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Abstract This paper presents the analysis of dual-reso-
nant polarization-independent metamaterial absorber with
wide operating angle in X-band frequency. Two circular
rings with different radius are used as resonating elements.
The resonating elements which are made by copper are
printed on two surfaces (top and bottom) of dual-layer FR4
substrate. At the middle layer, a full copper layer is placed.
The performance of dual-resonant circular ring metama-
terial absorber is observed using CST software. From
simulated result, the proposed structure achieves high
absorbance, which is 96.41 and 93.61 % at 9 and 11 GHz,
respectively, for normal incident wave. For measurement,
the resonant frequencies are found at 9.39 and 11.63 GHz
with absorbance of 99.07 and 83.70 %, respectively. Then,
the structure is also simulated for oblique incident angles.
It is observed that the operating angle of the proposed
metamaterial absorber is 70° for TE modes and 67° for TM
modes. Measurement for oblique incident angle is done to
validate the simulated result. Mutual agreement is achieved
between simulated and measured result with slight fre-
quency shift and ripples.

1 Introduction

Metamaterials are artificial structure, having unique
properties that can be applied in many electromagnetic
devices such as antennas, filters and lens. One of the

D< Mohamad Kamal A. Rahim
mkamal @fke.utm.my

Advanced RF and Microwave Research Group, Department
of Communication Engineering, Faculty of Electrical
Engineering, Universiti Teknologi Malaysia, FKE, UTM,
Johor Bahru 81310, Johor, Malaysia

interesting topics for investigation is metamaterial
absorber (MMADbs). Basically, some metamaterial is used
as an efficient electromagnetic reflector [1]. However, by
engineering the dielectric material with metal intact, high
MMADbs can be developed. Wang et al. [2] have proposed
three-dimensional MMADbs that achieve high absorption
for multi-directional surface. However, the operating
angle of the absorber is not being observed. Landy et al.
[3] proposed perfect MMADbs, but the structure is only
working in single direction. Furthermore, having cut wire
at the back of the structure made the analysis more dif-
ficult since the magnitudes of both reflectance and
transmittance need to be controlled together to maximize
the absorbance magnitude. Guo-Dong et al. [4] proposed
polarization-insensitive multiband MMAbs based on
coplanar Jerusalem crosses. However, to achieve a
multiband frequency, multiple sizes of resonating ele-
ments are needed because each size can only provide one
resonant frequency. Hu et al. [5] proposed quad-band
MMADbs based on electric LC resonator (ELCR) and
metal cross. The structure is designed in dual layer;
however, it can only absorb EM wave in single direction.
Guo et al. [6] proposed triple-band wide-angle MMAbs
based on regular pentagon closed ring. The proposed
structure is insensitive to all polarization angles and
works at very large operating angle. However, to achieve
such excellent performance, three layers are needed
where it can increase the overall size and fabrication
cost. Kim et al. [7] proposed dual-broadband MMAbs
based on metal-dielectric multilayer truncated cones. The
proposed structure is insensitive to all polarization angles
and works very well at incident angle up to 45°. How-
ever, the design is rather complicated because multilayer
metal—dielectric is needed in the form of truncated cones.
The overall thickness is also increased.
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2 Proposed design, simulation, fabrication,
measurement and discussion

This paper proposed a polarization-insensitive MMAbs
which can operate at very wide incident angle and provides
two resonant frequencies. At the same time, the structure
can absorb the incident of EM waves coming from two
directions (+z and —z) because the resonating elements are
printed at both surfaces of dielectric substrate. The sub-
strate used in this design is FR4 substrate which has
dielectric constant of 4.6, loss tangent of 0.019 and thick-
ness of 0.8 mm. The resonating elements are made by
0.035-mm-thick copper with a conductivity of
5.8 x 107 S/m. CST software is used to simulate the
structure. The optimized design is fabricated using standard
PCB etching technique. Then, the measurement of fabri-
cated structure is done in X-band anechoic chamber room
as shown in Fig. 1. From the figure, it shows that two
standard gain horn antennas are used for transmitting and
receiving the EM waves. A semicircle-shaped track is used
to hold the horn antennas at specific angle during mea-
surement. The MMADs are placed at the centre point of the
arc circle during measurement. The X-band broadband
triangle absorbers are used to absorb unwanted EM wave
that may affect the measurement result. A vector network
analyser (VNA) is used to measure the reflection of EM
wave on the sample of MMADbs. Before conducting the
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Fig. 1 Measurement set-up for MMADbs in X-band anechoic chamber
room
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simulation, the dimension of MMADbs is calculated using
Egs. (1)-(3):
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where r = radius of circular ring, r, = outer radius of
circular ring, r; = inner radius of circular ring, /lgo = -
guided wavelength at resonant, and ¢, = effective relative
permittivity.

However, due to coupling effect that may exist between
two circular rings, the result from simulation is slightly
away from expected. Therefore, the dimension of the
structure is optimized to obtain the absorbance at desired
resonant frequencies.

f():

2.1 Proposed dual-resonant metamaterial absorber

The design of dual-resonant CRMMADbs is illustrated in
Fig. 2. The corresponding dimensions are listed in Table 1.
The dimension of the unit cell (W x L x h) is approxi-
mately 3A,/5 x 3Ao/5 x Ay /10 referring to the A, of the
element with highest resonant frequency. The average
radius of resonating elements, r; and r», is close to X/6
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Fig. 2 The proposed structure of dual-resonant MMAbs
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Table 1 Dimension of dual-resonant CRMMADbs

Parameter Dimension (mm) Dimension in A4
at resonance
W, L 9.000 0.584%,
r; 2.510 0.163%,
2 2.975 0.158A,
W, 0.250 0.016A,
W, 0.280 0.018%,
g 0.200 0.013%,
h 1.670 0.108%,
t 0.035 0.002%,
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Fig. 3 Fabricated dual-resonant CRMMADbs

referring to their own 2, at resonant frequency. The width
of the resonating elements, W,; and W,,, is nearly A,/55
and A,/60, respectively. The gaps between two resonating
elements, g, is A,/80. All the dimensions of the structure
are listed in Table 1. When observing the physical
dimension of the proposed MMADbs, it is very thin com-
pared to the operating wavelength. Metamaterial structure
is well known as an artificial structure which can be scaled
much smaller compared to the operating wavelength.
Therefore, the mechanism of the structure can be analysed
using equivalent lump-element circuit. The structure is
then fabricated based on the optimized result obtained from
simulation. The fabricated structure is depicted in Fig. 3. It
consists of 1089 resonating elements at each surface of
300 x 300 mm FR4 substrate. A copper layer is sand-
wiched between two dielectric substrates.

2.2 Performance of dual-resonant CRMMADbs
for normal incident of EM wave

The simulated reflectance, transmittance and absorbance of
dual-resonant CRMMAbs are shown in Fig. 4. The
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Fig. 4 Simulated transmittance, reflectance and absorbance of dual-
resonant CRMMAbs
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Fig. 5 Measured transmittance, reflectance and absorbance of dual-
resonant CRMMAbs

transmittance, 7(w), is zero for all frequencies due to the
full copper layer at the middle between two substrates. The
absorbance, A(w), is determined by reflectance, R(w),
magnitude only. For normal incident wave, R(w) are 4.89
and 16.56 % so that A(w) are 95.11 and 83.44 % at 9 and
11 GHz, respectively. The corresponding FWHM band-
widths are 5.24 % (8.74-9.21 GHz) and 2.80 %
(10.90-11.21 GHz). The absorbance at two resonant fre-
quencies is above 80 %, indicating that high absorbance is
achieved.

The measured T(w), R(w) and A(w) are presented in
Fig. 5. As expected, the T(w) is almost zero for all mea-
sured frequencies due to the full metal plane at the middle
between two substrates. The R(w) is minimized at two
resonance frequencies of 9.39 and 11.62 GHz with mag-
nitude of 0.93 and 16.30 %, respectively. Hence, A(w)
become 99.07 and 83.70 %. The FWHM bandwidths are
6.57 % (9.12-9.74 GHz) and 3.77 % (11.40-11.84 GHz),
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respectively. The result shows that a good agreement is
achieved between simulation and measurement with a
slight frequency shift may be due to the variation of sub-
strate effective permittivity at high frequency. However,
the noise in the measured response is due to measurement
set-up and tolerance.

2.3 Performance of dual-resonant CRMMADbs
for oblique incident of EM wave

Figure 6 plots the graph of simulated absorbance for TE
polarization incident EM waves. The magnitude of A(w)
for dual-resonant CRMMADbs is observed every 20° step
angle between 0° and 60°. It is observed that for the first
resonant, the A(w) remain very high up to 60° which is
more than 95 %. However, for the second resonant, the
A(w) decreased to 66.94 %. Next, the incident angle is
altered until the A(w) become at least 50 %. It is observed
that the operating angle for TE mode, 0, = 70°. It is
observed that the A(w) for second resonant decreased
rapidly and become around 50 % at 70°. Contrarily, the
first resonant still manages to achieve A(w) = 85.51 % for
the same incident angle. The exact resonant frequencies
and their corresponding A(w) are listed in Table 2. It shows
that the resonant frequency for the first resonant varies
between 8.97 and 9.10 GHz (Af;; = 0.13 GHz). For sec-
ond resonant, it varies between 10.95 and 11.22 GHz
(Af, = 0.27 GHz).

The absorbing mechanism of the metamaterial absorber
is based on the impedance matching between the absorber
and the free space impedance. To obtain perfect absorption,
the effective permittivity, €(w), must be in the same mag-
nitude with effective permeability, u(w), which mean that
the electric and magnetic resonant must be obtained
simultaneously. For TE polarization, the electric compo-
nent of the incident EM wave is always parallel with the

1.0 1
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Fig. 6 Simulated absorbance, A(w) for TE polarization of incident
EM wave
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Table 2 The detail simulated
CRMMADbs in TE polarization

absorbance of dual-resonant

Incident First resonant Second resonant
angle (6°)
Frequency A(m) Frequency A(w)
(GHz) (%) (GHz) (%)
0 9.00 95.11 11.00 83.43
20 8.97 97.65 10.95 77.79
40 9.04 99.76 11.12 81.59
60 9.06 95.70 11.13 66.94
67 9.09 85.51 11.20 51.03
82 9.10 51.20 11.22 23.47

surface of absorber so that electric resonant can be
obtained. However, the excitation angle of magnetic
component is varied. As the excitation angle increases, the
ability of magnetic field to penetrate the substrate and to
drive the magnetic flux inside the substrate is reduced.
Therefore, the magnetic resonance becomes less and causes
the impedance mismatch.

Figure 7 plots the graph of measured absorbance of
dual-resonant CRMMADbs for TE polarization incident EM
waves between 0° and 60°. The measurement is not con-
ducted for incident angle more than 60° because the
measurement will not be valid due to the direct coupling
between transmitted and received antennas. The A(w) and
its corresponding resonant frequencies are listed in
Table 3. It is observed that at 60° the A(w) for the first
resonant frequency remain greater than 92 %, while for
second resonant frequency, A(w) is greater than 53.30 %.
Similarly, resonant frequencies vary slightly when the
incident angle increased as predicted in simulation result.
Similar pattern is observed between simulation and mea-
surement, but a slight frequency shift and ripples are found
in measurement.

Absorbance, A(o )

7 8 9 10 11 12 13
Frequency (GHz)

Fig. 7 Measured absorbance, A(w) for TE polarization of incident
EM wave
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Table 3 The detail measured
CRMMADbs in TE polarization

absorbance of dual-resonant

Incident First resonant Second resonant
angle (0°)
Frequency A(w) Frequency A(m)
(GHz) (%) (GHz) (%)
0 9.39 99.07 11.62 83.70
20 9.39 99.72 11.54 78.96
40 9.41 99.73 11.53 71.92
60 9.44 92.53 11.59 53.30

Absorbance, A(®)

Frequency (GHz)

Fig. 8 Simulated absorbance, A(w) for TM polarization of incident
EM wave

Next, the simulated absorbance of dual-resonant
CRMMAbs for TM polarization incident EM waves is
presented. The result is plotted in Fig. 8. Similar to TE
polarization, the magnitude of A(w) is observed every 20°
step angle between 0° and 60°. Similar to TE mode, the
A(w) remain very high up to 60° which is more than 94 %.
However, for the second resonant, the A(w) decreased to
70.98 %. The operating angle in which the A(w) can
maintain at least 50 % for TM mode, 0,,,tm = 67° due to

Table 4 The detail simulated
CRMMABDs in TM polarization

absorbance of dual-resonant

Incident First resonant Second resonant
angle (60°)
Frequency A(w) Frequency A(w)
(GHz) (%) (GHz) (%)
0 9.01 96.43 10.99 94.55
20 9.01 97.29 11.09 89.80
40 9.03 99.79 11.14 85.35
60 9.05 94.50 11.08 70.98
67 9.11 87.95 11.19 50.40
82 9.11 50.79 11.22 22.64

the rapid decrement for the second resonant. Contrarily, the
first resonant still manages to achieve A(w) = 87.95 % for
the same incident angle. The detail A(w) and its corre-
sponding resonant frequency are given in Table 4. It shows
that the resonant frequency for the first resonant varies
between 9.01 and 9.11 GHz (Af;; = 0.10 GHz). For sec-
ond resonant, it varies between 10.99 and 11.22 GHz
(Afi2 = 0.23 GHz). For TM polarization, the magnetic
component of EM wave is always parallel with the surface
of the absorber, while the electric component is varied. The
magnetic resonant can be obtained under different excita-
tion angles under TM polarization. However, the electric
component which provides electric resonant becomes less
effective under large excitation angle of incident EM wave
and causes the impedance mismatch.

The electric resonant can be seen from the flow of
currents which is going upward and downward alternately
from upper half to lower half of the circular ring resonator.
The flow of currents is like a dipole moment.

Figure 9 plots the graph of measured absorbance of
dual-band CRMMAbs for TM polarization incident EM
waves between 0° and 60° incident angle. The A(w) and its
corresponding resonant frequency are given in Table 5.
The pattern of the graph follows the simulated results with
a slight frequency shift. It is observed that up to 60°, the
magnitudes of A(w) for first resonant frequency are greater
than 96 % and for second resonant frequency are greater
than 79 %.

2.4 Field distribution and surface currents

Next, the field distribution and surface currents of dual-
resonant CRMMADbs are investigated at resonant frequen-
cies. Since the proposed design has two resonant frequen-
cies, the simulation is conducted at both frequencies which
are 9 and 11 GHz, respectively.

1.0
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0.6 1
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Absorbance, A(o)
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Fig. 9 Measured absorbance, A(w) for TM polarization of incident
EM wave
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Table 5 The detail measured absorbance of dual-resonant

CRMMADbs in TM polarization

Incident First resonant Second resonant
angle (6°)
Frequency A(w) Frequency A(m)
(GHz) (%) (GHz) (%)
0 9.37 97.52 11.59 79.29
20 9.35 96.92 11.63 84.73
40 9.37 99.88 11.62 81.04
60 9.40 98.51 11.59 90.00

To start with, the simulated E-field distribution in
Fig. 10a, ¢ will be discussed. At 9 GHz, the E-field dis-
tribution is very strong at g between CR; and CR; that is
located vertically. This indicates that strong electric cou-
pling exists between two parallel metal elements. Strong
E-field is also observed at the outer side near CR; which
indicates that CR; contributes to the lower resonant. The
E-field distribution becomes weaker when approaching the
horizontal part of the structure. At 11 GHz, strong E-field
distribution is also observed at g which indicates that
electric coupling is also applied at the same place for
higher resonant frequency. Some significantly high mag-
nitude of E-field is also observed at the outer side near CR,
which indicates that CR; contributes to the higher resonant.

weak -

| l: :- strong

Fig. 10 Simulated E-field and H-field distribution at 9.00 and
11.00 GHz. a E-field at f = 9.00 GHz, b H-field at f = 11.00 GHz,
¢ E-field at f = 9.00 GHz, d H-field at f = 11.00 GHz
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Fig. 11 Simulated surface currents at resonating elements: (a, ¢), and
ground plane: (b, d) at two resonant frequencies. a f = 9.00 GHz,
b f=9.00 GHz, ¢ f = 11.00 GHz, d f = 11.00 GHz

Similarly, the magnitude of E-field becomes weaker when
approaching the horizontal part of the structure. Strong
electric excitation that yields the electric resonant occurs. It
happened at two resonant frequencies. The same behaviour
is observed for H-Field as shown in Fig. 10b, d. Contrarily,
the concentration of H-field distribution is high at the
horizontal part of the structure along the incident magnetic
field.

Next, investigation is continued by observing the surface
currents of the dual-resonant CRMMADbs at the resonating
elements and also bottom ground plane. As expected, anti-
parallel surfaces current are observed between the top
resonating elements and bottom ground plane as shown in
Fig. 11. However, the patterns of surface currents at the
ground plane are more dispersed, and the area is larger for
lower resonant compared to the higher resonant. From this
observation, it is proved that counter-circulating displace-
ment currents exist in dielectric substrate between two
metallic layers which are also coupled with the incident
magnetic field. It yields a strong magnetic excitation within
the structure that contributes to magnetic absorption.

Then, the surface currents flow is observed for indi-
vidual resonating elements and combined elements. It is
observed that the counter-circulated currents flow is
formed in CR; and CR, at its own resonant frequency. It
proves that electric excitation is existing. However, when
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comparing the flow of currents simultaneously for both
resonating elements, the direction of the currents flow is
always anti-parallel at resonant frequencies. Thus, it proves
that an electric wall is created between two resonating
elements that yield a capacitive coupling. It will contribute
to an electric absorption. The dominant resonating ele-
ments for each resonant frequency can be clearly observed
by the magnitude and concentration of “cones” that refer
to the currents flow. The magnitude and concentration of
currents are high at CR; for 9 GHz while for 11 GHz at
CR,. The combination of electric and magnetic excitation
forms electric quadruple response at two resonant fre-
quencies that yield a strong electromagnetic absorption.

3 Conclusion

In conclusion, this paper presents the design and analysis of
dual-resonant MMADs that can work for dual-directional
application. The combination of two circular rings with
different sizes provides dual-resonant frequency absorp-
tion. Since the resonating elements are very symmetric in
nature, this kind of MMADbs is polarization-insensitive. To
determine the operating angle of the structure for oblique
incident angle, the structure is simulated in both TE and
TM polarizations. The operating angle of the structure is
very large which is 70° and 67° for TE and TM polariza-
tions, respectively. The fabrication and measurement are
conducted to validate the simulated results. It is found that
mutual agreement is achieved between simulated and
measured result with slight frequency shift and ripples.
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