
Received September 1, 2021, accepted September 15, 2021, date of publication September 20, 2021,
date of current version September 30, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3114164

A Broadband Polarized Metamaterial
Absorber Driven by Strong Insensitivity
and Proximity Effects
MD JASIM UDDIN 1, (Member, IEEE), MOHAMMAD HABIB ULLAH2,
AND SYED ZAHURUL ISLAM 3
1Department of Applied Computing and Engineering, Cardiff School of Technologies, Cardiff Metropolitan University, Cardiff CF5 2YB, U.K.
2Institute of Research Management and Monitoring, University of Malaya, Kuala Lumpur 50603, Malaysia
3Power Integration System, Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein Onn Malaysia, Parit Raja, Johor 86400, Malaysia

Corresponding author: Md Jasim Uddin (muddin@cardiffmet.ac.uk)

This work was supported in part by the School of Electrical Engineering and Computer Sciences (EECS), Queensland University of
Technology, under QUTPRA and HDR Research Award.

ABSTRACT Artificial electromagnetic metamaterial produces exotic resonance, extra ordinary characteris-
tics not available in nature, but engineers can inherit the characteristics by controlling and manipulating their
structure. This research primarily the design and realization of dual-band, polarization, and incident angle
insensitive metamaterial absorber (MA) is presented. By controlling and manipulating the electromagnetic
design shape, artificial structure, periodic array pattern, and dielectric layer thickness a significant way
to realize high absorption. In order to achieve high absorption a new shape of an octagonal ring (OR),
cross-wires (CWs), and cut-off circle (CC) artificial structure have been sensibly selected. The special
characteristics of this structure produce a dual resonance and its bandwidth rises compared that of classical
absorber. The proposed artificial structure operation suits the Ku-band application, but possible to enhance
in C-band. The numerical and experimental results display a dual-band 99.8% at 12.2 GHz and 99.9% at
15.5GHz resonance is an excellent agreement in theory and numerical analysis. The effects of the constitutive
property parameters: dielectric constant (ε), magnetic permeability (µ), and negative refractive index (n)
are also investigated. The investigation of symmetric design structure shows the polarization-insensitivity
and high absorption initiated even in changing the incident angle. Numerical and experimental results
confirmed the destructive interference of multiple penetrations are responsible for the near-unity absorption.
An excellent agreement in the absorptivity rates that touches near perfection which is prominent for solar
cells, detection, and imaging applications.

INDEX TERMS Metamaterial absorber, constitutive parameter extraction, polarization, insensitivity,
incident angle.

I. INTRODUCTION
The electromagnetic (EM) wave interaction with matters has
become a pioneering interest and it is given considerable
attention in the design prospect, fabrication, and measure-
ment in absorber areas retrieving from microwave to optical
frequency range. Recent research advances with their great
attention to tune electromagnetic wave radiation without
changing structural geometry. Microwave-based absorber
such an example that absorb electromagnetic radiation
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even the changing of polarization and direction but still
appear broader bandwidth. Absorbers are used in a variety
of applications such as energy harvesting efficiency [1],
radar imaging and reducing radar cross-section [2], thermal
emission [3], sensing or enhancing detection sensitivity [4],
solar cells [5], and photodetection [6]. Metamaterial-based
absorbers provide unusual characteristics due to their arti-
ficial sub-lambda structure. The design specifications vary
for different applications including single-, dual-, and multi-
band as well as broadband frequency performance. The
significant advantages of the proposed absorber structure lie
in polarization insensitivity, wide incident angle, near-perfect
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FIGURE 1. (a) The geometric representation of the metamaterial absorber for the single
unit cell. (b) The three-different shape: cross-wire width (cww), octagonal ring width
(orw), cut-off circle radius (ccr); (c) The periodic sample for 6× 3 unit cell (39 mm ×
78 mm), substrate FR-4, thickness, t = 1.6 mm, loss tangent δ = 0.02, and dielectric
permittivity ε = 4.2.

absorption, large bandwidth, and single to multi-band opera-
tion [7]. There are several weaknesses found in conventional
absorbers. Xu and Sonkusale [8] and Li et al. [9], considered
a metamaterial absorber using a diverse split-ring resonator
feeding the patches on substrate that is more convenient
in high-frequency applications. However, there are lack of
investigation replicates the physical and dielectric properties
on their device. Huang et al. [10], Alves et al. [11],
and Landy et al. [12] represents a single band device
with high absorption, polarization insensitivity that includes
design, fabrication, and measurements. There is still a
lack of investigation so far in the dual-band or multi-band
metamaterial absorbers. Cheng et al. [13] exhibited a design
that achieves a high absorption rate as well as enhanced wide-
band operation. However, they etched the unit cells structure
in a different way fully depended on tuning capability that
results to gain and rigid to compete the high polarization and
sensitivity.

In this research, we represent the design characteristics
and experimental demonstration of dual resonance periodic
metamaterial absorber specifically with a newly octagonal
ring (OR), cross-wires (CWs), and cut-off circle (CC) shape
structure which produced perfectly near unity dual resonance
at 12.2 GHz and 15.5 GHz, respectively.

The design is implemented in a simple planar geometry and
consists of a dual metallic layer, separated by a thin dielectric
substrate. The top layer consists of an octagonal ring and
crosswire located in the circular exclusion of the octagonal
ring, on a dielectric substrate. The bottom layer is covered in
a metallic ground plane that restricts the transmission of the
absorber. Metamaterial absorber can be modified to operate
at a lower frequency 6.7 GHz region (C-band).

The proposed metamaterial absorber exhibits versatile
absorption characteristics due to its polarization insensitively
and ability to become fully functional at different angles
of incidence. Numerical and experimental results show
excellent agreement and confirm the theory. The geometry
of a single unit cell is shown in Figure 1 (a)-(b) along with
its three different shapes: cross-wire, octagonal ring, and
cut-off circle [14]. The key parameters are s = 3 mm,
p = 12 mm, t = 0.75 mm, cross-wire width (cww) =
0.3 mm, octagonal ring width (orw) = 0.2 mm, cut-off circle
radius (ccr) = 5 mm, l = 78 mm. A 6 × 3 periodic
structure unit cell absorber is shown in Figure 1(c). In order
to constraint, the cost efficiency for fabrication and etching
process FR-4 substrate are selected with the thickness, loss
tangent, and dielectric constant are 1.6 mm, 0.02 mm and
4.2 respectively. The periodic boundary and Floquet ports
are utilized for numerical simulation and considered as
infinite slabs [15], [16]. The absorption with respect to
the frequency is defined as A(ω) = 1 − |S11|2 − |S21|2,
where A(ω) represents absorptivity, S11 indicates reflectivity,
and S21 signifies transitivity. The transmission values can
be reduced to near-zero absorption due to the metallic
ground plane. Therefore, the reflection only considered in the
calculation of the absorption. Therefore, the absorption can
be calculated A(ω) = 1−|S11|2. Numerical and experimental
results display that the proposed metamaterial absorber is
appropriate for microwave frequency applications.

A. BOUNDARY SELECTION FOR NUMERICAL MODELLING
IN WAVEGUIDE STRUCTURE
The numerical modeling and calculations are carried out
using scattering parameters. The absorption A(ω) can be
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FIGURE 2. The example of periodic boundary condition structure along with periodicity in x direction.

calculated by obtaining the square of the absolute value
of transmittance T (ω) and reflectance R(ω). For near-unity
absorption, it is necessary to reduce transmittance T (ω)
and reflectance R(ω) simultaneously. The absorber controls
the incident wave by tuning electric ε(ω) and magnetic
µ(ω) resonance and should eliminate the transmitted wave.
A thick metallic layer is attached to the bottom layer of
the design structure, and transmittance T (ω) thus becomes
zero in all the cases. The absorption can be calculated
by the square of the absolute of the reflection coefficient.
A periodic boundary and Floquet ports are selected to
perform the simulation of an infinite slab in the waveguide.
The Periodic boundary is selected because of boundary
conditions that incorporate the large structure especially
infinite structure using cascading unit-cell basis [17]–[20].
Therefore, it is essential to configure infinite structure using
periodic boundary conditions as shown example in Figure 2.
The waveguide ports are aligned at the front and back of the
periodic unit cells absorber and it is excited on transverse
electric (TE) and transverse magnetic (TM) mode. The TE
wave depends on the incident angle. During the transverse
electric illumination, only the tangential electric incident field
attributes in direction plane z= z0, where z0 is the excitation
position. This exciting single field allows the plane wave to
propagate in both directions z > z0 and z < z0.

II. DESIGN SPECIFICATION
The proposed metamaterial absorber consists of three dif-
ferent layers. The top and bottom layers consist of the
copper metallic sheet, the in-between layer comprises a
FR-4 substrate. The top metallic layer consists of three
different shapes: the octagonal ring, cross-wire’s, and cut-
off circle. Each of the shapes supports a different mode
of resonance. The design parameters are optimized for
peak absorption. For designing microwave absorber FR-4
substrate was selected. The bottom layer consists of ametallic
sheet acting as a ground plane. Therefore, the transmission
of the absorber becomes zero. Destructive interference of

multiple reflections can partially explain the mechanism of
absorption. Physically, the electrically thin layer produces
zero backward scatterings, which can be explained in terms
of multiple destructive reflections. The simulation process
was performed using 2D full-wave Electromagnetic Finite
element tools. The excitation of the design structure is aligned
with the longitudinal plane with electric field E in the vertical
plane and magnetic field H along with the horizontal plane.
A periodic boundary and Floquet ports are used to simulate
the infinite slab.

The geometric representation of a single unit cell metama-
terial absorber is shown in Figure 3 (a). Numerical simulation
results for an absorber with a substrate thickness of 0.75 mm
is seen in Figure 3 (b). It shows two different resonances. The
first resonance is found with maximum absorption up to 98%
at 12.2 GHz. The second resonance displays 99% absorption
at 15.5 GHz with a higher absorption peak compared to the
first resonance. However, if we tune the design structure
parameters, it is possible to enhance higher resonance even
in lower frequency regions. Figure 3 (c) shows the single
band metamaterial absorber in the highest resonance and
absorption (100%) at the lower frequency of 6.7 GHz.
In this substance, the same substrate are used except the
thickness (t) = 1.6 mm. The dimensions of the metamaterial
absorber are s = 3 mm, p = 12 mm, t = 1.6 mm, cww
= 0.3mm, orw = 0.2 mm, ccr = 5 mm. The fractional
bandwidth (FBW ) is shown in the inset of Figure 3 (c) (inset)
to observe the reflection (0) response of the device. The
fractional bandwidth can be written as, FBW= 1f/f0, where
1f indicates the half-power bandwidth and f0 represent
the center frequency. The proposed metamaterial absorber
performance parameters are obtained as f0= 6.693 GHz and
1f = 0.266 GHz, FBW = 3.9%. The fractional bandwidth
results give acceptable results that are suitable for many
applications [21], [22].

A fabricated sample of the metamaterial absorber with the
periodic unit cell in both vertical and horizontal is shown
in Figure 4 (a). The numerical and experimental results of a
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FIGURE 3. (a) The single unit cell metamaterial absorber; (b) Numerical results of single unit-cell
metamaterial absorber with dual band operation when thickness t = 0.75mm; (c) Simulation
results of metamaterial absorber in single band operation while increasing thickness t = 1.6mm.
[parameters: cross-wire width (cww), octagonal ring width (orw), cut-off circle radius (ccr)].

FIGURE 4. (a) The photograph of prototype fabricated sample for 6× 3
periodic unit cell (width × length, 39mm × 78mm); (b) Simulation and
measurement results of metamaterial absorber with dual wide-band
operation during 6× 3 periodic unit-cell.

6 × 3 periodic unit-cell structure are shown in Figure 4(b).
The geometric parameters dimension representation of the

metamaterial absorber is length (l) = 62.4 mm, p = 12 mm,
t = 1.0 mm, orw = 0.2 mm, cww = 0.3 mm, s = 3.0 mm,
ccr = 5 mm. It shows wide bandwidth when the number of
unit cells is increased. Here, p is the single unit cell spacing
of the structure and acting as a periodic repetition replaced by
an effective mediumwhere each unit cell size is much smaller
than the wavelength. The periodic array produces electric and
magnetic resonance.

The absorption is shown in Figure 4 (b) has a dual
resonance at 12.2 GHz and 15.5 GHz. It does not shift
the center resonance frequency even in a periodic structure,
because increasing the number of unit cells does not affect the
electromagnetic element (electric and magnetic resonance).

This periodic structure has generally enhanced the band-
width. Figure 4 (b) exhibits a small discontinuous resonance
due to the close center to center unit-cell distance. The
continuous wider band is possible by adjusting the distance
between the unit cells. The objective of the proposed design
is to compare the single and periodic unit-cell structure and
showing that an increase in the number of unit cells varies the
bandwidth of the structure.

A. EFFECTS OF TE, TM MODES, AND CONSTITUTIVE
PARAMETER EXTRACTION
The metamaterial-based absorber has attracted special atten-
tion due to its strong resonance, multiband and broadband
characteristics while not requiring any thick material of the
structure. When the electromagnetic incident wave TE and
TM mode is polarized, it becomes a challenge to make it
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FIGURE 5. The absorption values of copper patch radius parameters from 4.6mm to 5.0mm for (a) TE and (b) TM modes of incidence angle.
Effects of the proposed structure metamaterial absorber changed OR width from 0.1mm to 0.5 mm with other parameters keep unchanged for
(c) TE and; (d) TM mode incident radiation. [parameters: cross-wire ring (CR), octagonal ring width (ORW)].

insensitive. The objective of this research is to observe the
response to transverse electric (TE) and transverse magnetic
(TM) waves when rotating the structure. This should not
affect the structure’s absorptivity. Initially, the effects of
cross-wire rings (CRs) are investigated for both TE and TM
modes operation. Figure 5 (a) shows the first resonances
that are reduced to a 70% absorption peak rate while a high
absorption peak of 99% to 100% is observed at the higher
peak. In the TE mode analysis, the results of cross-wire
ring parameters are chosen from 4.6 mm to 5.0 mm, where
individual parameter graph shows very minimum distance to
each other. It shows the second resonance drifts to a higher
frequency from 15 GHz to 15.4 GHz. Figure 5 (b) shows that
resonance for the TM mode for cross-wire rings is almost
as same as for the TE mode. The only difference compared
to TE modes is that the second resonance maximum peak
shifted varying from 99%∼100% at higher frequencies.
Further investigation on the effects of the octagonal ring
width (ORW) for normal incidence angle in both TE and
TM polarization is obtained. Figure 5 (c) shows that the
absorption changes for ring width varying from 0.1 mm to
0.5 mm for TE modes. In TE mode analysis, both the first
and second resonance absorption frequency and peaks are
sensitive to the octagonal ring width. It shows drifting in

higher frequency when the octagonal ring width changes.
At TM mode analysis is shown in Figure 5 (d), where the
absorption is largely insensitive to the octagonal ring width.
Here, the second resonance absorption peak is higher than
the first resonance peak. Furthermore, the discussion includes
the effect of cross-wire width (CWW) of the absorber varying
from 0.2 mm up to 0.4 mm while the other parameters
remain unchanged. The parametric analysis is done both
in TE and TM mode operation, as shown in Figure 6.
In TEmode polarization, it shows when the cross-wire width
becomes large, the resonances are almost similar in width
with an absorption peak of 99.2%, details of which are shown
in Figure 6 (a). On the other hand, for TMmode polarization,
the resonance frequencies drift to higher frequencies. The
resonance is shifted to higher frequencies when the cross-
wire reduces in its width. However, the peak absorption
remains near to 100%, as shown in Figure 6 (b). The further
investigation involves discussion on the effect of incidence
angle in both TE and TM modes polarization with results
shown in Figure 6 (c)-(d). Due to the symmetrical design
structure, the metamaterial absorber is largely insensitive
to polarization. It is critical to observe the situation from
a different angle of incidence performance. The theoretical
behaviour should be stable even when the incidence angle
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FIGURE 6. (a) Effects of the proposed structure MA changed the cross-wire width (CWW) from 0.2mm to 0.4 mm with other parameters
keep unchanged for (a) TE mode incident radiation; (b) TM mode incident radiation. The absorber performance analysis for different
polarization angle is investigated in the case of normal incidence: (c) TE polarization angle; (d) TM polarization angle.

FIGURE 7. The real and imaginary part of the impedance.

is changed. Figure 6 (c) illustrates that the absorption in TE
mode is about 98.5% at the lower order resonance frequency

and 99.7% at the higher frequency. The different incidence
angles did not affect resonance, which ensures versatility.
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FIGURE 8. (a) Numerical analysis of constitutive electromagnetic properties: dielectric permittivity (b) negative refractive index and (c) magnetic
permeability response.

However, in TM mode analysis, first and second resonance
frequency have experience some shifting while the incidence
angles are changed. While the dual resonance absorption
shifted, its peak values are also decreased. A new series of tiny
ripples can be seen around 13.4 GHz up to 13.6 GHz as shown
in Figure 6 (d). In TM mode analysis, an acceptable absorp-
tion rate (98.6%) is found in 0◦ and 90◦ respectively, where at
other incident angles 30◦ and 60◦, absorption peaks drop to
96.5%. We also investigated the electromagnetic properties
of metamaterial absorbers to extract the dielectric constant,
magnetic permeability, and refractive index. Since the wave
propagates along the longitudinal axis, the distance d implies
a phase change of (2πd/λ), where λ is the wavelength of the
structure [23], [24]. The boundary conditions and excitations
are assigned to different surfaces of the microstrip unit-cell
element to simulate the periodic metamaterials. For a plane,
electromagnetic incident wave with the scattering parameters
of the reflection coefficient R can be written as S11 =
Reik0d . The k0 denotes the incidence wave number in free
space.

By adjusting the physical parameters of the top metallic
conducting layer, and the modification of the dielectric
substrate, both electric and magnetic responses can be tuned
in a specific frequency region. Thus, the input impedance (zin)
of the structure becomes matched with the free space of the

impedance (z0) using the following expression [25]–[27]:

zin = z0
(1+ s11)
(1− s11)

(1)

In Figure 7 shows that the imaginary part of the input
impedance is nearly zero at the two resonance frequencies.
Thus, the incident wave can get into the absorber without
reflection under the matching condition. The absorber mainly
absorbs in the resonance frequency region because the
electric field is tuned to match the free space impedance, thus
achieving near-perfect absorption.

The material parameters of the proposed design are
extracted using the modified Nicholson-Ross-Weir (NRW)
technique [25]. There are two resonant frequency ranges
(f1 = 11-13.2 GHz) and (f2 = 14.5-17 GHz), which
were investigated to extract the constitutive electromagnetic
parameters. They exhibit unusual electromagnetic param-
eters. There is a resonant behaviour of the real part of
the dielectric permittivity, being negative at both f1 and f2.
The imaginary part is near-zero value, except at the dual
resonance frequencies (f1, and f2), where the values are
negative. Figure 8 (a) shows the real and imaginary parts
only at the first and second resonance. It shows the real part
of dielectric permittivity becomes negative at the resonance
frequencies. The imaginary parts are close to zero except at

131678 VOLUME 9, 2021



M. J. Uddin et al.: Broadband Polarized MA Driven by Strong Insensitivity and Proximity Effects

FIGURE 9. (a) The contribution of different structure performance analysis of proposed structure [Cross-wire (CW), Octagonal Ring (OR),
Cut-off Circle (CC)]. (b) the single unit cell dimension parameters are p = 10.4 mm, t = 0.75 mm, ORW = 0.2 mm, CWW = 0.3 mm, S =
3.0 mm, CR = 5.0 mm; (c) double unit cells parameters are p = 20.8 mm, t = 1.0 mm, ORW = 0.2mm, CWW = 0.3mm, S = 3.0 mm, CR =
5.4 mm. (d) The design of 6× 3 unit cells parameter geometry are: p = 62.4 mm, t = 1.0 mm, ORW = 0.2 mm, CWW = 0.3 mm, S =
3.0 mm, CR = 5.6mm. (e) The comparison absorption performance of single, two, and 6 × 3 periodic unit-cells, respectively.

FIGURE 10. The test absorber sample is placed and mounted on the
standard waveguide structure.

the resonance frequencies where it becomes negative. The
imaginary part also represents the loss factor and energy
absorbed. The refractive index becomes negative over the

entire frequency region. Figure 8 (b) shows the negative
refractive index in both resonance frequency regions. The
negative refractive index confirms that the proposed design
shows the left-handed (LH) behaviour of metamaterials.
The real and imaginary part of the relative permeability
is shown in Figure 8 (c). The real part shows negative
magnetic resonance at the two resonance frequencies. The
imaginary parts show near to zero values except at the
resonance frequencies. The magnetic permeability can be
retrieved by using the combination of refractive index and
wave impedance.

B. STRUCTURE ANALYSIS AND BANDWIDTH
ENHANCEMENT
The individual structure behaves with maximum absorption
of different frequencies. The first absorption peak is achieved
from the cross-wires. The design specification and parameter
values are given in detail in Figure 9 (a). The absorption peak
is found at about 98.8% at 6.25 GHz. The octagonal ring
that is feeding on top of the substrate is another structure of
the design. The obtained design structure produced a higher
resonance mode compared to the cross-wire. In order to
achieve high resonance, the metallic ring width is adjusted
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(c = 0.2 mm). The absorption peak shifted resonance 97.4%
at 12 GHz.

The cut-off circle etched on the substrate gives the third
resonance near 16 GHz, as shown in Figure 9 (a). The
design structure shows an absorption rate of 99.1 %, which
is higher compared to the other structures. The maximum
absorption peak is found when the adjusted radius (d) is
5mm. It was found that increasing the number of unit-cell
increased the bandwidth significantly. The three individual
components provide the perfect dual resonance with a high
peak. The single unit-cell represents a high absorption peak
rate of 98.8% at 12.2 GHz resonance frequency, as shown
in Figure 9 (b).

The fractional bandwidth of the single unit cell of 0.05%
at −3 dB. By improving the bandwidth performance, two-
unit cells are considered, as shown in Figure 9 (c). The entire
cell size increases up to 20.8 mm and a width of 2.0 mm
is selected. The design structure shows a higher bandwidth
than the previous structure. An absorption peak of 90% was
found and the fractional bandwidth improved to 0.08% at
−3dB. Furthermore, 6 × 3 periodic unit cells are realized
in Figure 9(d). In the periodic structure, the unit-cell size
is 62.4 mm and a substrate thickness of 1.0 mm was used.
A modified cut-off circle patch of 5.6 mm is found through
optimization. The periodic unit cells that shown a high
absorption peak are identical to the single unit-cell with the
absorption of 98.8% at 11.75 GHz. The fractional bandwidth
was found to be 0.14% at -3 dB. A comparison result of the
single unit cell, dual unit-cell, and periodic 6× 3 unit-cell are
shown in Figure 9 (e).

III. EXPERIMENT SETUP
The proposed metamaterial absorber consists of three distinct
resonators: cross wire, octagonal, and cut-off circle rings. The
design is constructed metallic layers on top and bottom sides,
which are separated by a lossy FR-4 substrate. The periodic
6 × 3 unit-cell design is fabricated through standard printed
circuit board (PCB) technology. In the experimental setup,
the absorber performance was verified in the closed system
waveguide method as shown in Figure 10. The absorber sam-
ple is placed into the waveguide (WR137) perpendicularly,
and two ports are connected to an Agilent vector network
analyzer to receive the waves that represent the magnitude
of the sample sheet. A thick metallic ground plane is inserted
to prevent the transmitted wave, i.e.,, S21 = 0. Therefore,
only the reflection data is collected to obtain the absorptivity.
To prevent leakage, both ports are covered with a thick metal
plane. During the excitation, all reflection is diminished and
thus the incident wave is absorbed. Figure 11 shows the
simulation and measurement results of the reflection coeffi-
cient for the proposed periodic 6 × 3 metamaterial absorber
structure.

When the electromagnetic incident wave passes through
the structure, the absorbance can be calculated as A(ω) =
1 − |S11(ω)|2 − |S21(ω)|2, where A(ω), |S11(ω)|2, and
|S21(ω)|2 are the absorbed, reflected, and transmitted power.

The proposed absorber bottom layer is attached to a thick
metallic layer. Therefore, there is zero transmission through
the structure and the full power can be absorbed. The
absorptivity expression is then can be written as A(ω) =
1 − |S11(ω)|2. Therefore, we can significantly improve
the electric and magnetic resonance in specific frequency
regions by adjusting physical constraints through tuning the
physical parameters of the top layer as well as the thickness
of the dielectric substrate layer. The input impedance
Z(ω) of the structure is then perfectly matched to the
free space of impedance Z0. According to Reference [28]
and [29] the excitation of incident energy is absorbed as
on-center and off-center, respectively. In this case, the on-
center incident energy attracted to the structure without
reflections.

A. THE INCIDENT ENERGY AND POWER DISSIPATION
The conventional microwave absorber consists of a thick
metallic backplate, for example, a single resistive sheet [30],
or a double resistive sheet [31] to eliminates the transmission
power through the absorber. Metamaterial absorber is easy
to integrate and flexible to make ultra-thin structure along
with near-unity absorption. The lossy high impedance surface
is capable of high absorption. By changing the top layer
of the parametric structure, resonance can be modified to a
different frequency either dual-band or multi-band. By tuning
electric and magnetic resonance, the metamaterial can match
the input impedance to the free space impedance. The multi-
layer structure also eliminates the transmission of power
(T = 0). Thus, the highest peak of 100% absorbance is
possible. In order to replace the metallic resistive sheets,
several resonating inclusions and geometric parameters on
the top layer are one of the solutions to eliminate the
power transmission [32]. The additional metallic ground
layer also can be used to minimize the transmission. In that
case, a metamaterial absorber needs to be designed in
such a structure where the imaginary part of permeability
(µ) and dielectric constant (ε) as large as possible. This
is because they are correspondence to the loss in the
artificial structure. The maximum power can be absorbed
by reducing the reflection and transmission of the absorber
structure. In general, a strong absorption power is achieved
in the resonance region where the structure is properly
excited.

The power dissipated in the proposed electromagnetic
metamaterial absorber can be achieved under three condi-
tions: dielectric energy loss, magnetic energy loss from the
substrate, and ohmic energy loss from the metal [32]–[34].
The absorption is from the dielectric energy losses occurred
while the nonmagnetic materials like FR-4 are used as the
substrate. According to the literature study [35]–[37], the
substrate FR-4 where the loss tangent 0.02 was selected to
characterize the design structure. During the experiment, the
major dielectric loss can be found in order to use lossy
substrate. Thus, the loss can be reduced by using low lossy
substrate. The FR-4 substrate with the loss tangent (tanδ)
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FIGURE 11. Simulation and measurement of the reflection coefficient for the proposed periodic metamaterial absorber structure.

0.02, thickness (t) 1.6 mm, and dielectric constant (ε) 4.2 are
selected to this experiment. The incident power of the device
is absorbed by the electric field |Ez| and magnetic field
|Hz| [38]. The nonmagnetic material (dielectric) substrate
is very important for metamaterial absorbers to achieve
near-unity absorption. This implies a strong absorption in
the high resonance region. The absorbing power is thus
calculated from the substrate, the imaginary part of the
dielectric constant. When the structure is fully absorbed,
there are numerous electrons stored in the conduction band
and holes in the balanced band that results in ionization
are Fermi-distributions at room temperature [22], [39]. The
calculation of the rate performance of the entire absorber
device is considering in the following expression, where
all in incidence radiation is absorbed without reflection,
outside distributed radiations bend and recenter into the
structure.

η = Pabsorb/Pin, Pabsorb = −
1
2
Re
(∮
EE × EH · d ES

)
(2)

Here, Pabsorb is the net power entering the absorber
structure, Pin is the incident power, η is the efficiency of the
absorber structure. The incidence power can be calculated
using the contour integral of distributed receiving electric
and magnetic fields. The dielectric energy loss can be
calculated Pe = (1/2) ωε′′|E|2. Here, E is the electric
field in the substrate and ε′′ represents the imaginary part of
permittivity.

The Pe is strongly dominated by the electric field E of
the material that can be determined by the metamaterial
structure, and therefore, the individual unit cell is very
important in the metamaterial structure design. When a
magnetic material Pm is used into substrate the absorption
becomes both dielectric and magnetic energy losses. In these
case, the total electromagnetic energy dissipation can be
written asPtotal = Pe+Pm = (1/2)ωε′′|E|2+(1/2)ωµ′′|H |2.
Here, H is the magnetic field in the substrate, and µ′′

represents the imaginary part of permeability. We have tuned
both the permeability and permittivity parameters which are
equivalent to each other to become near unity absorbers.
Therefore, the losses can be measured and obtained from the
imaginary part of the dielectric permittivity. It is noted that the
investigation involving power incidence radiation is carried
out only for the theoretical interest. As the proposed meta-
material absorber unit cells are smaller than the wavelength,
it is generally convenient to produce effective permeability,
permittivity, and refractive index extracted from the material.
The imaginary part of the permeability µ(ω), permittivity
ε(ω), and refractive index n(ω) as large as possible to obtain
near-unity absorption. High electromagnetic loss can be
accomplished through a large resonant imaginary part of
the refractive index. In such a way, at most electromagnetic
energy absorption is possible to accomplish by minimizing
the transmittivity, and reflectivity [40]–[42]. The maximize
absorption electromagnetic incident energy is then converted
into heat. If the structure becomes thick, the resonance can
trap the electromagnetic energy, where all electromagnetic
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FIGURE 12. (a)-(b) surface current distribution within dual mode resonance frequencies metamaterial absorber structure
(f1 = 12 GHz, and f2 = 15.52 GHz).

wave is absorbed and converted into the dissipated heat. The
generating heat can be then controlled and detected in many
ways [43]–[46] such as external diodes in electromagnetic
energy harvesting, photoconductive antennas.

B. SURFACE CURRENT DISTRIBUTION
To explain the mechanism of absorption, the surface current
distributions are investigated. The dual modes of current
distributions at f1 = 12.2 GHz and f2 = 15.5 GHz are shown
in Figure 12 (a) - (b).

At the lower resonance in Figure 12 (a), the circulating
currents on the regions of the cross-wire structure as clearly
visible. It shows prominent current distributions at the
center cross point rather than the outbound wire region.
High absorption and bandwidth enhancement appear at
the lower resonance frequency. Due to the symmetrical
design, higher resonant frequencies are achieved. Surface
currents appear in metallic conductors and circulating loops
around the conducting strip. It provides a magnetic field
and strong magnetic coupling whereas the equivalent electric
coupling appears on the metallic conducting patch areas.
Details are shown in Figure 12 (b). At this frequency, both
electric and magnetic resonance are excited equally and
therefore high absorption is realized. The experiment is
investigated large oblique incident angles up to 90◦ for both
TE and TM mode excitation. It shows the graph does not
shift much even the changing incident angles. Therefore,
the proposedmetamaterial absorber is claimed as polarization
insensitive.

IV. CONCLUSION
In summary, we presented a near unity, perfect metamaterial
absorber that demonstrated numerically, experimentally, and
theatrically. The results show a near-unity perfect absorber
with dual resonance due to their special shape: octagonal

ring (OR), cross-wires (CWs), and cut-off circle (CC).
These special geometry, shape and structure produce the
highest resonance and due to the metallic ground substance
transmission wave diminishes to zero while the absorber
receives all reflective waves with their minimum interference.
The proposed absorber also considered the polarization
and various incident angles and the result shows still
insensitive with minimum effects and brilliant adaptivity. The
experiments results show an excellent absorption peak rate in
the dual-mode operation of 99.8% at 12.2 GHz and 99.9%
at 15.5 GHz. To extend the parameter for miniaturization,
a spurious single band is possible to absorb 100% peak at
6.6 GHz. The constitutive parameters of the design structure
have been analyzed to observe the effect of metamaterial
behaviour. A periodic unit-cells on the other hand enhance
the resonance width which builds the proposed absorber to
become a competitive and prominent candidate. Least to
say, these extraordinary features of artificial metamaterial
absorber are promising candidates for solar cells, detection,
and imaging applications.
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