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Abstract — This paper presents an equivalent circuit
model of metamaterial absorber (MA) based on triple
hexagonal shaped resonators. This metamaterial unit cell
absorber possesses a nearly wide angle perfect
absorption of incidence wave and polarization
independence. The absorption is occurred in three
different frequencies. The absorptivity is as high as 98%,
93% and 94%, at 3.5 (GHz), 4.7 (GHz) and 6.6 (GHz),
respectively. The equivalent circuit model of a single
hexagonal ring has been extended to the triple band
absorber structure. The simulation of the circuit model
agrees well with the full-wave simulation, regarding to
return loss and absorption. The important features of this
method are simple fabrication of metamaterial absorber
and maximum absorption in three frequencies. The
proposed metamaterial absorber has wide applications
such as thermal detector, stealth technology and
imaging. Moreover, a very good agreement between
simulation and measurement results has been observed.

Index Terms — Circuit model analysis, metamaterial
absorber, triple band, wide angle independent.

L. INTRODUCTION

Electromagnetic metamaterials (MTMs) are defined
as artificial and effectively homogeneous electromagnetic
structures with unusual and unique properties that do not
exist in the nature. Metamaterials were first introduced
theoretically by Veselago [1]; his research was continued
by Pendry, et. al. and Smith, et. al. [2-4].

These constructed engineered electromagnetic
materials are composed of natural materials such as
highly conductive and shaped metals and dielectric
materials that will be selected according to the frequency
range and the application. The advantage of the
variability of the structural parameters has been
implemented to create the resonant metamaterial
absorbers. Basically, to design an absorber, we have to

Submitted On: September 10, 2014
Accepted On: June 14, 2015

maximize the absorption coefficient. It is equivalent to
minimize both the transmission (T) and reflection (R)
coefficients in the equation:

A=1-T-R, (1
where A is absorption coefficient [5].

In this paper, we propose a novel planar
metamaterial absorber which absorb the electromagnetic
wave at nearly 3.5 (GHz), 4.7 (GHz) and 6.6 (GHz) with
absorption rate 98%, 93% and 94%, respectively. It is
observed that the metamaterial absorber is polarization
insensitive for both transverse electric (TE) and
transverse magnetic (TM) waves. Also, measured and
simulated results are compared. Accordingly, it can be
concluded that these results are very close to each other.
The proposed metamaterial absorbers in many articles
have only one absorbtion frequency [10]-[12]; also,
some of them do not have the feature of simple
construction and the absorption is not close to the
maximum value [13], but the proposed metamaterial
absorber in this paper has the advantage of simple
fabrication and the maximum absorption at three
absorber frequencies.

II. DESIGN AND SIMULATION
As shown in Fig. 1, the proposed metamaterial unit
cell is considered as a hexagonal shape. The metallic
structures on the top and bottom layers of the substrate
are chosen as copper, the electrical conductivity and

thickness is 5.8 x107(s/m) and 0.036 (mm), respectively.
The substrate of absorber is FR4 (¢, =4.3,tano = 0.025)

with 1.6 (mm) thickness.

The simulation is done by Ansoft HFSS and CST
software’s with periodic boundary conditions. The
boundary surfaces perpendicular to the incident
electrical field (E) are defined as perfect electric
conductor (PEC) surfaces, while the surfaces
perpendicular to the incident magnetic field (H) are
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defined as perfect magnetic conductor (PMC) surfaces.
Finally, the surfaces perpendicular to propagation vector
(k) are defined as open ports.

The absorption is calculated as:

2 2
A(@)=1-I3,)| -[s,[", 2)
where
2
R(@)=[S,[ . (3)
represents the reflection, and
2
T(0)=|S 4)

represents the transmission. Due to the presence of the
metallic ground plane on the bottom side of the absorber
the T(w) is zero so, the absorption can be expressed as:

A(w):1'|sll|2 : ®)

P

2,

.

Fig. 1. Unit cell geometry and design parameters:
a=b=20 mm, p=17.4 mm, and g=1.2 mm.

b

The absorption and reflection of the proposed
structure is shown in Fig. 2. It is evident that near the
frequencies of 3.5 (GHz), 4.7 (GHz) and 6.6 (GHz) the
reflection reaches its minimum value and the absorption
rate reaches to 98%, 93% and 94%, respectively.

The first absorption frequency is occurred due to the
largest perimeter hexagonal and the medium and
smallest hexagonal will result in the second and third
absorption.

Figure 3 shows the surface current’s distribution on
the smallest hexagonal which causes the third absorption
at the resonant frequency (6.6 GHz). It implies the
absorption mechanism of such metamaterial absorber.

For electromagnetic wave normal incidence, the
currents on the absorber are symmetrical and counter-
circulated between the left and right parts, providing an
electric response similar to an electric-LC resonator.
There is a magnetic response associated with a
circulating displacement current between the resonator
and the ground plane (bottom side of substrate). The
electric and magnetic response appeared simultaneously
at the absorption frequency. In this resonance condition,
the effective impedance is defined as [10]:

(@)

Z(w)= % . (6)
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In order to make the minimum reflection, the
effective impedance has to be matched to free space
impedance. This phenomenon is happening in the
resonance frequency.

Moreover, due to the resonant loss in the metallic
resonator and the dielectric loss of substrate, the
transmission in the metamaterial absorber is effectively
reduced.

So, the metamaterial absorber proposed in this paper
can absorb both the incident electric and magnetic fields.
This absorption mechanism is similar to the common
published metamaterial absorbers as shown in [6-9].
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Fig. 2. Simulated reflection and absorption of the
proposed metamaterial absorber.
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Fig. 3. Current distribution on the metamaterial unit cell
at third resonance frequency (6.6 GHz).

In order to find the influence of polarization and
incident angle on the performance of the proposed
metmaterial absorber some simulations were performed.
The structure was simulated by a 3D full wave
electromagnetic simulator CST based on the FDTD
method as shown in Fig. 4. The result of the absorption
under different incident angles for TE and TM
polarizations have been demonstrated in Figs. 5 and 6
respectively. As shown in these figures, the strength of
the absorption is close to maximum for all incident
angles from (F to 45 regardless of the mode. This fact
represents the independence of metamaterial absorber to
the angle of incident for a wide range.
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It is evident that the main peak of the absorption is
above 90% for both TE and TM cases at different angles.
Also, the resonant frequencies for both TE and TM
polarization are the same implies the polarization
independence of the absorber.

So, the proposed metamaterial unit cell is flexible
and has multi directional structure. It is evident that a
very small and negligible difference is observed between
the TE and TM modes by changing the polarization
angle. The simulated results show that the proposed
metamaterial absorber can be operated for a wide range
of incident angles with arbitrary polarizations.

Fig. 4. The simulated structure by CST.
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Fig. 5. Absorption at the different incident of
polarization angles ranging from (Fto 45 for TE mode.
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Fig. 6. Absorption at the different incident of
polarization angles ranging from 0 to 45 for TM mode.
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II1. CIRCUIT MODEL ANALYSIS

A circuit model for an individual closed ring
resonator (CRR) based structure backed by copper
lamination is proposed in [14]. A closed ring could be
modeled by the circuit model which is presented simply
in Fig. 7 (a).

The resonance is modeled by the parallel inductance
and capacitance. A single band absorber can be
considered as a parallel LC circuit. The resistive part in
series with the inductive part models the resonator
losses. The magnetic and electric excitations give rise to
the effective inductance and capacitance respectively in
the circuit model. The result of s parameter simulation
with AWR has been presented in Fig. 7 (b) shows a good
agreement with the EM simulation.

When the electromagnetic plane wave impinges the
proposed absorber all the three CRRs will be excited
simultaneously. The complete circuit model of the
absorber with all three coupling resonator circuits has
been shown in Fig. 8. The extra capacitances were used
to model the mutual coupling effects between resonators.
The reflection coefficient of the complete circuit model
is presented in Fig. 9, which represents a good agreement
with EM simulation. Through this circuit model the
resonance frequencies could be tuned easily.

AR
Z=50 Ohm
RES
ID=R3
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—L— CAP
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IND
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(a) Circuit model of small ring
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(b) CRR reflection coefficient based on circuit model

Fig. 7. CRR unit cell circuit model and simulated S-
parameter.
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Fig. 8. Circuit model of triple band absorber.
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Fig. 9. S-parameter of simulated circuit model.

IV. FABRICATION AND EXPERIMENT
RESULTS

To verify the full-wave simulations, a 15%15 unit
cells sample (300 mm x 300 mm X 1.5 mm) was fabricated
by printing a planar array of designed hexagonal shaped
structure on the front side. A complete ground plate was
placed on the back side of a FR-4 substrate. The
thickness of the substrate is considered 1.5 mm and
printed-circuit-board (PCB) technology was used for
fabrication. The photograph of the experimental sample

of proposed MA is shown in Fig. 10. A vector network
analyzer Agilent E8363C and two linear polarized horn
antennas were used to transmit TEM waves in the range
from 3 GHz to 7 GHz to sample and receive the reflected
signals. The location of the absorber was far enough
from the horn antennas so that the incidence could be
recognized normal to the sample. As demonstrated in
[11], the experimental measurement is carried out in two
steps. In the first step, the reflection measurements
should be calibrated using a copper sample-sized sheet
as a reflecting mirror. The measurement is done by a
ground copper plane with the same dimension as the
sample used for measurement and this is used as
measurement reference.

In the second step, the fabricated sample of the
metamaterial absorber is tested and the S-parameters are
recorded. The differences between the measured results
of the first and second steps represent the modified
reflection coefficient from the proposed MA [11]. The
reflection coefficient and the absorption of the
experimental proposed metematerial absorber is shown
in Fig. 11. The measured and simulated absorption of TE
and TM modes as a function of the frequency are shown
in Fig. 12 and Fig. 13, respectively. It is observed that
the simulation and experimental results are in a good
agreement.
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(b) An isolated unit cell

Fig. 10. Photograph of fabrication of proposed metamaterial
absorber.
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Fig. 11. The reflection coefficient and absorption of the
experimental proposed metematerial absorber.
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Fig. 12. The measured and simulated absorption of TE
mode as a function of the frequency.

Absorption

Fig. 13. The measured and simulated absorption of TM
mode as a function of the frequency.

V. CONCLUSION

In this paper, a novel metamaterial unit cell absorber
based on triple hexagonal shapes has been presented.
Simulations demonstrated that due to the hexagonal with
different perimeters, absorption occurs at three different
frequencies. Metamaterial absorbers that were used in
many articles have only one absorption frequency, but in
this paper, maximum absorption is observed in three
frequencies. Compared to other researches, absorption is
very close to its maximum value. It could be found that
the absorber is polarization independent and could be
worked for a wide angle of incidence. An equivalent
circuit model was represented for modeling the absorber.
The results are in a good agreement with simulation and
measurement results. The geometric parameters that
influence the resonance of the absorber were further
discussed, which shows that the absorbing frequency
could be shifted by adjusting the space of hexagonal.
Also, the fabrication results of the proposed
metamaterial absorber are demonstrated that the
simulation and experimental results are in a good
agreement.
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