possible candidate is
the dispersion of the dielectric constant of the substrate FR4.
A second candidate is the fabrication tolerances of the design
we used. The measured magnitudes of S11 show clearly that
there are also three resonance dips, at 9.4 GHz, 13 GHz and
14.5 GHz. For comparison, the retrieved constitutive effective
parameters from the simulation and those obtained by mea-
surement are shown in Figs. 5(b)–5(d). From Figs. 5(b)–5(d),
we can see that the bandwidths obtained from the measure-
ment are in excellent quantitative agreement with the simu-
lated results and confirm the existence of the two bands of
double negative. But the amplitudes from the measurement
are about half of those in the simulation. This is because the
measured amplitudes of S11 and S21 are lower than the simu-
lated ones shown in Fig. 5(a). The two DNG bands are from
9.1 GHz to 10.5 GHz and from 12.05 GHz to 14.65 GHZ re-
spectively. The DNG bandwidth is 4 GHz.
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Fig. 5. (color online) Computed and measured (a) reflection and transmission coefficients, (b) permittivity, (c) permeability, and
(d) index of refraction.

4. Conclusion
A windmill-like resonator has been proposed, which is

a novel double-sided metamaterial with two DNG passbands.
Its relative DNG bandwidth is very wide (about 4 GHz), which
can be considered a very wideband LHM among the conven-
tional inclusions. A sample of this metamaterial has been fab-
ricated and tested to verify the simulation results. Due to good
bandwidth performance, this metamaterial may be very useful
in the design of multiband or broadband microwave devices.
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