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ABSTRACT

In this paper, wideband, and ultrathin metamaterial absorber is proposed, ana-
lyzed and fabricated for Ku-band applications. The reported absorber has a nearly
perfect absorptivity above 90% covering the entire Ku band (12-20 GHz) at nor-
mal incidence for both transverse electric and transverse magnetic polarization.
This is due to the supported electric and magnetic resonances simultaneously.
Consequently, the effective permittivity and permeability can be designed to
obtain impedance matching with free space. This leads to the absorption of the
entire incident energy in the metamaterial absorber. The suggested structure also
shows a good absorption response (above 80%) under oblique incidence (from
0 to 50°). Therefore, the proposed absorber represents a good potential for Ku-
band applications.
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1 Introduction perfect metamaterial absorber (PMMA) is one of the

most encouraging applications with compact size,

Engineered metamaterials have unique properties that
are beyond what can be found in nature (e <¢, and
w<Hyg) [1]. Therefore, metamaterials have attracted the
attention during the last years for different applica-
tions such as super lenses [2], invisibility cloaking [3],
polarization rotation [4], energy harvesting [5], per-
fect absorbers [6], and antennas [7]. Electromagnetic
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lightweight, and wideband operation. The metamate-
rial absorber can be used in many applications such as;
stealth technology [8], specific absorption rate (SAR)
reduction [9], internet of things (IoT) [10], and sens-
ing [11]. In this context, Xiong et al. [12] presented
an ultrathin broadband absorber based on periodic
array of loop-dielectric multilayered structure with
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higher absorption than 90% in the frequency range of
8.37-21 GHz. In [13], a microwave ultra-broadband
polarization-independent metamaterial absorber
was fabricated using periodic array of metal-dielec-
tric multilayered quadrangular frustum pyramids
with absorption above 90% in the frequency range of
7.8-14.7 GHz. Nguyen et al. [14], proposed a broad-
band metamaterial (MM) absorber using eight-resis-
tive-arm (ERA) cell with absorption ratio higher than
90% in the range of 8.2-13.4 GHz. In [15], a wideband
and polarization-/wide-angle insensitive metamate-
rial absorber has been reported using a symmetric
structure associated with surface mount resistors with
absorption above 80% within 8-18 GHz. Araujo et al.
[16] introduced an ultrathin and ultra-wideband meta-
material absorber with periodically-arranged metallic
square spirals. It has been shown that an absorptivity
of more than 90% was achieved from 11.4 to 20.0 GHz
[16]. Jagtap et al. [17] investigated the ferro-nano-car-
bon split ring resonators in the X-band (8 - 12 GHz)
region. Such split ring resonators acted as a bianiso-
tropic left-handed material with a cloak-like response
between 8.5 and 10 GHz. Further, a triple band micro-
wave metamaterial absorber was presented by Bellal
et al. [18] for electromagnetic interference shielding
and stealth applications inspired by double E-shaped
symmetric split ring resonators metamaterial in C
and X band. Such a design has absorptivity of 99% at
resonance frequencies. In [19], broadband metamate-
rial absorber with optically transparent property was
proposed for solving the electromagnetic pollution
problem at gigahertz. An absorption over 90% at fre-
quency range of 6-17.6 GHz was obtained.

It is worth noting that there are many approaches
to overcome the narrowband response of the PMMA.
The first technique is to use multilayered structure
[12], while the second approach is to combine lumped
elements into the metamaterial absorber [15]. Further,
many resonating structures can be used in the same
unit cell [14]. Additionally, redistribution of charges
can be used to create more electric and magnetic
dipoles which broadens the absorption bandwidth.
This can be achieved by splitting the resonator struc-
ture into separated sections [16].

In this paper, wideband ultrathin metamaterial
absorber is designed, fabricated and characterized
in Ku-band. The reported structure has a compact
size with unit cell dimension of 3.7 mm x 3.7 mm (i.e.
0.148 A at lowest frequency). The suggested metama-
terial absorber is numerically studied by using the
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commercial computer simulation technology (CST)
Microwave Studio software with a frequency-domain
solver [20]. Then a prototype of PMMA is fabricated
and measured to ensure a good agreement between
the measured and simulated results. The reported
absorber shows perfect absorptivity greater than 90%
for the entire Ku-band and part of k-band. Also, the
proposed PMMA is polarization insensitive. Further,
the suggested PMMA has a good stability for the vari-
ation of the incident angle (up to 50°). It is worth not-
ing that most of the previously reported metamaterial
absorber based on multilayered structure and/or using
lumped element with minimum unit cell dimensions
of 9.7 x9.7 x 2.5 mm with complex structures [15, 21,
22]. Therefore, the proposed PMMA has advantages in
terms of compactness, high absorption and polariza-
tion insensitivity with simple design. It is worth not-
ing that the proposed perfect metamaterial absorber
has many future prospects. It can improve the radar
performance and prove concealment against others’
radar systems that was utilized as a military tech-
nique [23]. Further, radar cross section (RCS) can be
reduced using metamaterial absorber to decrease the
radar echo where the objects can have a greater ele-
ment of stealth [24]. Additionally, it can be also used
for decreasing the sidelobe radiation of antennas with
reduced undesirable radiation [25]. Furthermore, the
electromagnetic interference can be minimized by
absorbing spurious electromagnetic radiation. Along
with preventing health risks due to exposure of spe-
cific electromagnetic radiation at particular frequen-
cies, it is also useful for wireless communication. [26].

2 Design considerations

Figure 1a and b show cross section and 3D configura-
tion of the proposed PMMA. The reported absorber
consists of L-shaped copper resonators and continuous
copper ground plane separated by dielectric spacer. The
top and bottom layers have thickness of 0.035 mm. The
copper is modelled with a frequency independent con-
ductivity 0=5.96 x 107 S/m. However, the dielectric sub-
strate is made by low cost FR-4 with a thickness (/) of
1.6 mm (0.064 A at lowest frequency). The FR-4 material
has a relative dielectric constant of 4.3, and a loss tan-
gent of 0.025 [15]. The separation (d) and the L-shaped
resonators of the top layer (Fig. 1b) lead to wideband
absorption response instead of multiple peaks as a result
of each resonator [16, 27]. The separation (d) has a direct
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Fig. 1 a 3D perspective view, b cross section of the L-shaped
resonators and ¢ the applied boundary conditions

impact on the absorption response due to the redistribu-
tion of charges with more electric and magnetic dipoles
[16]. The commercial computer simulation technology
(CST) Microwave Studio software with a frequency-
domain solver is used to analyze 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 (Perfect matched layer) is set
in the z-direction as shown in Fig. 1c. The incident wave
is propagating along z direction. The tetrahedral mesh
is applied in the model with an accuracy of 10™* with
minimum element quality of 0.02684 and total number
of elements of 35,164.

The absorption (A) of the PMMA can be calculated
through reflection and transmission coefficients accord-
ing to:

2 2
A=1-R-T=1-8 -8 (1)

where S;; and S,; represent the reflection coeffi-
cient and transmission coefficient, respectively. It is
worth noting that there is no transmission in our case
because of the bottom copper layer with thickness of
0.035 mm which acts as a perfect reflector, i.e. S,; =0.
Therefore, the absorption in our case can be deter-
mined by Eq. (2).

A=1-8} 2)
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The metamaterial is an engineered material that
possess unique properties with (e <y and p < ). In
this study, the effective permittivity (¢.g), effective
permeability (u,.4), and relative impedance (Z,) are
obtained through the S-parameters [16] by Egs. (3), (4),
and (5). This approach is convenient for the suggested
absorber, once the transmission coefficient S,; is not
needed due to the copper ground plate. These calcula-
tions can help understand the absorption mechanism.

ey =142 (150, ®)
off Koh 1+ Sy,

_ 2] 1+511
pogr =1+ —Koh(l — 511) (4)

7 = (1+511)2_S§1 _ 1+511 (5)
' (1-51)2 - 551 1-51

where K, is the free space wave number, and # is the
substrate thickness.

Figure 2a and b show the real and imaginary parts
of the effective permittivity and effective permeability,
respectively of the suggested PMMA. It may be seen
from Fig. 2a and b that the value of both effective per-
mittivity and effective permeability are approximately
equal through the absorption frequency band. There-
fore, the absorption response is due to the presence of
both electric and magnetic resonance simultaneously.

It may be seen from Fig. 2a that the imaginary
part of the dielectric constant of PMMA is negative
at 11-13 GHz. The negative sign can be referred to
the transformation of the magnetic energy into the
electric energy [28] which is called magnetoelectric
coupling as reported by Zhang et al. [28]. However,
the total energy loss is still positive. Further, for meta-
material, if the magnetoelectric coupling occurs, the
negative imaginary part of the dielectric constant can
be classified as an intrinsic character rather than non-
physical one. It is worth noting that there are other
wideband perfect metamaterial absorbers that have
negative imaginary part of the dielectric constant
through the studied frequency band [29, 30]-[31]. It
is worth noting that the dielectric constant and per-
meability spectra shown in Fig. 2a and b are calcu-
lated from the S-parameters using the FEM [20]. Fur-
ther, the dielectric constant and permeability spectra
show a good agreement with the Lorentz model [32],
33. This is an evident for the presence of the electron
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Fig. 2 a Effective permittivity, b effective permittivity, and c rel-
ative impedance of the reported metamaterial absorber

and current oscillations with a resonance response.
Figure 2c shows the real and imaginary parts of the
impedance of the suggested PMMA normalized to
the impedance of the free space (i.e. relative imped-
ance). It may be observed from Fig. 2c that the real
part equals to unity while the imaginary part equals
to zero. This means that the impedance matching
(between metamaterial absorber impedance and free
space impedance, Z,=377 +j0 Q) is obtained which
leads to a smaller amount of reflected power from the
structure. Through the frequency range (12-20 GHz),
a damping oscillation is obtained due to the resistive
behavior of the metamaterial impedance during the
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Fig. 3 The absorption response of the proposed PMMA at nor-
mal incidence for both TE and TM, and the absorption response
without L-shaped resonators

microwave oscillation. Additionally, the transmission
equals to zero in our case due to the copper ground
plane. Hence maximum absorptivity occurs at the
desired frequency band.

3 Results and discussion

The design geometrical parameters shown in Fig. 1 are
initially taken as #=1.6 mm, g=0.3 mm, a=3.7 mm,
p=0.2 mm, w=0.2 mm and d = 0.5 mm, some of these
parameters are taken according to the fabrication
feasibility. Figure 3 shows the simulated absorption
response of the suggested PMMA for both TE and TM
polarizations at normal incidence.

It may be seen that the proposed PMMA has an
absorption response with absorptivity above 90%
in a wide frequency band from 12 to 20.2 GHz cov-
ering the entire Ku-band and part of K-band. Also,
the reported PMMA can be regarded as polariza-
tion insensitive absorber due to similar absorption
response for both TE and TM polarizations. Figure 3
also shows the absorptivity of the proposed design
without the L-shaped resonators (dash-dot line) and
with presence of the copper ground plane. It can be
seen that the maximum absorptivity without the pro-
posed L-shaped resonators is equal to 14% at 22 GHz.
Therefore, the L-shaped resonators play important
role in the absorption response of the reported design.
Figure 4 shows the effect of the incident angle on the
absorption response for both TE and TM polariza-
tions. The suggested PMMA shows a good stability
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Fig. 4 The effect of the angle of incidence on the absorption
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Fig. 5 Simulated electric
fields (norm E) of the sug-
gested PMMA at frequency
of a 13 GHz, b 17.1 GHz,
and at ¢ 19.9 GHz
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(above 80% of absorptivity) for incidence angle vari-
ation up to 50° for both TE and TM polarizations as
revealed from Fig. 4.In order to have better under-
standing of the absorption behavior of the suggested
design, field distributions at three absorption peaks
(13 GHz, 17.1 GHz, and 19.9 GHz with correspond-
ing absorptivity of 99.9%, 99.9%, and 98.8%, respec-
tively are obtained and presented in Fig. 5. Figure 6
shows the corresponding surface current distributions
at the same frequencies. It may be noted from Fig. 5
and Fig. 6 that the excited positive charges have been
indicated by the red region, while the negative charges
by blue region.

Due to the incident electromagnetic wave, the
charges will oscillate resulting in electric resonance
response. Electric dipoles have been excited due
to positive and negative charges which explain the
occurrence of the electric resonance response [16, 34].
Furthermore, at 19.9 GHz, strong field confinement
is achieved through the L-shaped resonators where
displacement currents are presented. This leads to
magnetic resonance response [16].

Due to presence of both electric and magnetic reso-
nance responses, a perfect and wideband absorber is
presented. Equation (6) [35] can be used to illustrate
the presence of both electric and magnetic resonance
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Fig. 6 Simulated surface
current density of the sug-
gested PMMA at frequency
of a 13 GHz, b 17.1 GHz,
and at ¢ 19.9 GHz
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that are required to obtain a perfect metamaterial
absorber.

2
A:l_Rzl_‘ﬂz | VR
Z+ZO #eff+ Eeff

where Z is metamaterial impedance, Z is the free
space impedance while ¢,5and p, are the frequency-
dependent relative permittivity and permeability of
the metamaterial. It may be seen from Eq. (6) that
the perfect absorption is obtained as the impedance
matching (Z=Z2, or p4= €,5) is achieved. It is worth
noting that the impedance matching can be obtained
by presence of both electric and magnetic resonances
[35].

In order to better clarify the absorbing mechanism
of the PMMA, the transmission line model can be
used to simulate the suggested PMMA as previously
reported in [14] and [16]. In this context, Nguyen
and Lim [14] have proposed a broadband metamate-
rial absorber with absorption ratio higher than 90%
through the frequency range 8.2-13.4 GHz. Further,
a circuit model has been suggested with three series
RLC connected in parallel in order to represent the
three resonance absorption peaks at 9 GHz, 11 GHz
and 13 GHz [14]. It worth noting that our suggested
design has absorptivity above 90% over frequency
range 12-20 GHz. Further, three resonance absorp-
tion peaks are obtained at 13 GHz, 17.1 GHz, and
19.9 GHz. Consequently, the transmission line model
of the proposed PMMA shown in Fig. 7 is similar to
that presented in [14]. The three series RLC branches
connected in parallel are used to model the L-shaped
resonators. However, Ly, Ry, Z; and Z, represent the
dielectric substrate. Additionally, the continuous

Impedance L-shaped resonators Impedance of dielectric substrate
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Fig. 7 Transmission line model for the suggested PMMA unit
cell
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metallic ground plane is described by a short circuit
due to its perfect reflectivity. The circuit parameters
shown in Fig. 7 are extracted as R;=20 Q, R, =20
Q, R3=1000 Q, L; =69 nH, L, =20 nH, L;=100 nH,
C,=09fF, C,=7.3fF, C3=20fF, Ly=1.4 nH, R4=55
Q, Z,=50 Q with an electrical length 88°and Z, =50
Q) with an electrical length 70°. The impedance of the
proposed absorber (Z) should equal to the free space
impedance (Z;) over the operating frequency band
to obtain perfect absorptivity as evident from Eq. (6).
Figure 8 shows the absorption response of the sug-
gested PMMA calculated by the FEM compared to
that calculated using the extracted circuit model. It is
evident that a good agreement is obtained between
the two results which ensure the high accuracy of our
suggested model.

The geometrical parameters are next studied to
investigate their effects on both the absorptivity and
absorption frequency band. Figure 9 shows the effect
of the periodicity (a) of the unit cell on the absorptiv-
ity. In this study, the periodicity is varied from 3.4 mm
to 4.4 mm while the other parameters are fixed at their
initial values. It may be noticed from Fig. 9 that as
the periodicity of the unit cell increases, the absorp-
tivity increases while the absorption frequency band
decreases. In order to achieve perfect and wideband
absorber, the optimal value of the periodicity is taken
as 3.7 mm. Next, the impact of the substrate thickness
(h) is studied. Figure 10 shows the effect of the sub-
strate thickness () on the absorptivity and absorption

100
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2
< 60
)
=
o
o
Q 40
o
<
20
[ ——CsT
L = = =circuit model (ADS)
0 [l Il [l I 2
10 12 14 16 18 20 22
Frequency (GHz)

Fig. 8 Comparison between absorptivity calculated by CST and
that calculated by circuit model for the suggested PMMA unit
cell
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Fig. 10 Effect of the substrate thickness (%) on the absorptivity
and absorption frequency band

band of the reported design. During this investiga-
tion, the substrate thickness is varied from 0.8 mm to
2.4 mm while the periodicity is fixed at 3.7 mm, and
the other parameters are fixed at their initial values.
As shown from Fig. 10, the substrate thickness has
an important effect on the response of the absorption
which can configure the absorber as wideband or mul-
tiple band absorber. The perfect absorptivity can be
obtained by reducing the reflection coefficient Eq. (5).
This can be achieved through matching impedance
between the input impedance of the PMMA and the
impedance of free space. It is worth noting that the
substrate thickness has an effect on the real part of the
input impedance [36] as shown from Egs. (1, 2 and 6).
Consequently, the optimal value of the substrate thick-
ness that achieves a wideband and high absorptivity
is 1.6 mm.

Figure 11 represents the effect of the separa-
tion (d) on the absorptivity. Through this study, the
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Fig. 11 Effect of the separation (d) on the absorptivity and
absorption frequency band

periodicity and the substrate thickness are fixed at
3.7 mm, and 1.6 mm, respectively. However, the other
parameters are fixed at their initial values. It may be
seen from Fig. 11 that as the separation decreases,
the absorption frequency band is shifted to left. This
shift is a result to the equivalent parasitic capacitor
between the two metallic resonators. As the separa-
tion (d) decreases, the parasitic capacitor decreases
which reduces the operating frequency. Also, Fig. 11
shows that as the separation decreases, the wideband
response of the absorption gradually tends to be dual
band as the third resonance peak is separated from the
wide absorption band. So, the optimal value is chosen
equal to 0.5 mm.

It is worth noting that the effect of the remainder
parameters are not investigated and chosen as initial
values due to our fabrication limits. Table 1 shows the
optimum values of the geometrical parameters.

In order to experimentally verify the performance of
the proposed PMMA, a prototype is fabricated based
on the optimum geometrical parameters using pho-
tolithography process. The fabricated prototype has
dimensions of 148 x 148 x 1.6 mm (40 x 40 unit cells)
using copper coated FR-4 substrate on both sides with
a copper thickness of 0.035 mm. Figure 12 shows the
fabricated prototype with the measurement setup
shown in Fig. 13. A horn antenna and a vector net-
work analyzer (AgilentFieldFox® model N9918A) are
used to measure the S-parameters of the proposed
PMMA. First, the S-parameters of a perfect reflector
(reference object) is measured. Then, the S-parameters
of the proposed PMMA is obtained. Finally, the two
sets of the measured data are subtracted to reduce

@ Springer
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Table 1 The value of the
o Parameter h a G p w d
optimized parameters of the
proposed PMMA Value (mm) 1.6 3.7 0.3 0.2 0.2 0.5
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!
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Fig. 12 Image of the fabricated PMMA
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Fig. 13 a Schematic diagram of the measurement setup, b meas-
urement of S-parameters for the perfect reflector (as a refer-
ence), ¢ measurement of S-parameters for the pyramidal perfect
absorber, and d measurement of S-parameters for the proposed

PMMA

@ Springer

the interference caused by many factors, such as edge
reflection, diffraction loss, and scattering loss.

The measured absorption of the suggested PMMA

is shown in Fig. 14 compared to the simulated results
where a good agreement is achieved. It may be seen
from Fig. 14 that the fabricated design has a smaller
absorption than that of the simulated structure. Such
a difference is due to the effect of the diffraction and
scattering waves [26] where the geometry infinite
conditions have not been achieved in the fabricated
sample. Therefore, edge diffraction can occur during
the characterization process. Further, slight variation
may occur during the fabrication process. Addi-
tionally, the suggested PMMA can be improved by
tuning the operating frequency band by adding an
active element such as varactor diode [37]

The performance of the suggested PMMA is com-
pared with the previously reported wideband meta-
material absorbers. Table 2 shows the comparison
study of the performance metamaterial absorbers
including the absorption bandwidth, unit cell dimen-
sion, substrate thickness, and maximum absorptiv-
ity. Table 2 also shows if the studied structures are
based on multi-layered and lumped elements or

not. It can be seen from Table 2 that the reported

design of PMMA has many merits such as; small
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Table 2 The performance of the reported structure relative to those reported in the literature

Refs. BW (GHz) Unit cell dimen-  Thickness (mm) Maximum absorp- Multi-layered/
sion (mm) tivity (%) lumped ele-
ments
This work 12-20.2 3.7%x3.7 1.6 99.9 No/No
Defected circle [15] 8-18 9.7x9.7 2.5 99.4 No/Yes
Metallic square spirals [16] 11.4-20 3.65%3.65 1.6 99.8 No/No
Multilayered square loops [21] 5.2-18 13x13 4.8 97 Yes/Yes
Artificial impedance surface [22] 7.6-18.3 10x10 3.25 98.5 Yes/Yes
metal ring and wire [38] 2.5-10 20%x20 9.9 99.8 No/Yes
Double-square loops [39] 8-18 13x13 3.175 95 No/Yes
Lumped resistors loaded frequency 7.2-12.5 12.8x12.8 5.2 94.1 Yes/Yes

selective surface [31]

thickness, perfect absorptivity, wideband of absorp-
tion response without using multilayer or lumped
elements.

4 Conclusion

A wideband, ultrathin and polarization insensi-
tive perfect metamaterial absorber is proposed and
investigated for Ku-band. The reported PMMA has
absorptivity above 90% over wideband frequency
range from 12 to 20.2 GHz for TE and TM polariza-
tions. Also, the suggested design has high absorption
response (above 80% of absorptivity) with incident
angle variation (up to 50°) with a subwavelength unit
cell (0.064A). A prototype of the suggested PMMA
(148 x 148 mm) is fabricated and characterized which
shows a good agreement with the simulated results.
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