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Abstract
We report the design and simulation of a microwave metamaterials-based perfect absorber using
a simple and highly symmetric structure. The basic structure consists of three functional layers:
the middle is a dielectric, the back is a metallic plane and the front is a ring of metal. The
influence of structural parameters on the absorbance and absorption frequency were investigated.
The results show an exceptional absorption performance of near unity around 16 GHz. In
addition, the absorption is insensitive to the polarization of the incident beam due to the highly
symmetric structure. Finally, four and nine rings with different sizes are arranged appropriately
in a unit cell in order to construct a broadband absorber. A polarization-insensitive absorbance of
above 90% is achieved over a bandwidth of 15%.

Keywords: metamaterials, perfect metamaterial absorber, broadband metamaterial absorber
Classification numbers: 5.17

1. Introduction

Over the past decade, a new class of artificial materials, the
so-called metamaterials (MMs), has shown many unusual
properties, which are not found in natural materials, such as
materials with simultaneously negative permittivity and per-
meability leading to negative refractive index [1–3] and
numerous fascinating applications such as perfect lens [4] and
invisible cloaking [5, 6]. Recently, the applicability of MMs
as electromagnetic wave absorbers has been attracting the
interest of many scientists from the viewpoint of feasible MM
applications using current technology. A near unity absorber
is a device in which all incident radiation is absorbed at the
operating frequency. The transmission, reflection and all other
light propagation channels are disabled [7]. Electromagnetic
wave absorbers can be used in devices and areas such as:
emitters [8–10], sensors [11], spatial light modulators [12], IR
camouflage [7, 13], thermophotovoltaics and wireless

communication [14]. In 2008, Landy et al proposed a thin
metamaterial absorber (MA), in which electric and magnetic
responses are manipulated to make the impedance of absorber
match to that of air and the imaginary part of the refractive
index acquire a very large value simultaneously [15].
Therefore, the reflection and transmission are eliminated and
the incident wave is strongly absorbed. Initial interest in
electromagnetic wave absorbers was largely in the microwave
range. The usefulness of absorbers in both improving radar
performance and providing concealment against radar sys-
tems was utilized as a military technique. Since the first
proposal of Landy, many groups have successfully designed
and manufactured perfect MA from the microwave to the
optical region [16–22]. In earlier works, because the strong
absorption just occurs at the resonant frequency, the absorp-
tion bandwidth is often narrow. In many cases, broadband
absorption is required, such as solar energy harvesting [23].
Up to now, many such absorbers have been computationally
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and experimentally demonstrated and various techniques have
been used to realize multiple band and broadband absorbers.
The first method utilizes multiple resonating structures in each
unit cell, exploiting the resonators with different sizes reso-
nating at different frequencies. By combining them in one
unit cell, multiple resonances will appear in the absorption
spectrum. If these absorption resonances are close enough in
frequency, they will form a broadband absorption. Another
method is stacking multiple layers in which resonators share
the same ground plane, but the fabrication is not really easy
[24]. Another method utilizes the different sections of a single
structure that resonate at different frequencies to obtain
multiple resonances [25]. However, the existing obstacle is
the polarization sensitivity. Recently, another approach to
realize broadband absorption, that is incorporating lumped
elements into the MM resonators, seems to have been a
promising way for microwave frequencies [26]. Although
adding lumped elements is an interesting idea, the feasibility
in high frequency ranges such as near IR or optical region is
still a problem due to the small size of MM resonator [7]. In
this study, we propose and simulate an absorbing structure in
the microwave region with simple and highly symmetric
geometry. The influence of structural parameters and elec-
tromagnetic polarization on the absorption is investigated and
the loss mechanism is also discussed. Then, a broadband
absorber is constructed using the proposed structure. Finally,
the dependence of broadband absorption on polarization is
studied to assess the absorption efficiency.

2. Design and simulation

Numerical simulations of the design are performed by using a
finite-integration-technique package of CST Microwave Stu-
dio. A unit cell of proposed MA is made of a dielectric layer
sandwiched between a copper ring and a copper film, as
shown in figure 1. The dielectric layer is lossy flame retardant
4 (FR-4) with the thickness of td= 0.4 mm, a determined
dielectric constant of 4.0 and a loss-tangent of 0.025. The
thickness of the copper strips in FR-4 board is ts = 0.036 mm
with an electric conductivity of 5.96 × 107 S m−1. The geo-
metrical parameters are set to be a= 8 mm, d= 0.8 mm,

R = 1.3 mm. The direction of incident wave k is parallel to the
axis of the ring while E-H plane is normal. The boundary
conditions are set so that the unit cells are periodic in the E-H
plane. The environment of simulation is performed in free
space. We use TEM plane wave to stimulate the single unit
cell, which provides S parameters in order to calculate the
absorbance. The absorption power ωA ( ) is calculated through

ω ω ω= − − = − −A R T S S( ) 1 ( ) ( ) 1 11

2

21

2
, where the

reflection power ω =R S( ) 11

2
, and the transmission power,

ω =T S( ) 21

2
.

3. Resutls and discussion

3.1. Perfect metamaterial absorber based on ring structure

So far, a number of perfect absorption structures have been
found, but with restrictions due to their complex structure and
the difficult fabrication, especially in the optical region
[27, 28] or polarization dependence [15]. To overcome the
above disadvantages, we designed a simple structure with
high symmetry, the so-called ring structure. In the current
work, we systematically investigated the electromagnetic
characterizations and the geometrical dependence of a perfect
absorber based on this structure. The absorbance is calculated

by ω ω ω= − − = − −A R T S S( ) 1 ( ) ( ) 1 11

2

21

2
, as

aforementioned. From the theoretical point of view, unity
absorbance can be possibly achieved at certain frequency by
reducing reflection and transmission to zero simultaneously.
The minimum reflection can be obtained by matching the
impedance of the sample to the air at resonance frequency.
However, the transmission is zero, since the copper film acts
as a physical barrier to block the incident waves. Figure 2(a)
shows simulated results of reflectance, transmittance and
absorbance of MA using ring structure. The perfect absor-
bance is observed at 16 GHz with no transmission and no
reflection. One half of the ring in the direction of the electric
field can be regarded as an electric dipole yielding an electric
resonance, while the front ring and back metal film behave
like the cut-wire pair structure responding for a magnetic
resonance [29]. By changing the geometrical parameters of
the ring, the electric and magnetic responses of MA can be
controlled. Finally, the impedance matching condition is
achieved at 16 GHz leading to perfect absorbance at this
frequency. The influence of electromagnetic polarization on
the absorption is examined in figue 2(b). It is shown that the
polarization of the normal incident wave does not affect the
absorption spectrum. The result can be explained due to the
symmetry of the absorber in the E-H plane. Figure 2(c) is the
simulation surface currents at absorption frequency. The
opposite direction currents are generated on surfaces of the
ring and the copper film while H field is polarized parallel to
copper ring and film. Therefore, the anti-parallel currents are
magnetic response and indicate that a magnetic resonance is
formed at absorption frequency [29].
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Figure 1. A schematic drawing of a unit cell of ring structure,
polarization, and geometrical parameters.



One primary concern of MAs is what is mainly respon-
sible for the losses. As mentioned above, the resonance is
magnetic response verified by anti-parallel currents on sur-
faces of ring and metal film. Such resonance confines elec-
tromagnetic energy in unit cells and it is gradually eroded by
two mechanisms of losses—those are dielectric and con-
ductive. In order to get definite conclusions about the
mechanism of energy dissipation in the proposed structure,
we simulated power loss densities at ring, metallic film, and
dielectric spacer as shown in figure 3. The loss is principally
dissipated in the dielectric spacer, but the loss is not equally
distributed in the spacer. It locates mainly at the edges of ring,
where the effective capacitances are formed. The results
definitely imply that the dielectric loss plays the key role in
the energy dissipation mechanism. Our results are consistent
with previous researches [8, 30].

3.2. Influence of structural parameters

The magnetic resonance frequency is usually strongly
dependent on structural parameters [29]. As shown in
figure 2(c), the magnetic resonance is formed at absorption
frequency of the MA. For these reasons, we also investigated
the influence of structural parameters on the absorption
properties.

In figure 4(a), there is a pronounced shift towards the
lower frequency of the absorption peak when the radius of the
ring R increases. In the case of the width of the ring d in
figure 4(b), the absorption peak shows the red-shift behavior
too, but the shift is less than that in the previous case with the
ring R. The influence of geometry parameters R and d on the
absorption frequency is explained by the model of Zhou et al
[29]. In ring structure, parameters R and d play a similar role
to the length of cut-wire [31]. The manipulation of R and d
changes the position of magnetic resonance that shifts the
absorption frequency. In contrast, the absorption frequency is
almost constant when the lattice constant a is larger than
7 mm and only changes with the smaller lattice constant, as
shown in figure 4(c). The interpretation is that when the lat-
tice constant is small, rings of adjacent unit cell are close to
each other. Therefore, the interactions between the adjacent
rings occur and shift the resonance frequency. When lattice
constant is larger than a certain value, the interaction can be
considered as negligible. The resonance position depends
only on parameters of the ring in the unit cell and does not
depend on lattice constant. In figures 4(a)–(c) we also
investigated the dependence of absorbance on the parameters
R, d, a. The results show that absorbance is maximized at
certain values of R, d, a (approximately 100%). It is explained
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Figure 2. (a) Simulated results of reflectance, transmittance and absorbance. (b) Absorption spectra according to the polarization angle of the
incident wave. (c) Distribution of induced current at the absorption frequency. From the left to the right: view in E-k plane, view in 3-
dimension space, and scale of intensity.



that the impedance matching condition just occurs with cer-
tain geometry parameters, where the real part of impedance

μ ε= =( )zRe ( ) Re 1eff eff eff . Any fluctuation from these

parameters changes value of either εeff or μ
eff
. Consequently,

the reflection raises up that decreases the absorbance.
Nevertheless, the interesting result is that the absorbance is
contrary to the absorption frequency when changing the MA
parameters. With a small change of parameter R or d (change
step is 0.1 mm), the absorbance is nearly unchanged while the
absorption frequency is clearly shifted. The same contrary
also exists in the case of changing the lattice constant a with
the roles switched. With a quite large change of a (change
step is 1 mm), the absorbance is significantly changed while
the absorption frequency is almost invariable. The achieved
results in this section suggest that the absorbance and
absorption frequency can be controlled independently by
adjusting different structural parameters. The above conclu-
sion has a great significance with respect to the creation of the
broadband absorber.

3.3. Broadband metamaterial absorber

In order to create a broadband absorber, we arranged the ring
with different sizes at the front side of one unit cell, as shown
in figure 5.

The four-peaks spectrum of absorbance with R1=1.3mm,
R2=1.4mm, R3=1.5mm, R4=1.6mm and lattice constant
a=14mm, d=1mm, is shown in figure 6(a). The result shows that
peaks at 12.91, 13.42, 14.13, 14.93GHz are individually excited by
different rings. The magnetic field distributions at these frequencies
are shown in figure 6(b) to better understand the physics of the
proposed multi-band absorption of the MA. It is obvious that, at a
certain frequency, the magnetic field is localized and absorbed at
some ring in the unit cell. At higher frequency, the magnetic field is
localized at the ring with less radius and vice versa. Therefore, in
order to obtain the broadband absorption, we added rings with
different radii in the unit cell and these radii are very close to each
other. Figure 6(c) plots the broadband absorption spectrum for the
model 9-rings MA: R1=1.50mm, R2=1.58mm, R3=1.66mm,
R4=1.74mm, R5=1.82mm, R6=1.90mm, R7=1.98mm,
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Figure 3. Simulated power loss densities in (a) copper ring, (b) dielectric substrate, (c) copper film at absorption frequency in the E-H cutting
plane, and (d) scale of intensity. (e) Distribution of power losses at absorption frequency in the 3-dimension space.



R8=2.06mm, and R9=2.14mm, a=30mm, d=1mm. The result
shows that an absorbance better than 90% is achieved within a
bandwidth of over 2GHz. The maximum of absorbance is nearly
100% from 12.2 to 12.5GHz. Moreover, owing to the symmetric
geometry of ring, broadband absorption exhibits nearly polariza-
tion-insensitive property under the normal incidence. Figure 6(d)
shows absorption spectra according to the polarization angle ϕ. The
broadband absorption is not changed so much when enhancing ϕ
from 0° to 60°.

4. Conclusions

We studied numerically and experimentally the electro-
magnetic properties of perfect microwave MAs using ring and
multi-ring structures. It is shown that by inducing a magnetic
resonance, the ring structure confines electromagnetic energy
at the resonant frequency. This energy mainly dissipates in
the dielectric spacer, causing a near unity absorbance. Our
investigation implies that the absorption frequency, strength,
and bandwidth of ring-based MAs can be tailored nearly at
will by systematically controlling geometrical parameters.
Based on these findings, the broadband MA was designed,
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Figure 4. Dependence of the absorbance and absorption frequency on the MA parameters: (a) radius of ring R, (b) width of ring d and (c)
lattice constant a.

Figure 5. The unit cell of metamaterial structure consiting of 4 rings
with different size.



simulated, and measured, showing an excellent absorbance,
broad absorption bandwidth, and polarization insensitivity.
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