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Abstract

Ultrathin and broadband metamaterial absorber with loaded four lumped resistors is
proposed and analyzed. The reported design is based on increasing the absorptivity by
reducing the reflection and transmission coefficients simultaneously. Therefore, continu-
ous metallic ground is used to achieve zero transmission while the reflection is reduced
by matching the impedance of the proposed metamaterial absorber with the impedance of
free space (Z=Z, or p,=¢,). Additionally, electric and magnetic resonances are achieved
simultaneously with perfect absorptivity. The finite element method is used to simulate and
analyze the reported absorber. The suggested absorber shows higher absorption than 90%
over large frequency range (14.35-29.18 GHz) for both transverse electric and transverse
magnetic polarizations. Further, the proposed design has high absorption through incident
angle variation from 0° to 50°. Therefore, the reported perfect metamaterial absorber has
good potential applications in communications, stealth and imaging fields.
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1 Introduction

Electromagnetic absorber has been attracted many researchers over few last decades due
to their potential applications in civil and military applications such as Stealth Technology
(Schurig et al. 2006), Specific Absorption Rate (SAR) Reduction (Fan et al. 2019), sensor
applications (Saadeldin et al. 2019; Azab et al. 2021) and polarization control (Abouelatta
et al. 2021a, b). Recently, metamaterial absorber has been introduced with high absorp-
tion over large bandwidth range. Metamaterial is engineered material to achieve properties
not in nature (e<g, and p<yp,) (Engheta et al. 2006). So perfect metamaterial absorber
attracts many interests for different applications. Perfect metamaterial is reported for first
time by Landy (2008). The metamaterial absorber has advantages like compact size, light-
weight and low profile. But it has a narrow bandwidth. In order to increase and enhance the
narrow bandwidth, multilayer absorbers have been reported in Xiong et al. (2013), Cong
et al. (2018) with thick structures. Further, multiple resonating structures (with different
resonators or same resonators) in each unit cell can be used to overcome the narrow band
problem (Fan et al. 2020). However, it is difficult to fit many different sizes of arrays in
the same plane with inhomogeneous characteristics (Li et al. 2011). On the other hand,
integrated the metamaterial absorber with lumped elements is another approach to enhance
the narrow band limit (Nguyen et al. 2021). This approached has limit for using the lumped
elements for THz ranges. But, for GHz range, the integration of lumped elements with met-
amaterial absorber is one of the most appropriate technique to obtain large enough band-
width, high efficiency, and polarization insensitivity (Nguyen et al. 2021). In GHz range,
perfect metamaterial absorbers have a relative larger size than that in the THz range where
lumped elements can be integrated after the fabrication process (Watts et al. 2012). In
Karaaslan et al. (2018), metamaterial absorber has been reported with multiple resonators
of different sizes including lumped elements. The absorptivity of this design is between 80
to 99% through a frequency range of 3—5.9 GHz. Bagmanci et al. (2019) proposed a broad-
band metamaterial absorber based on split ring resonators which are loaded with lumped
elements with absorptivity above 80% between 4 and 16 GHz. A broadband metamate-
rial absorber loaded with lumped resistors has been suggested with absorption above 90%
over 7.12-8.61 GHz (Xiong et al. 2020). Chen et al. (2019) introduced a planar polariza-
tion-insensitive microwave metamaterial absorber loaded with lumped chip resistors with
absorptivity above 90% from 8 to 18 GHz. Du et al. (2022) proposed ultra-thin low-fre-
quency metamaterial absorber with lumped elements and magnetic material over frequency
range from 1.24 to 3.14 GHz with absorption above 90%. Chen et al. (2021) demonstrated
a wideband metamaterial absorber with lumped resistors over frequency range from 1.38
to 6.4 GHz. Recently, Suo et al. (2023) have investigated theoretically and experimentally
a flexible transparent absorber with broadband absorption. A broadband absorber based on
five layered structure was designed with four identical lumped resistors. An absorptivity
above 90% was obtained over frequency range 14.3-28.3 GHz. Further, a perfect terahertz
metamaterial absorber based on bulk Dirac semimetal and strontium titanate was numeri-
cally studied by Shen and Xiong (2022). The performance of the proposed design is flex-
ibly controlled due to integrating two new materials with adjustable dielectric constant in
one structure. The resonance frequency of the proposed absorber can be tuned from 0.67 to
0.72 THz by controlling the temperature of strontium titanate. While the absorptivity peak
can be tuned by controlling the Fermi energy of bulk Dirac semimetal from 10 to 70 meV.
Additionally, Wang and Cheng (2020), demonstrate experimentally a compact broadband
metamaterial absorber based on meander wire structure with loaded a lumped resistors.
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Such a design has absorptivity above 85% over frequency range from 1.84 to 5.96 GHz.
Furthermore, a 3D circular periodic structure based on gypsum composite with carbon
black was investigated as electromagnetic absorber by Xie et al. (2020). The reported
design was suggested as a kind of green building materials that may be used to preventing
health risks due to exposure of specific electromagnetic radiation. The absorber has absorp-
tion above 90% over frequency range from 2 to 8 GHz. Cheng et al. (2020) are proposed a
broadband metamaterial absorber based on asymmetrical sectional resonators to improve
the operating frequency band. The absorption over 90% is obtained over frequency range
from 7.22 to 8.84 GHz. A 3D ultra-broadband tunable metamaterial absorber is presented
by Zhang et al. (2021). The reported design is based on 3D glass cavity containing liquid
metal and multi-layered structure. The tuned behavior can be controlled by the position of
the liquid metal. The liquid metal poured into different position in the cavity due to rotating
the structure. The absorption rate exceed 90% over 1.8-57.5 GHz for TE wave. While for
TM wave, the absorption above 90% over 1.6-45.3 GHz. Xiong et al. (2022) demonstrate a
broadband multilayered metamaterial absorber with optically transparent based on Indium
Tin Oxide and polymethyl methacrylate. The absorption exceeds 90% over frequency
range from 6.6 to 18 GHz. A dual-band terahertz perfect absorber based on InSb vertical-
square-split-ring array structure is reported by Li et al. (2022). At room temperature of
T =295 K, the design has a dual-band perfect absorption with absorbance as high as 99.9%
and 99.8% at 1.265 THz and 1.436 THz. Cheng et al. (2023) investigate theoretically a
narrowband perfect metasurface absorber for sensing application in Terahertz region. The
reported absorber is based on micro-ring array of GaAs backed with a gold ground-plane
and dielectric substrate. The absorber has absorptivity of 99.9% at 2.213 THz. The sug-
gested absorber shows a sensing performance with the sensitivity of 1.45 THz/RIU.

In this paper, an ultrathin, broadband and polarization insensitive loaded with four
lumped resistors metamaterial absorber is numerically studied and analysed. The unit cell
of the reported metamaterial absorber has a compact size (total area of 5.5 mm X 5.5 mm).
The numerical analysis is carried out by using 3D full-wave simulator of the commer-
cial computer simulation technology (CST) Microwave Studio software (http://www.cst.
com). The suggested metamaterial absorber has absorptivity greater than 90% covering a
broadband of frequencies (from 14.35 to 29.18 GHz). The achieved high absorptivity is
due to the reduced reflection coefficient (through impedance matching) with zero transmis-
sion coefficient (by introducing metallic ground layer). Further, the proposed design has
an ultrathin thickness of 0.076 A at lowest frequency. Furthermore, the lumped resistors
are used to increase the equivalent resistance to increase the absorption bandwidth. It is
worth noting that most of the previously reported metamaterial absorber based on lumped
elements with minimum unit cell dimensions of 10X 10%x3.25 mm with complex struc-
tures (Yoo et al. 2014; Ghosh et al. 2016; Chen et al. 2018; Kalraiya et al. 2019; Nguyen
et al. 2018; Yang et al. 2007; Du et al. 2022; Chen et al. 2021). Therefore, the proposed
design has advantages in terms of compactness, broadband, high absorption and polariza-
tion insensitivity with simple design.

2 Design considerations
Figure la, b show the unit cell of the proposed metamaterial absorber (MMA). The sug-

gested MMA consists of top metallic layer with four surface mount resistor, dielectric sub-
strate, and continuous metallic ground plane. The metallic layers is copper with a thickness
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Fig.1 The proposed metamaterial absorber a Isometric view of the unit cell, b Top view of the top metal-
lic layer and ¢ applied boundary conditions of the unit cell

of 0.035 mm and frequency independent conductivity 6=5.96x 107 S/m. The dielectric
substrate is made of low cost material FR-4 which has thickness (%) of 1.6 mm (0.076 A at
lowest frequency), relative dielectric constant of 4.3, and a loss tangent of 0.025 (Nguyen
et al. 2021).

The 3D full-wave solver of the commercial computer simulation technology (CST)
Microwave Studio software is used to analyse the suggested design. In this study, periodic
boundary conditions are used around the unit cell in the x- and y-directions, while open
boundary condition is set in the z-direction. Open boundary condition means that the simu-
lator (CST) effectively places perfectly matched layer (operates like free space) as shown
in Fig. 1c. The incident wave (plane wave) is propagating along z direction. The mesh of
tetrahedral shape is utilized with an accuracy of 107,

The metamaterial is artificial structured material with distinctive properties (e <&, and
M <o) that cannot be realized in nature. The effective permittivity (e,), effective perme-
ability (4, and the relative impedance (Z,) of the proposed MMA are calculated using the
Egs. (1), (2) and (3) (Nguyen et al. 2021). These parameters are obtained by inverting the
calculated S-parameter to determine the impedance and hence, the values of the €, and
can be obtained.

2 1-=8,
=1 =
far =1+ 2G5, M
2] 1+S11
:1 —_— —
Hegy +K0h(1—S11) )

(148" - 82, _
(1-8,,)" =82, 1=58,

3)

where K, is the free space wavenumber, and 4 is the substrate thickness. Figure 2a, b shows
the frequency dependent real and imaginary parts of both the effective permittivity and
the effective permeability, respectively. Additionally, Fig. 2c represents the real and imagi-
nary parts of the relative impedance. It may be seen from Fig. 2a, b that the value of the
effective permittivity and effective permeability are equal through the operating band of
frequencies. Also, it may be noted from Fig. 2c that the real part of the relative impedance
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Fig.2 The frequency dependent a effective permittivity, b effective permeability and ¢ relative impedance

of the suggested metamaterial absorber

is approximately unity through the absorption band. However, the imaginary part approxi-
mately equals to zero from 14 to 29 GHz.

3 Numerical results and discussion

The absorption coefficient (A) of the proposed MMA can be obtained through the reflec-
tance (R) and transmittance (7) as shown in Eq. (4).

2 2
A=1-R-T=1-8 -8 @

For the suggested design of MMA, the transmittance (T = S%I) is equal to zero due to
the continuous metallic ground layer which behaves like perfect reflector. Consequently,
the absorption coefficient can be determined through Eq. (5).

A=1-R=1-S5} (5)

Figure 3 shows the absorption of the reported MMA at normal incident for both trans-
verse electric (TE) and transverse magnetic (TM) polarizations (red solid and blue dashed
lines, respectively). In this investigation, the geometrical parameters are initially chosen as
substrate thickness (k) =1.6 mm, periodicity (p)=5.5 mm, the radius of the metallic circle
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in the top metallic layer (¢)=1.7 mm, the length of the etched square (L)=2.7 mm, the
length of the square patches (K)=0.8 mm and the width of the metallic cross () =0.1 mm.
Additionally, the surface mount resistor is equal to 240 Q. As shown in Fig. 3, the absorp-
tivity is greater than 90% from 14.35 to 29.18 GHz. Also, the proposed MMA is insensitive
to the polarization due to identical absorption response for both TE and TM polarizations.
It may be seen from Fig. 3 (green dot-dashed line) that the absorption of the MMA without
the top metallic layer (for TE mode) has a maximum absorptivity of 18% which indicates
the impact of the top metallic layer on the absorption response. Further, the effect of the
four surface mount resistors on the absorption response is investigated. Figure 3 (orange
dashed line) shows the absorption of the proposed MMA without the lumped resistors (for
TE mode). It is evident that the MMA without surface mount resistors becomes a dual
band absorber rather than broadband absorber. So, the surface mount resistors have a direct
impact on the impedance matching which affects the absorption of the suggested design.

In order to show the accuracy of our model, a comparative study is made with the
simulated and measured absorptions of the metamaterial absorber reported by Cheng
et al. (2020) shown in the inset of Fig. 4. It is evident from Fig. 4 that there is an excel-
lent matching between our calculations based on FEM and that simulated in Cheng et al.
(2020). Therefore, it is believed that our reported structure can be fabricated successfully.
It is worth noting that the suggested geometrical parameters are in the same region of that
fabricated in Cheng et al. (2020). Therefore, it is believed that the reported structure can be
fabricated successfully.

In order to show the role of each element of the suggested design, the following struc-
tures shown in the inset of Fig. 5 are simulated. First, a metamaterial absorber with only
top circular metallic patch is tested where dual band absorption is obtained at 16.18 GHz
and 30.5 GHz with absorptivity of 19.87% and 82.38%, respectively. Then, a square
shape is etched in the circular top metallic patch (design 2). The absorption performance
shows three resonance peaks at 14.2 GHz, 25.78 GHz, and 30.94 GHz with absorptivity
of 25.87%, 47.57%, and 97.5%, respectively. Next, design 3 is studied where three reso-
nance peaks are supported at 15.43 GHz, 26.93 GHz, and 32.45 GHz with absorptivity
of 21.48%, 68.16%, and 95.8%, respectively. Finally, the proposed design is suggested by
loading four identical lumped resistors which achieves broad absorption band over fre-
quency range 14.35-29.18 GHz with absorptivity above 90%.

@ Springer



Broadband polarization insensitive metamaterial absorber Page70f17 652

100 -

80 |-

40 |

Absorptivity (%)

e Measured (Cheng et al., 2020)
- = =Simulated (Cheng et al., 2020)

I b+« FEM model

0 Y L r L ry L ry L ry L ry L ry

60 65 70 75 80 85 90 95 100
Frequency (GHz)

Fig.4 Comparison between measured and calculated absorptivity with that obtained by the FEM model of
the design reported by Cheng et al. (2020). The inset figure shows a schematic diagram of the fabricated
design by Cheng et al. (2020)
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Fig.5 Variation of the frequency dependent absorptivity of the studied four MMA designs

The impedance matching theory (Zhu 2018) can be used to explain the absorption
mechanism. In this regard, perfect absorption can be obtained by making the reflection
coefficient approximately equals to zero with zero transmission coefficient due to metallic
ground plane. The reflection coefficient of the metamaterial absorber is given by (Landy
2008):

2
u,.cos® — \/n? — sinf
Rpp = |— (6)

H.cos0 + \/n* — sind
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2
R €,c080 — \/n* — sinf o
™ =
€,c080 + \/n* — sinf

where 6 is the incident angle and n = 4/¢,.u, 1is the effective refractive index of the meta-
material structure. For the normal incident =0, the reflection coefficient can be calculated
by:

2
2|V Ve
Hy+ \JE,

where Z is the impedance of the metamaterial absorber while Z, is the free space
impedance.

Z -7
] : ®)

Z+7,

zZ-7,
Z+7,

2
2 H = e
W+ /e,

It may be seen from Eq. (9) that perfect absorption can be obtained when the impedance
matching (Z=Z, or u,=e¢,) is achieved. In order to achieve the impedance matching, the
presence of the electric and magnetic resonance simultaneously is required. The confirma-
tion of this theory is obtained in our case as revealed from Fig. 2 a, b which show that the
values of both the effective permittivity and effective permeability are equal through the
studied frequencies band. Figure 2c also shows that the real part of the relative impedance
is approximately unity through the operating frequency band. Figure 6 shows the calcu-
lated absorptivity by the FEM compared to that obtained from Eq. (9) where a good agree-
ment is obtained.

In order to understand the absorption response of the proposed MMA, the absolute of
the electric field distributions and surface current are presented in Fig. 7 at two absorption
peaks for TE polarized incident wave. Figure 7a, ¢ show the absolute of the electric field
and surface current at 16.2 GHz. However, Fig. 7b, d show the absolute of the electric
field and surface current at 26.4 GHz. It may be noted from Fig. 7a, b that the electric field

A=1—R=1—’ 9)

Fig.6 The calculated absorptiv- 100
ity of the proposed MMA by the
FEM via CST softaware (solid
black line), and that from Eq. (9)
(red dash line)

Absorptivity (%)

= = By Eq.(9)

0 i ' L I

10 15 20 25 30 35
Frequency (GHz)
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© @

Fig.7 The simulated electric field distribution at a 16.2 GHz and b 26.4 GHz, and the simulated surface
current distribution at ¢ 16.2 GHz, and d 26.4 GHz

is concentrated at the fringe of the metallic circle which indicate the presence of electric
resonance. Further, Fig. 7c, d reveal that the surface current is concentrated at the metallic
cross using supported magnetic resonance. Due to presence of both electric and magnetic
resonance responses, a perfect and broadband absorber is obtained.

Figure 8 shows the effect of the incident angle on the absorption response and absorp-
tion bandwidth of the reported MMA. This investigation has been done for both TE and
TM polarizations. The suggested MMA has a good absorption (above 80%) with the varia-
tion of the incident angle (up to 50°). It may be seen that the proposed MMA has an identi-
cal response for both TE and TM polarization with variation of the incident angle.

The geometrical parameters are next studied to investigate their effect on both the
absorptivity and absorption frequency band of the absorber. Figure 9a shows the impact
of substrate thickness on the absorption response. During this study, the geometrical
parameters are fixed at their initial values. It may be noted from Fig. 9a that reduc-
ing the substrate thickness increases the absorption frequency band while the absorp-
tivity decreases. This is due to the effect of the substrate thickness on the metamaterial
impedance and hence the impedance matching. Consequently, the substrate thickness of
1.6 mm is taken as an optimum value. However, Fig. 9b shows the effect of the radius
of the metallic circle in the top metallic layer on the MMA performance. It may be seen
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Fig. 8 The impact of the incident angle on the absorptivity for a TE and b TM polarizations

100
80 80
= 60 = 60
2 3
° °
2 2
S wfl 9 40
< i : 2
sl w1 = 0.6 mm . -\ L. :
I ==<h=11mm X 3 :
® 7 Py A S h=16mm °, \Ll : 20
- ==+ =h =21 mm ~ N.a,
L/ - - h=25mm : =
0 s " N . 0 . . . N
10 15 20 25 30 35 10 15 20 25 30 35
Frequency (GHz) Frequency (GHz)

® (b)

Fig.9 The effect of a the substrate thickness h and b the radius of the metallic circle ¢ on the absorption of
the proposed absorber

from Fig. 9b that, reducing the radius of the metallic circle leads to narrower absorption
frequency band and higher absorptivity. Therefore, the radius of 1.7 mm is the opti-
mum value with high absorption of 99.9% over broadband of frequencies from 14.35 to
29.18 GHz.

Next, the impact of the periodicity of the unit cell is investigated as shown in Fig. 10a.
It may be seen from Fig. 10a that by reduces the periodicity of the proposed unit cell,
the absorption frequency band is broadens but the absorptivity decreases. So, the optimum
value is 5.5 mm as shown in Fig. 10a. The effect of the etched square length on the absorp-
tion response is studied. As shown in Fig. 10b, the optimum value is 2.7 mm with high
absorption of 99.9%.

Figure 11a shows the effect of the metallic cross width on the absorptivity and the
absorption band where an optimum value of 0.1 mm is obtained. However, Fig. 11b shows
that an optimum surface mount resistor of 240 Q with a good absorption response. The
optimum values of the geometrical parameters are shown in Table 1.
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Fig. 11 The effect of a the width of the metallic cross m and b the value of the surface mount resistor, on
the absorption of the proposed metamaterial absorber

Table 1 The optimum
geometrical parameters of the
reported metamaterial absorber

Parameter H c P L m R

Value (mm) 1.6 1.7 55 2.7 0.1 240 Q

It is worth noting that the variation of the absorptivity and the absorption frequency
band with the geometrical parameters can be referred to the impact of each geometri-
cal parameter on metamaterial impedance and hence on the impedance matching. Con-
sequently, the optimum geometrical parameters shown in Table 1 achieve the matching
impedance between the metamaterial impedance and the free space impedance.
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Table 2 The tolerance of

different geometric parameters of Parameter Tolerance (%) Maximgrp Operating
. absorptivity (%) frequency band
the proposed design (GHz)
h +5 97.56 13.7-28.2
-5 99.96 14.1-28.8
C +5 99.886 15.8-30
-5 99.97 16.3-30
L +5 99.23 15.3-30
-5 99.985 15.5-29.7
m +5 98.96 14.2-29
-5 99.17 15.2-30

A tolerance study has been also done to ensure that the proposed MMA is robust to
the fabrication errors. Table 2 shows the effect of the fabrication errors on the maximum
absorptivity and the operating frequency band. In this study, one parameter is tested while
the other geometrical parameters are kept constant at their optimum values. It may be
seen from this table that the suggested MMA has a tolerance of + 5% where the maximum
absorptivity is still better than 97% and the operating frequency band is still wider than
13.7 GHz.

Table 3 shows a comparison between the proposed broadband MMA relative to the
recent reported broadband absorbers. It may be seen that many of recent published arti-
cles are based on multi-layered or/and loaded resistors to improve the absorption frequency
band. However, other recent published articles are depended on using a resistive film pat-
tern of indium tin oxide (ITO) with/without 3D structure such as Hao et al. (2022), Zolfa-
ghary pour (2023), Ruan et al. (2023), Wang et al. (2020) to expand the operating fre-
quency band. Additionally, Norouzi et al. (2023) improved the absorption frequency band
by using 3D structure of graphite based on resistive film. Therefore, the proposed MMA
has advantages in terms of ultrathin, broadband, compact size and polarization insensitive
compared to those based on the planar structure and conventional metallic layer.

4 Conclusion

In this paper, an ultrathin, broadband, polarization insensitive and perfect metamaterial
absorber is proposed and investigated. The structure is based on symmetric resonators
using single substrate layer of low cost FR-4 and with four surface mount resistors. The
reported MMA has absorptivity above 90% over broadband frequency range from 14.35
to 29.18 GHz for both TE and TM polarizations. Also, the suggested design has a high
absorption response (above 80% of absorptivity) with incident angle variation (up to 50°)
with a subwavelength unit cell (0.0761). Due to the advantages of the proposed design such
as; compactness, broadband, high absorption and polarization insensitivity with simple
design, it can be used for many potential applications including stealth technology, specific
absorption rate (SAR) reduction and antennas in reducing sidelobe radiation.
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