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Abstract In this study, a new broadband and conformal
metamaterial absorber using two flexible substrates was
proposed. Simulation results showed that the proposed
absorber exhibited an absorption band from 6.08 to 13.04
GHz and a high absorption of 90%, because it was planar.
The absorber was broadband as its relative absorption
bandwidth was 72.8%. Moreover, the proposed absorber
was insensitive to the polarization of the TE and TM
waves. The absorber was ultra-thin; its total thickness was
only 0.07l at the lowest operating frequency. Furthermore,
different regions of absorption can be adjusted by lumping
and loading two resistors onto the polyimide film,
respectively. Moreover, compared with the conventional
microwave absorber, the absorption bandwidth of the
proposed absorber can be broadened and enhanced when it
was bent and conformed to the surface of objects.
Experimental and simulation results were in agreement.
The proposed absorber is a promising absorbing element in
scientific and technical applications because of its broad-
band absorption, polarization insensitivity, and flexible
substrates.
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1 Introduction

Electromagnetic (EM) metamaterials [1,2] are arrays of
structured sub-wavelength elements that may be described
as effective materials due to their electric permittivity (ε(ω))
and magnetic permeability (μ(ω)). Metamaterials can
achieve a negative refractive index, which is a phenomenon
first postulated by Veselago (1968) [3]. In addition to
having a negative refractive index, metamaterials have

many exotic applications, including invisibility cloaking
[4], concentrators [5], perfect lenses [6,7], hyperlens [8],
and aberration free lenses [9]. Since Landy et al. (2008)
proposed a metamaterial absorber (MMA) composed of
electric resonators and cut wires [10], the use of artificial
EM metamaterials in absorbers has attracted considerable
interest because of the nearly perfect absorption of these
materials. Up to the present, numerous efforts and studies
have been devoted to this area with the goal of designing
absorbers with excellent performances in multiband
[11–15], broadband [16–20], and other modes of operation
[21–24]. However, most of the existing absorbers reported
in the literature were made of FR-4, which cannot be bent.
Therefore, a flexible absorber has become a research

interest in recent years. Singh et al. proposed single- and
dual-band 77/95/110 GHz MMAs on a flexible polyimide
(PI) substrate [25]. Yoo et al. researched a flexible and
elastic low-frequency MMA [26]. A free-standing highly
flexible metamaterial operating in the terahertz frequency
range was proposed by Tao et al. [27]. Kim et al.
researched a flexible inkjet-printed MMA on paper [28].
Their substrates were flexible; thus, these absorbers can be
applied to the surface of irregular object, and they can
satisfactorily absorb incident waves. However, flexible
absorbers were mostly designed to operate at a single
frequency or multi-frequencies due to the limitation of
thickness; as a result, the bandwidth is difficult to expand.
Several studies have reported on broadband and ultra-thin
MMAs. For example, the design in Ref. [29] achieved a
bandwidth of approximately 112% and a thickness of
0.04l, where l is the wavelength at the lowest operating
frequency. In Ref. [30], a double-square-loop array design
was adopted to obtain a fractional bandwidth of 128.2%
with a thickness of 0.088l. Four resistively loaded
hexagonal loop elements were used to realize a bandwidth
of 108% at normal incidence with a thickness of 0.078l
[31]. However, none of these MMAs used a flexible
substrate to attach to irregularly shaped surfaces.
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In this study, we present a conformal, broadband,
polarization-insensitive, and ultra-thin microwave absor-
ber that utilizes a resonant structure to provide good
impedance match to the air. In view of the extensive
application of the X-band (8–12 GHz) and C-band (4–8
GHz) to radars, the proposed absorber is designed to
absorb 90% of normal incident microwaves from 6.08 to
13.04 GHz, which covers the entire X-band and half of the
C-band. The absorber is ultra-thin with a total thickness of
only 0.07l at the lowest operating frequency. High
absorption can still be achieved as the angle of incidence
increases from 0° to 60°.
The fabrication and measurement processes have been

presented in our previous paper [14]. According to the
measurement results, the relative absorption bandwidth of
the sample can be broadened and enhanced to 100% when
the sample is coated on a cylinder. The proposed structure
can be used as a conformal, broadband, thin, wide-
incident-angle, and polarization-insensitive microwave
absorber in target stealth, EM shielding, and cloaking
because of its flexible substrate and high absorption
characteristics.

2 Design and theory

The complete microwave absorber is the periodic exten-
sion of the unit cell in both x- and y-directions. The front

and side views of the absorber are shown in Figs. 1(a) and
1(b). In each unit cell, the proposed absorber was
fabricated using a PI film, whose thickness and relative
permittivity are respectively denoted by t1 and ε1. A PI film
with loss tangent tanδ = 0.006 is often used as the dielectric
substrate of a flexible printed circuit because it is pliable
[32].The resonator consisted of three nested cross-square
rings to induce ohmic loss and effectively dissipate the
coupled EM energy to heat. The resonator was patterned
on the PI film, as shown in Fig. 1(c). The nested cross-
square rings structure possessed three resonances resulting
from the centrally symmetric cross-square ring structure, as
well as the coupling between neighboring cross-square
ring structures. The polarization-insensitive property was
also attributable to the centrally symmetric cross-square
ring structure. In addition, rubber with loss tangent tanδ =
0.03 was introduced to facilitate the fabrication of the
proposed absorber [33]. The thickness and relative
permittivity of the rubber are denoted as h2 and ε2,
respectively. Metal tape was pasted at the back of the
flexible rubber layer to fabricate a back-metal plane. In the
design, the optimized geometric parameters of the unit cell
were as follows: t1 = 0.18 mm, ε1 = 3.5, t2 = 3.5 mm, ε2 = 3,
L = 14.4 mm, a1 = 9 mm, a2 = 6.5 mm, a3 = 5 mm, b1 = 5
mm, b2 = 2.6 mm, b3 = 0.2 mm, w1 = 0.2 mm, w2 = 0.5
mm, w3 = 0.8 mm, R1 = 270 Ω, and R2 = 150 Ω.
The absorption of the proposed absorber can be

calculated by the following equation: AðωÞ ¼ 1 –

Fig. 1 (a) Top view of the conformal absorber; (b) side view of the conformal absorber; (c) resonator patterned on a PI film;
(d) simulated and measured absorption with respect to the frequency; (e) calculated real and imaginary parts of the impedance
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jS11ðωÞj2–jS21ðωÞj2, where AðωÞ, jS11ðωÞj2, and jS21ðωÞj2
are the absorption, reflection, and transmission at the
angular frequency ω, respectively. The ground plane under
the bottom layer prevented the waves to pass through the
absorber; thus, the transmission may be considered zero.
The simulated absorptions of the proposed absorber for the
TE and TM waves are shown in Fig. 1(d). The absorber
achieved three resonance frequencies at 6.53, 9.07, and
12.18 GHz. The absorptions exceeded 90% from 6.08 to
13.04 GHz, and the full-width-at-half-maximum [18]
absorption bandwidth was 8.63 GHz, which was from
5.51 to 14.14 GHz. The impedance of the absorber was
matched to the air to achieve perfect absorption, and the
transmitted waves were dissipated due to the ground plane.
The total impedance of the structure was obtained from the
combination of the impedances of the resonant structure
and dielectric layers with the ground plane. The effective
impedance of the structure can be obtained using the
following equation [34]:

Zeff ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�eff ðωÞ
εeff ðωÞ

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ S11ðωÞÞ2
ð1 – S11ðωÞÞ2

s

,

where εeff(ω) and μeff(ω) are the effective permittivity and
permeability, respectively. The real and imaginary parts of
the impedance are derived from the simulated complex S-
parameters. As shown in Fig. 1(e), the calculated real and
imaginary parts of the impedance were nearly unity, and
the real part of the impedance was nearly unity when the
imaginary part of the impedance approached zero in the
absorption band. Therefore, impedance matching with air
was achieved; as a result, the reflection from the absorber
was minimized.

3 Simulation results

A full-wave EM simulation was performed to obtain the
reflection parameter S11 and transmission parameter S21 by
using the commercial program CST Microwave Studio
2010. The periodic boundary conditions were applied to

the x- and y-directions, and the absorbing boundary
conditions were applied to the z-direction. A cross-square
ring resonator was used because of its centrally symmetric
configuration, which is less sensitive to the polarization of
the incident wave. Consequently, the absorption was
nearly polarization-insensitive due to the symmetric
structure. The simulation results show that the absorption
was nearly unchanged for TE and TM polarizations, as
shown in in Fig. 1(d). These results demonstrate the
insensitivity to polarization of the absorber structure. As
shown in Fig. 2, the absorption decreased gradually as the
angle of incidence increased for every polarization.
Nevertheless, the absorption was still higher than 60%
with a wide angle of incidence of up to 60°.
The geometric parameters, as well as resistance, were

selected to obtain the desired wave absorptions at three
resonance frequencies to design the broadband absorber.
These parameters were further optimized to merge the
three resonances spectrally and provide broadband char-
acteristics. For example, as the dimension (a1) of the outer
cross-square ring increased, the first absorption frequency,
as well as the absorption band, shifted to a lower frequency
range, as shown in Fig. 3(a).
In addition, the metallic resonant structure with a high Q

factor can be utilized in such applications as narrow-band
filters and oscillators that require high selectivity and low
loss. The Q factor of the structure should be reduced to
achieve broadband absorption. This goal can be achieved
by increasing the resistance, which also dissipates energy,
thereby minimizing reflection over a broad frequency
range. Two groups of lumped resistors were used to
construct the resonant structure for increased resistance.
Figure 3(b) shows that increasing the resistance of R1 from
220 to 320 Ω can change the absorption between the first
and second frequencies, but such an increase exerted no
influence on the third frequency. The advantage of the
proposed structure is that it allows for the increase in the
absorption between two peak frequencies alone by
optimizing the corresponding resistors to enhance the
coupling between two cross-square rings. Thus, placing
the lumped resistors between two rings renders the

Fig. 2 Simulated absorptions for different angles of incidence for (a) TE and (b) TM polarizations
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absorption to be easily tunable. The simulation also
showed that geometric parameters a2, a3, and R2 exerted
similar influences on the proposed absorber. By merging
the three resonances, we achieved a broad bandwidth of
72.8% of the center frequency.
The surface current distribution and electrical field

distribution were simulated and analyzed using the CST
software to understand the origin of these three absorption
peaks. Figures 4(a)–4(c) show the top view of the
simulated current distribution on the surface of the
absorber structure at the three absorption peak frequencies,
whereas Figs. 4(d)–4(f) show that in the central cross
section. In these figures, the arrow indicates the direction
of flow, and the color represents the intensity.
As shown in Figs. 4(a) and 4(d), the directions of the

surface current at the frequency 6.53 GHz on the three

cross-square rings (outer, middle, and inner) were
antiparallel with that of the surface current on the ground
plane, and the current intensity in the outer ring was the
strongest. The currents on the two surfaces flowed in
opposite directions and constituted a circulating current
loop, which was formed on the plane perpendicular to the
direction of the incident magnetic field. The magnetic
resonance at the frequency of 6.53 GHz was mainly caused
by the outer ring. Figures 4(b) and 4(e) show the surface
currents at the frequency of 9.07 GHz, where the behavior
was similar to that at the frequency of 6.53 GHz. However,
only the currents in the middle and inner rings were
antiparallel with the direction of the surface current on the
ground plane, with the current intensity in the middle ring
being stronger. Therefore, the magnetic response was
mainly achieved by the middle ring at 9.07 GHz. At the

Fig. 3 Simulated absorptions for different values of (a) geometric parameter a1 and (b) resistor R1

Fig. 4 Simulated current distributions on the surface at the three resonance frequencies: (a)–(c) top view and (d)–(f) central cross section
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frequency of 12.18 GHz, antiparallel surface current
flowed in the inner ring, as shown in Figs. 4(c) and 4(f),
and this current led to the magnetic response. In all cases,
the resonant modes at the three frequencies were LC
resonances, and the energies flowing in the cross-square
rings eventually dissipated due to the high ohmic loss of
the lumped resistors that were used to form the structure.
These results verified that the three absorption peaks were
contributed by the fundamental resonance of the cross-
square ring structure and the coupling between cross-
square ring structures. The merging of the three resonances
with overlapping spectra proves the broadband perfor-
mance of the proposed absorber.

4 Experimental results

A 16 � 16-unit cell sample with an area of 230.4 mm �
230.4 mm was fabricated by first depositing a 62-nm-thick
copper layer on a 0.18-mm-thick PI film by sputtering. The
cross-square ring structures were then patterned using the
standard printed circuit board technology. The PI film with
patterned copper structure was then attached to a thicker
and more flexible rubber layer. A top view of the fabricated
cross-square array on the PI film is shown in Fig. 5(a).
As shown in Fig. 5(b), a pair of broadband horn antennas

were used to transmit and receive EM waves. The horn
antennas had a voltage standing wave ratio of< 2 and a
wide frequency range of 1–18 GHz. The fabricated sample
and the horn antennas were placed at the same height but
apart at a distance of> 2L2/l0, where L is the maximum
dimension of the horn antenna to minimize the effect of
near-field interference and diffraction. An Agilent N5245A
vector network analyzer was connected to the two
wideband horn antennas to measure the absorber sample.
The reflections at the front and back of the planar

absorber were measured. The difference between them was
expressed in decibels. Figures 6(a)–6(c) show the

measured planar absorptions at different incident angles
(θ) of the incident wave. The absorption at normal
incidence of the fabricated sample was greater than 90%
in the frequency range of 6.11–12.94 GHz, and the
bandwidth was 66.4% of the center frequency. With
increasing incident angle, the measured absorption in the
high-frequency region increased and remained high until
the angle of incidence reached 60°. The experimental
results show good agreement with the simulations results.
Then, the conformal sample was measured in the same

environment. The sample was conformed to the surface of
the cylinder with different radii, as shown in Fig. 7(a); thus,
the corresponding central angles (α) were likewise
different. The central angles (α) varied from 60° to 180°,
whereas the normal incident waves are maintained at the
center of the sample. Accordingly, the incident angles of
the unit cell at both edges are denoted by α/2 in Fig. 7(b)
and ranged from 30° to 90°.
The measured absorptions at central angles (α) ranging

from 60° to 180° are shown in Fig. 8. As the central angle
increased, the absorption band of the sample widened and
was enhanced. For example, when α was 60°, the
absorption band covered the range of 6–13.2 GHz,
which is nearly the same as the results of planar
measurement. However, when α was 180°, the absorption
band covered the range of 5–15 GHz, because the incident
angles of the unit cells at different parts of the sample were
from 0° to 90° when α was 180°. On the basis of the planar
measurement results, the absorption in the high-frequency
region would be enhanced when the incident angle (θ)
increased. Thus, the total absorption band was broadened
when the metamaterials conformed to the cylinder.

5 Conclusion

In this study, a new conformal, broadband, polarization-
insensitive, and ultra-thin microwave absorber based on a

Fig. 5 (a) Photograph of the fabricated measurement sample; (b) planar measurement environment
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cross-square array was studied. The proposed planar
absorber could absorb incident waves when the angle (θ)
was from 0° to 60°. The lumped resistors between the
cross-square rings reduced the Q factor of the structure;
consequently, the absorption exceeded 90% in the 6.08–
13.04 GHz frequency range, and the relative absorption
bandwidth was 72.8%. The absorption ranges of the three
absorption peak frequencies were independent and tunable.
Moreover, the absorption band was broadened and
enhanced from 5 to 15 GHz, and it exhibited a relative
absorption bandwidth of 100% when the metamaterials

conformed to the surface of the cylinder. The centrally
symmetric structure rendered the absorber insensitive to
the polarization of the incident waves. Furthermore, the
total thickness of the absorber was only 0.07l at the lowest
operating frequency. EM field and surface current
distribution were analyzed for a better understanding of
the mechanism of the high absorption. The simulation and
experimental results were in good agreement. In summary,
the advantages of the fabricated absorber validate its
potential application to target stealth, EM shielding, and
cloaking.

Fig. 7 (a) Sample conformed to the surface of the cylinder; (b) conformal measurement at different central angles (α = 60°–180°)

Fig. 6 Measured absorptions at different incident angles (0°– 60°) of the incident wave
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