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Abstract. In this work, a multi-band metamaterial perfect absorber is demonstrated numerically
and experimentally in the microwave region based on the breaking symmetry of geometrical
structure. Initially, when the structure, which is designed in the X shape, is in the symmetric
geometry, only one absorption peak is observed. By breaking the symmetry of structure, new
absorption peaks emerge, leading to the multi-band perfect absorption. In addition, the
separations of absorption peaks are proportional to the degree of geometrical asymmetry. Our
work presents a simple and efficient approach to create multi-band metamaterial perfect
absorbers.
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1. INTRODUCTION

More than ten years ago, the first metamaterial perfect absorber (MPA) was demonstrated
in 2008 by Landy et al. [1]. By adjusting the geometrical parameters of artificial unit-cell, the
electric and magnetic responses of the MPA are controlled to achieve the perfect absorption at
microwave frequency. At the interested frequency, the impedance of the MPA, which is defined

by Z = m is matched well to that of the surrounding environment, leading to the elimination
of reflection of incoming electromagnetic wave. In addition, the strong resonance behavior at
absorption frequency confines the energy inside the MPA structure, leading to the minimum of
transmission. Consequently, all energy of incoming wave is absorbed perfectly by the MPA.
Afterward, researchers demonstrated many MPAS operating at various frequency ranges such as
MHz [2, 3], GHz [4-8], THz [9, 10], infrared [11-13], and optical [14, 15] regions. So far, there
are two main research trends related to the MPA. The first one focuses on how to control the
absorption behavior actively by using the external thermal [16], electrical [17], magnetic [18] or
optical [19] impacts. The second one is the study for the multi-band [20] and broadband MPAs
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[21]. Because the nature of MPAs is based on resonance phenomenon, the perfect absorption of
MPA is basically limited to a narrow frequency region. Therefore, the extension of absorption
bandwidth is a necessary study and should be conducted.

In this work, we propose a simple and efficient way to create the multi-band absorption by
breaking the symmetry of metamaterial structure. Owing to the asymmetry of MPA, the new
absorption peaks arise in addition to the initial absorption peak of symmetric structure. The
result might contribute another method to create the multi-band MPAs.

2. DESIGN AND SIMULATION
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Figure 1. Hlustration of unit cell of MPA: (a) perspective view, (b) front view for the symmetric
structure and (c) front view for the asymmetric structure with the displacement d.

Figure 1 shows designed unit-cell of proposed MPA with X-shape patterned structure. The
proposed MPA consists of three layers: the front metallic patterned layer, the middle dielectric
layer and the back continuous metallic layer. The thicknesses of the metallic and the dielectric
layers are t; = 1.2 mm and t,, = 0.035 mm, respectively. The other geometrical parameters of
MPA structure are | =7 mm, w = 0.3 mm, and p = 10 mm. In simulation, the metallic layers are
made of copper with the electrical conductivity of 5.6 x 10" S/m. The dielectric space is chosen
as FR-4 with the dielectric constant of 4.3 and the loss tangent of 0.025.

The commercial software CST Microwave Studio [22], which is based on the finite
integration technique (FIT), is exploited to simulate the electromagnetic behavior of the MPA.
The unit-cell boundary is applied to present the periodicity of the unit-cell. The electric and
magnetic fields are polarized along the side lengths of unit-cell, respectively. The wave vector is
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normal to the plane of MPA structure with the propagation direction from the front patterned
layer to the back continuous layer. The absorption of MPA is expressed as:

A(w) = 1~ [S11(@)[*=[S21 (@)%, 1)
where S;;(w) and Sy (w) are the reflection and the transmission parameters, respectively.

Because the back layer of MPA is copper, which is perfect conductor in the microwave region,
the transmission is forbidden. Consequently, the absorption of MPA is simplified to be:
Alw) =1 - 151 (@)]% )
The conventional printed-circuit-board method was used to fabricate the MPA samples. A
multi-layer film, which is composed of a 1.2-mm-thick FR-4 layer between two 0.035-mm-thick
copper layers, is coated by photoresist on one side. After putting a mask of designed structure on
the coated side of film, the photolithography process was carried out. Finally, the exposed part
of copper layer was removed by the wet-etching technique, revealing the structural pattern. The
absorption spectrum was measured by a vector network analyzer connected to linearly-polarized
microwave standard-gain horn antennas. The experiment process was performed in a microwave
anechoic chamber. To satisfy the far-field condition, antennas and sample were separated by 2.0
m from each other (the separated distance is around 60 times larger than the absorption
wavelength).

3. RESULTS AND DISCUSSION
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Figure 2. Simulated and measured absorption spectra of MPA for (a) d = 0, (b) d = 0.5 and
(c)d=1.0mm.
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Figure 2 shows the absorption spectra for different displacements of the cut-wire (CW) in
X-shape structure. Here, one CW is displaced along the diagonal direction while the other CW is
fixed. For the simulation, it is shown that for the initial symmetric MPA (d = 0), there is only
one absorption peak of 24 % at 11.4 GHz. By adjusting the position of CW to d = 0.5 mm, two
new absorption peaks arise, creating a triple-band absorption with the absorption frequencies of
10.8, 11.5 and 14.7 GHz. The absorption magnitudes of the first, the second and the third peaks
are 99 %, 99 % and 95 %, respectively. The absorption peaks are separated further when the
displacement d is increased. At d = 1.0 mm, the absorption frequencies are 9.7, 11.6 and 17.1
GHz while the absorption magnitudes are kept to be 99 %, 100 % and 97 %, respectively. The
simulation and the experiment are in good agreement, especially at the absorption resonance
frequency. Outside the resonance regions, there are slight mismatches between the simulated and
the measured spectra, which can be explained due to the imperfection of measurement condition.

To understand the absorption mechanism of the triple-band MPA, the surface currents on
metallic layers at absorption frequencies are simulated for d = 0 and d = 1 mm, as shown in Fig.
3. For the symmetric structure d = 0, the surface currents on the front and the back copper layers
are antiparallel, which indicates the existence of a magnetic resonance at absorption frequency.
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Figure 3. Surface currents on the front and the back metallic layers of asymmetric MPA (d = 1.0 mm) at
absorption frequencies (a) 9.7, (b) 11.6 and (c) 17.1 GHz. (d) Surface currents on the front and the back
metallic layers of symmetric MPA (d = 0) at absorption frequency of 11.4 GHz.
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Therefore, the magnetic resonance is the mechanism of the nearly perfect absorption at 11.4
GHz. For the asymmetric structure d = 1 mm, the surface currents on copper layers are also
antiparallel. It suggests that the mechanism of absorption is still magnetic resonance. However,
the distributions of surface currents are changed at different absorption frequencies and they are
also different to the distribution of surface currents in the symmetric state. The differences on
the absorption modes can be understood further by considering the surface current on the front X
shape layer. At the first absorption frequency of asymmetric MPA, the surface current is
strongly induced on longer half of the displaced CW and on center part of the fixed CW. On the
other hand, the current is mostly excited on shorter half of the displaced CW and on center part
of the fixed CW at the third absorption frequency. For the second absorption frequency, the
surface current is induced mainly on the fixed CW. This is the reason why the second absorption
frequency of asymmetric MPA is nearly same as the absorption frequency of the symmetric
MPA. In addition, by considering the flowing length of strong current, it can be seen that the
flowing length of surface current at the first absorption mode is longer than that of the second
absorption mode, while the flowing length of surface current at the third absorption mode is
shorter than that of the second absorption mode. Because the flowing length of surface current
defines the inductance of the structure, which is inversely proportional to the magnetic
resonance frequency, the first absorption mode happens at lowest frequency and the third
absorption mode occurs at highest frequency on the triple-band absorption. To observe clearly
the contribution of magnetic resonance to the multi-band absorption, the magnetic field
distribution is simulated at absorption frequencies, as shown in Fig. 4.
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Figure 4. Magnetic field distribution on asymmetric MPA (d = 1.0 mm) at absorption frequencies ()
9.7, (b) 11.6 and (c) 17.1 GHz. (d) Magnetic field distribution on symmetric MPA (d = 0) at absorption
frequency of 11.4 GHz.
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The simulation shows that magnetic fields are strongly excited in the MPA at the
absorption frequencies, which confirmed directly the magnetically resonant nature of absorption.
Because the magnetic field is related to the induced current, the distribution of magnetic field
can represent the effective region of equivalent inductance in magnetic resonance. The magnetic
fields are located strongly at the position corresponding to the longer half of the displaced CW,
the fixed CW and the shorter half of the displaced CW at 9.7, 11.6 and 17.1 GHz, respectively.
The observed results are in agreement with the simulated surface currents in Fig. 3. It is
noteworthy that although the region of magnetic field in the symmetric MPA is large, the
contribution of effective impedance is different to asymmetric MPA. Therefore, the magnetic
resonance frequency is excited at 11.4 GHz.

4. CONCLUSIONS

In summary, we proposed a method to create the multi-band MPA by breaking the
symmetry of structure. Due to the asymmetry of geometrical structure, the initial single-band
absorption of symmetric MPA is transformed to the triple-band absorption of asymmetric MPA.
It is also clarified that the asymmetric structure induces different current distributions at different
absorption frequencies, which decide the frequencies of absorption modes. Our work might
contribute a simple approach to create multi-band MPAs which are suitable to applications in
multi-channel sensors, filters and multiplexers.
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