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Abstract

An enhanced metamaterial absorber based on the circum-
scribed-cross resonator is introduced in this paper. The new
structure is polarization-independent, due to the symmetry
of its unit cell, and is proven efficient for the attenuation
of obliquely incident waves. The absorption mechanism is
thoroughly investigated and is found to be mainly related to
the losses of the dielectric substrate. Furthermore, by ex-
ploiting the scalability property of metamaterials, the oper-
ational bandwidth of our design can be drastically improved
by placing unit cells with properly scaled resonators adja-
cent to each other. In this context, various combinations
of three, four, and nine unit cells, that can increase the full
width at half maximum up to as much as11.18%, are deve-
loped. The overall performance of the proposed configura-
tions is deemed promising for the realization of microwave
metamaterial absorbers for several practical applications.

1. Introduction

Metamaterial absorbers have, recently, triggered a notable
scientific investigation with an escalating impact on mod-
ern microwave systems. To this objective, the combina-
tion of an electric-LC (ELC) resonator with a split-wire
has been proposed for the construction of an almost per-
fect arrangement, which, in its initial design, has been very
sub-wavelength (aroundλ0/35) [1]. Although quite nar-
rowband and basically effective only for normally incident
waves, this device inspired several researchers to probe its
absorption mechanism [2], [3]. In the meanwhile, a con-
siderable variety of instructive ideas have been launched in
order to produce efficient metamaterial absorbers in the mi-
crowave, terahertz, and infrared frequency regions [4]-[10].

However, contemporary real-world applications, like
RCS minimization from airplanes, steamboats and other ve-
hicles or protection from electromagnetic interference due
to mobile phones and local area networks, require more
sophisticated features, while preserving the ultra-thin size
of the original approach. Amid them, one can discern the
larger bandwidth or multiple bands of operation as well
as the wide-angle and polarization-independent absorption
rates [11]-[17]. Essentially, most of the structures reported
in the literature focus on the improvement of just one of
the prior characteristics, thus turning the construction of an
overall optimized device into a challenging design problem.
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Figure 1: (a) Front and (b) perspective view of the CCR
absorber. Dimensions:r = 2.06mm,d = 0.40mm, g =
0.39mm,w = 0.37mm,p = 8mm, andt = 1mm.

In this paper, a novel metamaterial absorber with im-
proved bandwidth performance that operates around the
middle of the microwave X-band (8.0 − 12.0GHz), is pre-
sented. The proposed design, implemented by means of the
circumscribed-cross resonator (CCR), exhibits remarkable
wide-angle absorption and independence on the polariza-
tion of the incident radiation. Moreover, taking avail of
metamaterial scalability, the operational bandwidth of the
structure is significantly enhanced by combining appropri-
ately tailored unit cells in certain periodic arrangements. In
this way, the demanding obliquely incident waves are ef-
ficiently absorbed, without any other non-physical conven-
tions. The merits of the optimized absorber are thoroughly
validated via different metal and dielectric material setups,
while some possible future extensions are finally discussed.

2. Theory and design of the CCR absorber

The primary design concept of the proposed device is based
on the CCR, depicted in Fig.1a, which belongs to the class
of ELC resonators [18] and its first resonance is usually ex-
cited by an electric field component parallel to one of its
crossed wires. The CCR is imprinted on a standard1mm-
thick FR-4 substrate (εr = 4.3, tan δ = 0.022), whereas
the opposite face of the dielectric spacer is covered with
a copper layer (Fig.1b), so as to ensure zero transmission
throughout the structure. Additionally, periodic boundary
conditions are applied along thex- andy-axis in order to
model an infinite array of unit cells. For our analysis, all
simulations are carried out through the frequency domain
solver of CST MWSTM computational package [19].
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Figure 2: Absorption and reflectance of the proposed struc-
ture. The absorption peak of96.41% occurs at the fre-
quency of9.90GHz and the FWHM is4.96%.

Starting with arbitrary dimensions and considering a
normally incident plane wave propagating along thez-
direction with its electric-field component polarized along
thex-axis, a genetic algorithm is employed to reach the op-
timal unit cell parameters for maximum absorption near the
middle of the X-band. The absorption of the structure is cal-
culated from the values of the simulated scattering parame-
ters through its definition asA(ω) = 1−R(ω)−T (ω), with
R(ω) = |S11|

2 andT (ω) = |S21|
2 being the reflectance

and transmittance, respectively. SinceT (ω) = 0 due to the
copper plane, Fig.2 illustrates the reflectance and absorp-
tion of the device, revealing an absorption peak of96.41%
at 9.90GHz and a full width at half maximum (FWHM)
of 4.96% around this center frequency. Note, also, that
the complete symmetry of the unit cell along thex- andy-
direction ensures the accomplishment of similar absorptive
behavior for arbitrary polarizations of the incident wave.

3. Angle-independent absorption
characteristics of the CCR absorber

In this section, the response of our device to obliquely inci-
dent radiation is examined. To this end, anglesθ andφ are
defined, as those formed between the propagation vector of
the incident wave and thez-axis over theyz- andxz-plane,
respectively (see Fig.1b for axes definition). Initially, an-
gle θ is varied, while keepingφ = 0◦. The corresponding
absorption curves are illustrated in Fig3, indicating an al-
most angle-independentperformance up toθ = 70◦. On the
other hand, by settingθ = 0◦ and varying angleφ, Fig 4 is
obtained. Again, the absorption spectrum remains almost
unchanged, except for a slight downshift of the maximum
absorption frequency forφ = 40◦.

Although the above results constitute a strong indica-
tion for the angle-insensitive performance of the proposed
absorber, it is crucial to explore the most general case of
obliquely incident radiation. For this goal, anglesθ andφ
are varied simultaneously (with a step of10◦ each). The
peak absorption values for all possible angle combinations,
are given in the surface plot of Fig.5. Very efficient ab-
sorption for any angleφ and forθ values up to70◦ can be
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Figure 3: Absorption for variousθ angles andφ = 0◦.
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Figure 4: Absorption for variousφ angles andθ = 0◦.
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Figure 5: Absorption maximum for various combinations
of obliquely incident waves (variations ofθ andφ angles
from 0◦ to 80◦, with a10◦ increment for both of them).

promptly observed. However, slight variations in the center
frequency of the maximum absorption occur, especially for
angles larger than60◦, as provided in Table 1. These find-
ings are indeed very promising and seem to even transcend
other similar results available in the literature [15].

4. Investigation of the loss mechanism

The absorption mechanism should be an issue of systematic
investigation, since it can offer valuable physical interpreta-
tions. Actually, there are two generally accepted loss mech-
anisms; dielectric losses arising from the imaginary part of
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Table 1: Maximum absorption frequencyfmax (GHz) for
various oblique incidence anglesθ andφ.

Angleφ
Angleθ

0◦ 20◦ 40◦ 60◦ 80◦

0◦ 9.90 9.84 9.81 9.83 9.80
20◦ 9.88 9.86 9.85 9.82 9.72
40◦ 9.80 9.79 9.76 9.61 9.67
60◦ 9.85 9.83 9.83 9.62 9.61
80◦ 9.85 9.88 9.85 9.83 9.71
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Figure 6: Absorption performance for different dielectrics
(lossless or lossy) and metal properties (copper or PEC).

the substrate’s dielectric constant and ohmic losses due to
the finite conductivity of the structure’s metallic parts.

Herein, we perform additional simulations for all possi-
ble combinations of dielectric (lossless or lossy) and metal
(copper with finite conductivity or perfectly electric con-
ductor (PEC)) types to reveal their actual contribution to the
absorption performance, presented in Fig.6. As expected,
the PEC-lossless dielectric case exhibits zero absorbance
over the whole frequency range. Moreover, in the copper-
lossless substrate scenario,A(ω) reaches a peak value of
23% at 9.90GHz. Such an outcome could lead to the as-
sumption that both absorption mechanisms are involved in
the CCR structure with additive effects. Nonetheless, in
the case of a lossy dielectric, the absorbance plot remains
almost unchanged when replacing copper with a PEC ma-
terial, substantiating that practically only dielectric losses
affect the optimized absorber’s overall performance.

5. Bandwidth-enhanced variants

To further enhance the absorption bandwidth of the novel
design, the scalability property of metamaterials is utilized.
In particular, by multiplying the dimensions of the origi-
nal CCR along thex- andy-axis with a scaling factors,
the center frequency can be downshifted (s > 1) or up-
shifted (s < 1), while the absorption curve retains its orig-
inal shape and fractional bandwidth. This property may be
used for the synthesis of multiband absorbers, as in [15].
It is mentioned that unit cells with different absorbing fre-
quencies, owing to their scaled CCRs, can be alternately
placed to form a multiband absorbing metasurface.
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Figure 7: (a) Combined structure with three unit cells and
(b) absorption performance of variants with different scal-
ing factors, as explained in Table 2.

Table 2: Scaling factors and FWHM for the different vari-
ants of Fig.7b.

Orig. Var.1 Var. 2 Var. 3
s1 1.000 0.990 0.985 0.980
s2 1.000 1.010 1.015 1.020

FWHM 4.96% 5.66% 6.36% 7.68%

In this framework, we employ a similar idea to the orig-
inal unit cell of Section 2, which can be considered as the
borderline case of a multiband design. Specifically, by ar-
ranging unit cells with scaling factors very close to unity,
adjacent to each other, a new, larger unit cell is formed with
multiple overlapping absorptive regions. In the following
subsections, diverse implementations with three, four, and
nine unit cells are suggested and studied in order to improve
the FWHM of the initially introduced CCR absorber.

5.1. Three unit-cells

First, our approach is applied to a set of three unit cells
(Fig. 7a). As observed, two scaled unit cells, with scaling
factorss1 ands2, respectively, are combined with the orig-
inal one. Three different variants with enhanced FWHM
values are illustrated in Fig.7b, for the scaling factors sum-
marized in Table 2. It becomes apparent that for scaling
factors gradually departing from unity, the absorption spec-
trum of each individual unit cell starts to discriminate from
the whole, leading to decreased overlapping and lower ab-
sorption peaks. However, it is stressed that in all variantsof
Fig. 7b, the FWHM is significantly increased from4.96%
of the original unit cell up to7.68% for variant3.
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Figure 8: (a) Combined structure with four unit cells and (b)
absorption performance of variants with different scaling
factors, as explained in Table 3.

Table 3: Scaling factors and FWHM for the different vari-
ants of Fig.8b.

Orig. Var.1 Var. 2 Var. 3 Var. 4
s11 1.000 0.985 1.000 0.980 0.970
s12 1.000 1.005 0.980 1.010 0.990
s21 1.000 1.015 1.020 1.020 1.010
s22 1.000 0.995 1.000 0.990 1.030

FWHM 4.96% 6.36% 6.97% 7.37% 8.79%

5.2. Four unit-cells

Next, the same concept is utilized in a set of four unit cells,
as in Fig.8a. Various possibilities arise by properly control-
ling scaling factorssij , for (i, j) = 1, 2. Specifically, four
different variants with improved FWHM values are demon-
strated in Fig.8b, for the scaling factors listed in Table 3.
Again, we can readily detect the considerable bandwidth
enhancement that is achieved through the pertinent selec-
tion of sij . For instance, in variant4 of Fig.8b, the FWHM
is increased from4.96% of the original unit cell to8.79%.

5.3. Nine unit-cells

As our final configuration, we investigate the combined de-
vice of Fig.9a, comprising nine unit cells, which offers ad-
ditional design perspectives via the appropriate choice of
scaling factorssij , for (i, j) = 1, 2, 3. In a similar fashion
with the scenario of the previous subsection, four differ-
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Figure 9: (a) Combined structure with nine unit cells and
(b) absorption performance of variants with different scal-
ing factors, as explained in Table 4.

Table 4: Scaling factors and FWHM for the different vari-
ants of Fig.9b.

Orig. Var.1 Var. 2 Var. 3 Var. 4
s11 1.000 1.000 1.000 1.000 1.000
s12 1.000 0.985 0.980 0.980 0.960
s13 1.000 1.005 1.010 1.020 1.040
s21 1.000 1.010 1.015 1.020 1.040
s22 1.000 1.000 1.000 1.000 1.000
s23 1.000 0.990 0.985 0.980 0.960
s31 1.000 0.995 0.990 0.980 0.960
s32 1.000 1.015 1.020 1.020 1.040
s33 1.000 1.000 1.000 1.000 1.000

FWHM 4.96% 5.98% 8.08% 9.96% 11.18%

ent variants with enhanced values of FWHM are considered
and their performance is shown in Fig.9b, for the scaling
factors of Table 4. From the results, one can deduce that in
all variants the FWHM is significantly raised; from4.96%
of the original unit cell up to11.18% for variant4.

6. Discussion and conclusions

A class of robust metamaterial absorbers based on the CCR
geometry has been presented in this paper. The proposed
devices have been shown to exhibit several attractive char-
acteristics, such as wide-angle and polarization-insensitive
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absorption, by implementing an electrically thin (λ0/30
at the resonance frequency), low-cost FR-4 dielectric sub-
strate. In essence, analysis has proven that their perfor-
mance is principally related to the dielectric losses of the
substrate. Additionally, the possibility to attain bandwidth-
enhanced structures has been extensively discussed and the
FWHM of the original unit cell has been increased from
4.96% to 11.18%. Possible extensions of the new absorber
can be envisaged in terms of tunable metamaterials, as an
alternative path to performance-enhanced components. For
example, by loading the CCRs with varactor elements, a
fully controllable surface may be attained, as in [20], pro-
viding supplementary degrees of freedom to the design pro-
cedure presented herein. Hence, the aforementioned assets
can render this structure a potential candidate for diverse
real-world applications in the microwave spectrum.
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