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ABSTRACT
In this study, we propose a wide incident angle- and polarisation-insensitive metamaterial absorber covered with structures comprising a
metallic flower shape layer, a dielectric layer and a metallic ground plane. The influences of the structural parameters on the absorptivity
are investigated numerically. The proposed absorber exhibits polarisation insensitivity as the number of symmetric petals of a flower shape
reaches as high as 4, 6 and 8. Particularly, the absorber based on 8 petals shows an absorptivity of above 90% for wide incident angles up to
70○ under transverse electric and transverse magnetic polarisations. The physical mechanism of these observations is clarified by investigat-
ing the electric, power loss density and induced current distributions, which is also supported by the retrieved constitutive electromagnetic
parameters. That is, the absorption phenomenon is considerably affected by magnetic resonance. By modifying the petals into hollow shapes,
the absorber becomes effective in confining the magnetic resonance and can thus minimise the resonant frequency variation to 0.22% without
affecting the absorption performance. In comparison with other reported metamaterial absorbers, our design shows considerable practical
feasibility in terms of resonant frequency stability, wide incident angle and polarisation insensitivity, thereby making it suitable for various
applications in microwave frequency region.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5098005

I. INTRODUCTION

Electromagnetic (EM) metamaterial (MM) is an artificial mate-
rial engineered to possess exotic properties, such as negative refrac-
tive index, permittivity or permeability, as a result of its structure
rather than of its chemical composition. Given these unique proper-
ties, MMs can be used for different applications, such as EM cloak-
ing,1–3 super lenses,4,5 antenna6,7 and absorbers.8–14 Metamaterial
absorber (MA) has attracted considerable interest in the defence
field since the first perfect MA, composed of metallic split-ring res-
onators and a cutting wire, was proposed by Landy et al. in 2008.9
MA has been developed for various EM spectrum ranges from

microwave9,15,16 to terahertz8,11,13,17,18 in infrared14,19,20 and visible
regions.21,22 The physical mechanism of absorption is generally
based on magnetic and/or electrical resonance.9,23–27 Recently, the
tuning of impedance matching to free space for eliminating reflec-
tion is used to realise the perfect MAs.28–33 The impedance matching
for normal incident EM wave can be easily achieved via tuning of the
dimensional parameters of the MAs. However, the incident angle
of EM wave affects impedance matching. A high absorptivity can
be obtained with a small range of incident angle. MAs with wide
incident angle and polarisation insensitivity are preferred in practi-
cal applications, such as solar energy harvesting. Some approaches,
such as using symmetry structures, have been successfully
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conducted to produce polarisation-insensitive absorbers;22,27,31–38

however, the performance of these absorbers is still considerably
dependent on the incident angle of the EM wave, thereby caus-
ing the fluctuation in impedance matching.31–33 The performance of
an absorber can be improved by increasing the number of folds of
rotational symmetry. Our recent study showed that the broadband
MA using 2-fold symmetry structure exhibited the polarisation-
sensitivity,39 while the broadband MA design with infinity-fold sym-
metry structures achieved the polarisation-insensitivity.22,35,40 How-
ever, the absorption intensity of the MA structures decreased with
a large changing of incident angle.22,33–41 More recently, it was
also reported that the resonant frequency variation in the MAs
with single band application caused by the change of a large inci-
dent angle depended on the number of folds of rotational symme-
try.31,32 For example, the rotational symmetry of an MA structure
with four circular sectors exhibited the shift frequency of 0.96%;31

meanwhile, this value decreased to 0.7% in the MA structure with
eight circular sectors.32 Alvarez et al. proposed a six-fold rota-
tional symmetry MA structure, which showed good polarisation-
and incident angle-insensitive performance and resonant frequency
stability.36 Meanwhile, Tuong et al. proposed the flower-shaped
microwave MA with four-fold made of 4 petals which can real-
ize the high absorptivity and polarization insensitivity, however,
its operating frequency was significantly varied with the changing
of a wide incident angle.38 Most previous studies were success-
fully designed via MAs with polarisation insensitivity using a spe-
cific fold of rotational symmetry structures;31,32,36,38,40–42 neverthe-
less, available information on the effect of the fold number of rota-
tional symmetry MA structures on their absorption characteristics is
limited.

In this work, we propose a rotational symmetry MA structure
on the basis of a flower shape structure for EM wave absorption
in the microwave frequency range. The effect of the fold number
of the rotational symmetry MA structure on its absorption charac-
teristics is investigated numerically. The designed MA structure on
the basis of 8 petals shows an absorptivity higher than 90%, with

incident angle of EM wave up to 70○ under transverse electric (TE)
and transverse magnetic (TM) polarisations. A small resonant fre-
quency variation is obtained by modifying the petals into hollow
shapes to confine the EM resonance in narrow regions and restrict
its frequency variation down to 0.22%. To the best of our knowl-
edge, this value is the lowest resonance frequency variation amongst
previously reported MAs. Moreover, we investigate the physical
mechanism of this absorption phenomenon.

II. STRUCTURAL DESIGN AND SIMULATIONS
The proposed MA consists of a flower shape (FS) layer over a

dielectric layer and a metallic ground plane. In this structure, the MA
is designed based on the metal-insulation-metal (MIM) configura-
tion. By introducing the continuous metallic film as a backing layer
that acts as an ideal mirror, reflection of the whole light spectrum
can be realised.43,44 Therefore, the MIM configuration can trap light
inside the structure and consequently absorption near unity can be
obtained.43–46 The unit cell geometries are illustrated in Figure 1. In
order to easily compare and evaluate the absorption performances,
the petal width and length of the proposed MA are fixed, thus the
feasible petal numbers of the flowers are varied from 2 to 8, as shown
in Figures 1(c)–(f). The metallic layers are made from copper, with
thickness t of 0.03 mm and electric conductivity σ of 5.96 × 107 S/m.
The dielectric layer is FR4 material with relative permittivity εr of
3.67. The initial dimensional parameters of the unit cells are as fol-
lows: P = 14 mm, h = 0.8 mm, R = 3.0 mm, r = 0.7 mm, a = 0.5 mm
and b = 1.2 mm. The influence of structural parameters, such as
periodicity, dielectric thickness and petal number, on the absorp-
tion characteristics of the MA are simulated to investigate the wide
incident angle and polarisation insensitivity.

The absorption of an absorber structure can be calculated from
the reflection and transmission coefficient as A(ω) = 1 − R(ω)
− T(ω), where R(ω) = |S11|2 and T(ω) = |S21|2. A(ω), R(ω) and T(ω)
denotes the frequency-dependent absorption, reflection and trans-
mission, respectively. In the absorber design, transmission can be

FIG. 1. Geometrical parameters of the MA unit cell: (a) Top
view and (b) Side view of a flower shape unit cell. (c), (d),
(e), (f) are schematic of the MA unit cells with two-, four-,
six- and eight-petal flower shape, respectively.
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FIG. 2. Simulated maximum absorptivity of the MA with different petal numbers
under TE polarisation angles of 0○, 45○ and 90○.

eliminated (i.e., T(ω) = 0) due to the EM shielding by the metallic
layer. Therefore, perfect absorptivity (i.e., A(ω) = 1) can be achieved
by constraining the reflection R(ω) to zero.

We use the commercial CST-Microwave Studio software, in
which the finite integration technique is applied, to investigate the
absorption performance of the designed structure. We perform the
simulation under periodic boundary condition in the X-Y-plane and
open condition in the Z-direction to extract the structural parame-
ters. The EM polarised wave with the electric and magnetic fields
indicated by E(x) and H(y), respectively, and the wave vector k(z)

that propagates normally to the front side of the MA is illustrated in
Figure 1(a).

III. RESULTS AND DISCUSSION
Figure 2 presents the simulated maximum absorptivity of the

absorber with the four petal variations for different polarisation
angles of 0○, 45○ and 90○ under TE polarisation. The result shows
that the MA with 4-, 6- and 8-petal flower structures exhibits the
same absorptivity under the mentioned polarisations but differ-
ent absorptivity with 2-petal flower structures. Thus, the proposed
polarisation-insensitive MA is strongly correlated with the high
symmetry degree of the flower structure. The dependence of absorp-
tivity of the proposed MA as a function of wavelength under TE
polarisation angles of 0○, 45○ and 90○ with different petal numbers
is detailed in Figure S1 in the supplementary material.

We investigate the different petal numbers under polarisation
angles of 0○, 45○ and 90○ to understand further the influence of the
petal number of the flower structure on polarisation sensitivity and
electric field distribution. As shown in Figure 3, the difference of the
electric field distribution becomes less pronounced as the number of
petals increases from 2 to 8. Notably, with the polarisation angle of
90○, the electric field is not collected in the unit cell with two petals
because only two petals are in the vertical direction. The absorp-
tion loss explains the absence of data in Figure 2. Furthermore, the
distribution of the electric field in the high-symmetry structures,
namely, 6- and 8-petal flowers, is almost similar, and the absorptiv-
ity of the 8-petal flower is higher than that of the 6-petal one under
all polarisations. Thus, high symmetry degree of the flower structure
evidently promotes the high polarisation insensitivity of the MA.

To provide a comprehensive view of these absorber structures,
we obtain the distributions of the power loss density in the interface
between the top and dielectric layers of the unit cells with differ-
ent petal numbers under polarisation angles of 0○, 45○ and 90○, as
shown in Figure 4. The distributions confirm that nearly all EM

FIG. 3. Distributions of the electric field in
the MA unit cell with different petal num-
bers under TE polarisation with angles of
0○, 45○ and 90○.
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FIG. 4. Distributions of the power loss density in the interface between the top and dielectric layers of the MA unit cells with different petal numbers for different polarisation
angles of 0○, 45○ and 90○ under TE polarisation.

radiation is absorbed by the dielectric layer. The EM wave is also
accumulated in some specific locations under the petal shape of the
flower. This finding indicates that the EM energy is intensified and
converted into thermal energy and absorbed in the unit cells.9,10

However, the MA with the 2-petal structure exhibits no absorptiv-
ity when the polarisation angle is 90○ due to the aforementioned
reason.

The absorption characteristics of the proposed MA depend
not only on the symmetry degree of the flower structure but also
on the periodicity of the unit cell or its geometrical parameters.
Figure 5 shows the maximum absorptivity of the MA on the basis
of the 8-petal flower structure with different periodicities under
TE and TM polarisations. As shown in Figure 5(a), the periodicity
increases from 10.5 mm to 15.5 mm, and the maximal absorptivity

FIG. 5. Maximal absorptivity of the MA with 8-petal flower structure versus periodicities under TE and TM polarisations with the incident angles of (a) 0○ and (b) 70○.
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of the MA increases under TE and TM polarisations with nor-
mal incident angle. Absorptivity above 90% can be achieved when
the periodicity is larger than 12.5 mm. As the incident angle
increases, the absorptivity of the MA under TE and TM polarisations
tends to change in different directions versus unit cell periodicity.
Figure 5(b) shows the maximal absorptivity under TE and TM
polarisations with an incident angle of 70○. From the figure, peri-
odicity increases from 10.5 mm to 15.5 mm, and the maximum
absorptivity of the MA increases from 75% to 95.8% under TM
polarisation but decreases from 99.4% to 79.3% under TE polarisa-
tion. The optimal periodicity is found to be equal to 13.5 mm for
the absorption peak above 90% under TE and TM polarisations,
with the wide incident angle ranging from 0○ to 70○, as shown in
Figures 5(a) and 5(b), respectively. These obtained results show that
the absorptivity is strongly influenced by periodicity of the MA unit
cell, indicating that the absorption of the MA is sensitive to the peri-
odicity size. It can be explained by the changing of periodicity size
can significantly effect the interaction of neighbor unit cells, and
consequently tune the operating frequency and absorptivity of the
absorber.47

In addition, the maximum absorptivity of the MA with 8-petal
flower structure under TE and TM polarisations is strongly depen-
dent on the thicknesses of dielectric layer. As shown in Figure 6(a),
for the incident angle of 0○, i.e. normal incidence, the absorptivity
above 90% can be obtained when the thickness is between 0.4 and
0.8 mm under both TE and TM polarisations. Increasing the inci-
dent angle to 70○ causes the absorptivity of the MA under TE and
TM polarisations to change in different directions versus the dielec-
tric thickness. Figure 6(b) shows the maximum absorptivity of the
MA with the particular incident angle 70○. Thus, for the actual MA,
the optimal dielectric thickness is found to be equal to 0.8 mm for the
absorptivity above 90% under both TE and TM polarisations with
the wide incident angle ranging from 0○ to 70○.

We also investigate the dependence of absorption properties
on the incident and polarisation angles under TE and TM polarisa-
tions to determine further the absorption performance of the pro-
posed MA. Figures 7(a)–7(d) show the absorption spectra of the

proposed absorber with different incident and polarisation angles.
As expected, the absorptivity of the MA for different polarisation
angles are absolutely unchanged under TE and TM polarisations due
to its symmetric structure, as shown in Figures 7(a) and 7(b), respec-
tively. Furthermore, the absorptivity is maintained higher than 90%
until the incident angle reaches up to 70○ for TM and TE polarisa-
tions. Moreover, a resonance frequency variation of less than 1.38%
is observed under TE and TM polarisation, as shown in Figures 7(c)
and 7(d), respectively. A similar trend was also recently reported in
Refs. 10, 31–33, and 38.

Furthermore, we study the electric field and the surface cur-
rent distributions of the proposed MA structure to gain insights into
the absorption mechanism. Figure 8 shows the electric field distri-
butions for different incident angles under TE and TM polarisations
at a resonant frequency of 12.64 GHz. From the figure, the elec-
tric field is mainly localised at the edge of the petals at a normal
incident angle. As the oblique incident angles increase, the electric
field distribution broadens over the entire petals. This result may be
closely related to the shift of the resonant frequency, as shown in
Figures 7(c) and 7(d). Moreover, the distribution characteristics of
electric field in the MA structure has been recently reported to deter-
mine resonant frequency.25–28 In addition, the anti-parallel surface
currents at the top and bottom layers of the unit cell, which is corre-
lated with a resonance ring circuit, is clearly observed (Figures 9(a)
and 9(b)). The magnetic dipole can be formed due to the resonance
ring circuit, thereby creating the induced magnetic field, as shown in
Figure 9(c). Notably, the induced magnetic field direction is oppo-
site to the incident magnetic field direction, thereby cancelling each
other and resulting in perfect absorption. However, with the increase
in the oblique incident angle θ, the incident magnetic field com-
ponent is reduced, such that it cannot be efficiently cancelled by
the induced magnetic field, thereby resulting in the decrease in the
absorptivity (Figures 7(c) and 7(d)).

Constitutive EM parameters of the proposed structure are
retrieved for the normal incidence to analyse further the physical
mechanism of the proposed MA. The effective permittivity εeff and
effective permeability µeff are calculated using S11 parameter (1),

FIG. 6. Maximal absorptivity of the MA with 8-petal flower structure versus dielectric thickness under TE and TM polarisations with the incident angles of (a) 0○ and (b) 70○.

AIP Advances 9, 065318 (2019); doi: 10.1063/1.5098005 9, 065318-5

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 7. Absorption spectra of the MA with 8-petal flower structure for (a), (b) incident angles ranging from 0○ to 70○ and (c), (d) polarisation angles of 0○, 30○, 60○ and 90○

under (a), (c) TE and (b), (d) TM polarisations.

FIG. 8. Magnitude of electric field distribution of the proposed unit cell for different incident angles of (a) and (e) 0○, (b) and (f) 20○, (c) and (g) 40○ and (d) and (h) 60○ under
TE and TM polarisations, respectively.
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FIG. 9. Distribution of induced current
at the resonance frequency on the (a)
top view and (b) bottom view of the FS
unit cell. (c) Induced magnetic field corre-
sponding to the anti-parallel surface cur-
rents under a normal incident angle for
TE polarisation.

where d is the distance to be travelled by the incident wave, and k0 is
the wave number of the free space.39,48,49

εeff = 1 +
2j
k0d

S11 − 1
S11 + 1

µeff = 1 +
2j
k0d

S11 + 1
S11 − 1

(1)

Figures 10(a) and 10(b) show the extracted real and imaginary
parts of εeff and µeff , respectively. The retrieved effective parameters
clearly reveal that a negative real part of permeability is achieved;
thus, the proposed structure is driven by magnetic resonance.38,39

On the basis of the preceding observation, the effect of the
incident angle on the electric field distributions is the main reason
for resonant frequency variation. Therefore, the flower structure is

FIG. 10. Extracted constitutive EM parameters: (a) real part and (b) imaginary part of εeff and µeff.
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FIG. 11. Absorptivity of the MA on the
basis of (a), (b) the ordinary FS; and (c),
(d) the hollow FS with the incident angles
of 0○ and 70○ under (a), (c) TE; and (b),
(d) TM polarisations.

modified to reduce the resonant frequency variation, that is, hol-
lowing out the central part of each petal to reduce the broadening
of electric field distribution. The width of the petal rim is main-
tained at 2 mm, whereas the other parameters are kept unchanged.
Figure 11 shows the absorptivity of the MA based on the FS and the
hollow FS with the incident angle changing from 0○ to 70○ under
TE and TM polarisations. As expected, the resonant frequency vari-
ation of the MA based on the hollow FS is considerably reduced
when the incident angle changes from 0○ to 70○ under TE and TM
polarisations while the absorptivity and resonant frequency remain
intact. Given the hollow petal shape, magnetic resonance can be
mainly trapped in a certain region inside the petal edge, although the

incident angles increase up to 70○ to achieve a stable resonant fre-
quency. Notably, the MA based on hollow FS shows a resonant fre-
quency variation of 0.22%, which is considerably lower than that of
previous results.31–33

Finally, we compare the absorption performance between our
proposed MA and other MA designs based on FR4 material. Table I
presents the MA characteristics in terms of resonant frequency,
resonant frequency variation, absorptivity and incident angle and
polarisation insensitivity. From the table, the proposed MA based
on hollow FS is the best structure, characterised by low resonant
frequency variation and insensitivity to wide incident angle and
polarisation.

TABLE I. Compared performance of the proposed MA with other wide incident angle-insensitive MAs.

Resonant Frequency Max.
Independent incident angle (degree)

Polarization
Ref frequency (GHz) variation (%) absorptivity (%) TE TM insensitivity

10 15.5 N/A N/A N/A N/A Yes
31 10.44 0.96 91 60 (above 90%) 70 (above 90%) Yes
32 9.26 0.7 98 70 (above 90%) 70 (above 90%) Yes
36 5.599 N/A 97.62 60 (above 90%) 60 (above 90%) Yes
37 10.14 N/A 97 60 (above 90%) 60 (above 90%) Yes
Our Hollow FS structure 12.7 0.227 94.8 70 (above 90%) 70 (above 90%) Yes
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IV. CONCLUSION
A simple design of a wide incident angle- and polarisation-

insensitive MA based on metallic flower shape and ground plane
separated by a dielectric layer is proposed and investigated numer-
ically. The effects of the structural parameters on the absorp-
tion performance is also thoroughly examined. The design of the
polarisation-insensitive MA can be achieved with 6 and 8 petal num-
bers, which are the high symmetry degree of the structure. Fur-
thermore, the proposed MA based on 8 petals shows an absorp-
tivity of higher than 90%, which is maintained until the incident
angle reaches up to 70○ under TM and TE polarisations. The phys-
ical mechanism of the absorption phenomenon of this design is
explained by the electric, power loss density and induced current
distributions. Moreover, the absorption mechanism, which is also
confirmed via the retrieved constitutive EM parameters, is consid-
erably affected by magnetic resonance. By modifying the petals into
hollow shapes, the resonant frequency variation can be minimised
to less than 0.22% up to 70○ incident angle. In addition, in compari-
son with previous reports, the proposed MA presents a considerable
practical feasibility in terms of small frequency variation and insen-
sitivity to wide incident angle and polarisation and is thus suitable
for various applications in microwave frequency regions.

SUPPLEMENTARY MATERIAL

See supplementary material for the dependence of absorption
of the proposed MA as a function of wavelength under TE polarisa-
tion angles of 0○, 45○ and 90○ with different petal numbers (a) two,
(b) four, (c) six and (d) eight petals.
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