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We present a simple design for an ultra-thin dual-band polarization-insensi-
tive and wide-angle perfect metamaterial absorber (PMMA) based on a single
circular sector resonator structure (CSRS). Both simulation and experimental
results reveal that two resonance peaks with average absorption above 99%
can be achieved. The dual-band PMMA is ultra-thin with total thickness of
0.5 mm, which is<l/38 with respect to the operation frequencies. The surface
electric field and current distributions of the unit-cell structure reveal the
physical picture of the dual-band absorption. Numerical simulations demon-
strate that the PMMA could retain high absorption level at large angles of
polarization and incidence for both transverse electric (TE) and transverse
magnetic (TM) modes. Furthermore, the absorption properties of the PMMA
can be adjusted by varying the geometric parameters of the unit-cell structure.
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INTRODUCTION

Metamaterials (MMs) are artificial engineered
subwavelength periodic composite materials or
structures, often exhibiting exotic electromagnetic
(EM) or optical properties that are unavailable in
Nature.1,2 Over the past few years, MMs have
become a very important research topic in science
and technology due to their wide range of potential
applications, e.g., as imaging lenses,3 for negative
refraction,4–6 cloaking,7 etc. Among these develop-
ments, perfect metamaterial absorbers (PMMAs)
have received great attention and interest because
of their potential applications in related optoelec-
tronic areas, including solar cells, thermal radiation
imaging, detection, and sensing.8–11 A typical
PMMA is composed of a dielectric substrate sand-
wiched with a metallic resonator structure and

continuous metal film or wire. By adjusting the
geometric parameters of the unit-cell structure of
the PMMA, one can achieve near-unity absorption
due to the relative impedance matching to free
space.11 PMMAs based on various structures for use
in the microwave to visible region have been
proposed and rapidly developed.12–19 However, most
proposed PMMAs are dependent on the angles of
polarization and incidence. In many practical appli-
cation areas, it is necessary to design dual- or
multiband PMMAs that are polarization-insensitive
and wide angle simultaneously.

Owing to the fundamental EM resonances, the
number of absorption peaks depends on the number
of resonant modes of the MM structure. Thus, dual-,
triple-, and multiband PMMAs have been proposed
and developed using multiple nondegenerate sub-
units within a superunit structure.12,13,20–27 How-
ever, such multiband PMMAs based on superunit
structures are complicated, thus increasing fabrica-
tion costs. In addition, many interactions can occur
between their subunits, resulting in greater
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dependence on the angles of incidence and polariza-
tion of the incident EM wave. A useful approach is
therefore to design dual- or multiband PMMAs by
combining fundamental and higher-order reso-
nances in a single resonator structure.28–31 Yoo et al.
proposed a dual-band PMMA with single disk/donut
structure based on fundamental and third-harmonic
magnetic resonances.28 Wang et al. presented a
triple-band terahertz PMMA using only an asym-
metric cross structure.29 Then, Hu et al. proposed a
four-band PMMA based on a simple #-shaped res-
onator,30 and Kim et al. proposed a triple-band
PMMA utilizing a single rectangular hole.31 How-
ever, the above-mentioned multiband PMMA struc-
tures are sensitive to all angles of polarization and
incidence, limiting their practical applications.

We present herein a simple and effective design
for a dual-band polarization-insensitive and wide-
angle PMMA for use in the microwave region. Dual-
band perfect absorption (over 99%) can be obtained
using this single patterned structure. The PMMA is
ultra-thin with thickness of only 0.5 mm. The origin
of the dual-band perfect absorption is clarified by
analyzing the distributions of the electric field and
surface current of the unit-cell structure. The
polarization angle and oblique angle of incidence
dependence of the PMMA were studied numerically.
Finally, we also studied the influence of the geo-
metric parameters on the dual-band absorption
properties of the PMMA.

STRUCTURE DESIGN, SIMULATION, AND
EXPERIMENT

Figure 1a and b presents the simple design of the
PMMA, consisting of a single metallic circular
sector resonator structure (CSRS) sandwiched with
a continuous metallic film and a dielectric substrate.
The single CSRS contains a circular patch at the
center with four circular sectors around it, similar
to a previous design.32 It can be expected that the
designed PMMA will be insensitive to all polariza-
tion angles for both TE and TM modes due to
the high geometric symmetry of its unit-cell struc-
ture. The optimized geometric parameters of the
unit-cell structure are as follows: px = py = 10 mm,
ts = 0.5 mm, r = 1.3 mm, l = 4.35 mm, and a = 80�.
In our design, lossy copper film with conductivity of
r = 5.8 9 107 S/m and thickness of 10 lm was
selected for the metallic elements. FR-4 with per-
mittivity and loss tangent of 4.3 and 0.025 was
selected as the dielectric spacer.

To verify the dual-band perfect absorption behav-
ior of this design, we performed full-wave EM
simulations using the frequency solver based on
the finite integration technology (FIT) in CST
Microwave Studio. In these simulations, unit-cell
boundary conditions were employed in x- and
y-directions. The unit-cell structure was illuminated
by a normally incident plane wave with electric field

parallel to x-axis and magnetic field parallel to y-
axis, with wavevector along the +z-axis direction.

To further verify the efficiency of the design, we
fabricated a PMMA sample according to the opti-
mized geometric parameters using conventional
printed circuit board (PCB) technology. The fabri-
cated PMMA sample (Fig. 1c) included 20 9 20 unit
cells with area of 200 mm 9 200 mm. In an EM
anechoic chamber, two standard horn antennas
connected to an Agilent N5244A PNA-X network
analyzer were employed to measure the reflectance of
the designed PMMA; the measurement process is
detailed in Refs. 33 and 34. There was no trans-
mission due to the continuous copper film in our
design, thus only the reflectance can be examined in
both the simulations and experiments. Therefore, the
absorbance was calculated as AðxÞ ¼ 1 � RðxÞ,
where RðxÞ is the reflectance as a function of
frequency x.

RESULTS AND DISCUSSION

Figure 2 shows the simulated and measured
absorption spectra of the proposed PMMA in the
frequency range from 3 GHz to 17 GHz. According
to Fig. 2, there were two resonant frequencies, at
f1 = 6.68 GHz and f2 = 15.41 GHz, where two
absorption peaks of over 99% on average can be
clearly observed. This result indicates that our
designed PMMA is well impedance matched to free
space at these two resonant frequencies. In addi-
tion, the designed PMMA was very thin, with
thickness of about 1/89.8 and 1/38.9 of the operation
wavelengths, respectively. The simulated and mea-
sured results matched reasonably well, with only
slight deviations at higher frequencies due to fab-
rication tolerances and imperfect measurements.

To better understand the mechanism of the
observed perfect absorption, the simulated distribu-
tions of the z-component of the electric field (Ez) and
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Fig. 1. Dual-band PMMA design: (a, b) front and perspective views
of unit-cell structure, (c) portion of fabricated PMMA sample.
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the surface current in the unit-cell structure at
those two resonant frequencies are shown in Fig. 3.
At the lower frequency (f1 = 6.68 GHz), it can be
observed that the electric field (Ez) distribution is
mainly concentrated in the upper and lower parts of
the CSRS, as shown in Fig. 3a. This enhanced
electric field (Ez) distribution indicates that larger
opposite charges accumulate and focus in the upper
and lower parts of the CSRS. Thus, the resonant
mode with lower frequency is due to the electric
dipole response of the CSRS. According to Fig. 3b
and c, the surface current distributions in the front
and back layer were opposite, which could form a
current loop between the front and back metallic
layers, resulting in a strong magnetic response with
fundamental LC resonance.35,36 Such simultaneous
excitation of the fundamental electric and magnetic
resonances results in the perfect absorption at
6.68 GHz.

According to Fig. 3d, at the higher frequency
(f2 = 15.54 GHz), the electric field (Ez) distribution
at the left part of the CSRS was the same as that of
the right part, while the accumulated charges at
the upper part of the CSRS were opposite to those
of the lower part. Obviously, these characteristics
of the Ez distribution reveal that this mode is
the quadrupole response of the CSRS.37,38 From
Fig. 3e and f, it can be clearly observed that the
surface currents are mainly concentrated in the
left and right parts of the unit-cell structure, and
the current flow directions in the front and back
layer are also opposite. The two sub-antiparallel
currents form two current loops between the front
and back metallic layers, resulting in second-order
magnetic response.39 Thus, the perfect absorption
at the higher frequency mainly originates from
simultaneous excitation of quadrupole and second-
order magnetic responses.

A simple and efficient dual-band PMMA design is
therefore easily realized based on the combination
of the fundamental and second-order responses
of a single resonator structure, suggesting a new

approach to design dual-band PMMAs by exploring
fundamental and higher-order resonance modes in a
single patterned resonant structure.

To further illustrate the resonance absorption
properties of the designed PMMA, we explored the
distributions of the power flow stream and power
loss density in the unit-cell structure. Figure 4a and
c shows three-dimensional (3D) plots of the distri-
bution of the power flow stream in the unit-cell
structure at different resonant frequencies. From
Fig. 4a and c, at the resonant frequencies of
f1 = 6.68 GHz and f2 = 15.41 GHz, the input power
flow stream was originally parallel in the space far
from the unit-cell structure of the PMMA. As the
power stream moves closer to the structure surface,
most of the power that flows across the CSRS
becomes curl in the dielectric substrate. However,
the details for the lower and higher frequency are
very different when the power stream from outside
the CSRS flows into the dielectric substrate, similar
to the previous structure.34 At the lower frequency
(f1 = 6.68 GHz), the power stream from outside the
area of the CSRS flows into the dielectric substrate,
mainly being focused on the upper and lower edges
of the unit-cell structure (Fig. 4a). At the higher
frequency (f2 = 15.41 GHz), most of the curled
power stream only flows into the left and right area
of the unit-cell structure (Fig. 4c). These character-
istics of the power flow stream distribution further
confirm that the absorptions at the lower and higher

Fig. 2. Measured and simulated absorption spectra of proposed
PMMA under normal incidence.

Fig. 3. (a, d) z-Component of electric field (Ez) and surface current
distributions of (b, c) front and (e, f) back layer of unit-cell structure at
different resonant frequencies: (a–c) f1 = 6.68 GHz and (d–f)
f2 = 15.41 GHz.
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frequency are due to the fundamental and second-
order responses of the proposed structure.

Figure 4b and d depicts the distributions of power
loss density in the mid-plane of the unit-cell struc-
ture at the resonant frequencies. In fact, in the
microwave region, it is known that the majority of
incident EM wave energy will be dissipated as
dielectric loss in the middle dielectric layer at the
different resonance modes. As clearly shown in
Fig. 4b for the lower frequency (f1 = 6.68 GHz), the
power loss is mainly focused in the upper and lower
parts of the mid-plane of the unit-cell structure.
Meanwhile, at the higher frequency (f2 = 15.41
GHz), the power loss is mainly concentrated in the
left and right parts of the mid-plane of the unit-cell
structure. These results further confirm that the
perfect absorption of the designed PMMA is due to
the combination of the fundamental and second-
order resonance modes.

The dependence of the PMMA on the polarization
and oblique angle of incidence for both the TE and
TM modes was studied numerically, as shown in
Fig. 5. At normal incidence, the absorbance for
different polarization angles (u = 0� to 90�)
remained unchanged for both the TE and TM
modes, as shown in Fig. 5a and b. This indicates
that the designed PMMA retains polarization sta-
bility under normal incidence. We also simulated
the absorbance of the PMMA for different oblique
angles of incidence for both the TE or TM modes.
For the TE mode (Fig. 5c), it was observed that the
PMMA retained high absorbance above 95% at the
resonant frequencies for angle of incidence (h)<65�.
However, for h> 65�, the dual-band absorbance
gradually decreased with increasing angle of

incidence h. This can be easily understood on the
basis that the magnetic field of the incident EM
wave could no longer efficiently induce the resonant
currents for higher angle of incidence. In this case,
the fundamental and second-order magnetic reso-
nance cannot be excited effectively. For the TM
mode (Fig. 5d), the absorbance was less affected
when increasing the angle of incidence h, since the
magnetic field of the incident EM wave could still
efficiently drive the antiparallel currents for all
angles of incidence. It is noteworthy that additional
resonance modes were observed for the TM mode at
higher angle of incidence, which is associated with
higher-order resonances. At higher angle of inci-
dence (h> 50�) for the TM mode, the split mode
frequency was lower than the second-order one,
because of constructive interaction due to a phase
relationship.39

We further studied the dependence of the absor-
bance on various geometric parameters of the
proposed PMMA design. As shown by the unit
cell of the designed PMMA in Fig. 1a and b, the
absorption properties are mainly determined by
four geometric parameters: the center circular
radius (r), the inner angle (a) of the circular sector,
the circular sector radius (l), and the thickness of
the dielectric substrate (ts). Figure 6 shows the
simulated absorbance for different values of these
geometric parameters (r, a, l, and ts) of the unit-cell
structure. In these simulations, when changing one
of the geometric parameters of the unit-cell struc-
ture, the others were fixed unchanged; For example,
when changing r (to 1.0 mm, 1.5 mm, 2.0 mm, and
2.5 mm), the others were fixed as px = py = 10 mm,
ts = 0.5 mm, l = 4.35 mm, and a = 80�.

As shown in Fig. 6a, when increasing r, the
resonant frequencies increased while the
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Fig. 4. (a, c) 3D distributions of power flow stream and (b, d) dis-
tributions of power loss density in the mid-plane of the unit-cell
structure at resonant frequencies: (a, b) f1 = 6.68 GHz and (b, d)
f2 = 15.41 GHz.

Fig. 5. Simulated absorbance for different (a, b) polarizations and (c,
d) angles of incidence for different modes: (a, c) TE and (b, d) TM.
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absorbance at the lower frequency decreased
slightly and that at higher frequency first increased
then decreased. According to LC circuit theory, the
resonant frequency can be expressed as f ¼ 1

2p
ffiffiffiffiffi

LC
p ,

where the effective capacitance C and effective
inductance L are mainly determined by the geomet-
ric parameters of the unit-cell structure. On
increasing r, the effective capacitance C will
decrease,40,41 thus resulting in an increase of the
lower and higher resonant frequencies. According to
Fig. 6b, the absorbance at both the lower and higher
resonant frequencies remained nearly unchanged
when changing the value of a. However, the lower
frequency increased slightly while the higher fre-
quency decreased gradually when increasing a,
since the C value at the lower frequency decreased
slightly while that at the higher frequency gradu-
ally increased. From Fig. 6c, it can be observed that
the lower and higher frequencies gradually
decreased with increase of the value of l. This
occurs because the L value at the lower and higher
frequencies will increase, so the resonant frequen-
cies decrease accordingly. From Fig. 6d, when
increasing ts, the lower resonant frequency
remained nearly unchanged while the higher one
gradually decreased. This can be understood based
on the fact that the C and L values at the lower
resonant frequency will remain nearly unchanged
while the L value at the higher resonant frequency
will increase when increasing ts. Note that the
absorption level at the lower and higher frequencies
will decrease when ts deviates from the optimal
value (ts = 0.5 mm, 0.6 mm). Thus, selection of the
thickness of the dielectric substrate is very impor-
tant for the operation of the dual-band PMMA.

Based on the analysis above, the resonant fre-
quencies and absorption level were sensitive to the

geometric parameters of the unit-cell structure.
Thus, the dual-band absorption properties can be
modified and adjusted by changing these geometric
parameters.

CONCLUSIONS

An ultra-thin polarization-insensitive and wide-
angle dual-band PMMA for operation in the micro-
wave region was designed based on a CSRS placed
over a ground plane with a dielectric substrate.
Both simulations and experiments confirmed that
the absorbance of the PMMA was above 99% on
average at two different resonant frequencies. The
dual-band PMMA had very low thickness (only
0.5 mm), being about 1/89.8 and 1/38.9 of the
operation wavelengths, respectively. The simulated
electric field and surface current distributions indi-
cate that the dual-band perfect absorption mainly
originated from the fundamental and second-order
response. The proposed PMMA retained absorbance
of 99% for all polarization angles of both TE and TM
modes under normal incidence, while for oblique
incidence, absorbance above 90% was retained for
angles of incidence up to 60� for TE mode and 75� for
TM mode. The dual-band absorption properties of
the design can be modified and adjusted by varying
the geometric parameters of the unit cell. This
design provides considerable freedom to shift or
change the absorption properties of the PMMA to
meet different application requirements. In addi-
tion, such dual-band perfect PMMAs could easily be
realized for use in other frequency ranges (e.g.,
radio, terahertz, infrared, and visible regions) due
to its geometric scalability. Thus, it is expected that
this approach could represent a simple and effective
method to design novel high-performance dual- and
multiband PMMAs.
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