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1. Introduction

Nowadays, microwave absorbers are a
fast-growing field with applications in both
military and consumer electronics to
reduce electromagnetic (EM) interference
among microwave components or
electronic circuits mounted on the same
platform.[1,2] Conventionally, the traditional
absorbing materials are divided into two
categories, including filling type using
lossy fillers and structure design type using
resistance sheets.[3,4] Recently, microwave
metamaterial absorbers (MMAs), which
are composed of subwavelength periodic
patterns and dielectric substrates, have
been attracting extensive interest due to
their excellent design ability.[5–15] By con-
trolling the dimensions of the electric
and magnetic components, the permittivity
and permeability of metamaterials can be
varied and the impedance of MMAs can

be matched to free space. Therefore, perfect absorption can be
obtained by theoretical prediction. The perfect MMA was first
experimentally developed by Landy et al. in the microwave
region[6] and followed by a variety of applications such as subwa-
velength imaging,[1] energy harvesting,[2] and sensing.[5]

Compared to the traditional absorber, MMAs can give some
advantages, such as the thickness of the MMA being much
thinner than that of the traditional absorber and the fabrication
cost of MMA being lower.[16–19]

However, most of the existing MMA designs have a narrow
bandwidth due to these resonance features, thus limiting practi-
cal applications that require a wide bandwidth. Therefore, some
methods for enlarging the absorption bandwidth of MMAs have
been developed, such as using multiple layers of metal-dielectric
stacks[20,21] and combining various unit-cell sizes.[22] These
methods have drawbacks such as fabrication process complexity
and limitation of the absorption bandwidth. Recently, broadband
MMAs have successfully been designed based on materials with
low-Q-factor profiles, for example, a conductive polymer,[23]

indium tin oxide,[24] and resistive ink.[25] However, the achieved
absorption spectra of the above MMAs are relatively narrow
(<80%). Furthermore, all-dielectric layers[26] and water-
based[18,27,28] methods have been developed to achieve broad-
band EM-absorbing metastructures. However, a thicker insulator
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The design of a lightweight and ultra-wideband absorber for C and X bands is still
a challenge as the dimension of the absorber is relatively large in such a relatively
low-frequency band. Herein, an ultra-wideband and lightweight metamaterial
absorber (MMA) is presented for C- and X-band applications. The unit cell of the
proposed MMA consists of four copper sectors loaded by lumped resistors and a
continuous copper ground plane, which is printed on two FR-4 substrates.
Furthermore, an airgap separating the FR-4 layers is used as the active substrate
medium of the MMA to achieve both ultra-wideband absorption spectra and
lightweight design. The MMA is investigated by simulation and measurement,
showing that a good agreement is achieved. The result indicates that the
absorptivity of the MMA under both transverse electric (TE) and transverse
magnetic (TM) polarizations is greater than 90% in a wide range from 3.7 to
13.6 GHz for all polarization angles. Compared to other reported broadband
absorbers, the proposed MMA shows an ultra-wide absorption bandwidth and a
lightweight design, which demonstrates a great potential for C-and X-band
applications.

RESEARCH ARTICLE
www.pss-b.com

Phys. Status Solidi B 2021, 2100175 2100175 (1 of 8) © 2021 Wiley-VCH GmbH

mailto:ntqhoa@vinhuni.edu.vn
https://doi.org/10.1002/pssb.202100175
http://www.pss-b.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssb.202100175&domain=pdf&date_stamp=2021-07-08


layer leads to heavy weight of the overall device, which limits its
practical applications.

In this article, a lightweight, ultra-wideband, and polarization-
insensitive absorber has been designed, fabricated, and experi-
mentally measured. The MMA is composed of two FR-4 layers
separated by an airgap forming a multilayer substrate structure.
Furthermore, four chip resistors are properly integrated on the
top layer of the MMA. By combining both ideas, the proposed
MMA can achieve an ultra-wideband absorption spectrum within
a lightweight design. The measured bandwidth with an absorp-
tivity higher than 90% ranges from 3.7 to 13.6 GHz with a rela-
tive bandwidth of 114.5%, which entirely covers both the X and C
bands. Furthermore, the proposedMMA has advantages of polar-
ization insensitiveness and angle stability for both the transverse
electric (TE) and transverse magnetic (TM) polarizations. Thus,
this designed MMA promises a good candidate for various
practical applications in the X and C bands.

2. Structure Design and Method

The proposed MMA consists of a periodic array of unit cells with
a period (P) of 13.6 mm. A schematic drawing of the unit cell is
shown in Figure 1. The top and bottom layers of the unit cell are
made of copper with an electric conductivity of 5.96�107 Sm�1

and a thickness (t) of 0.035mm. It should be noted that the bot-
tom layer acts as the ground to eliminate the transmission. The
dielectric layer consists of two identical FR-4 layers (ε1¼ 4.3,
tanδ¼ 0.025) separated by an airgap. It is well known that the
design of a wideband absorber at a low frequency band (e.g.,
C band) requires a relatively large thickness of the dielectric layer.
Therefore, our expectation of using the airgap is to achieve an
ultrawide absorption bandwidth while maintaining the light
weight of the MMA design. The thickness of the FR-4 layer
and airgap is h and d, respectively (Figure 1a).

Our recent study showed that a broadband MMA structure
based on a split circle ring (SCR) loaded with four lumped resis-
tors exhibited broadband absorption with absorptivity above 90%
in the frequency range 7.8–12.6 GHz.[29] However, this structure
is insensitive to the incident angle when the incident angle is
quite low (less than 30�). Recently, the design of a metasurface
utilizing the gradient structure was proposed to improve the

angle tolerance in a cross-polarization converter.[15] Therefore,
in this study, to enhance the angle tolerance, the top metallic
pattern is based on a gradient structure formed by a modified
split circle ring, as displayed in Figure 1b. The top pattern of
the proposed MMA is considered a frequency-selective surface
(FSS). As shown in Figure 1b, the top layer of the unit cell con-
sists of four copper sectors formed by a disk with a square-shaped
hollow. The radius of the circle (R) and edge of the hollow square
(S) are 6.4 and 9.2 mm, respectively. Moreover, four lumped
resistors of 180Ω are loaded on the top layer (between the sec-
tors) to broaden the absorption bandwidth of the MMA fully
cover the whole C and X band. The optimum dimensions of
the MMA are listed in Table 1.

To analyze the absorption performance of the MMA, a numer-
ical simulation based on the commercial computer simulation
technology (CST) using a frequency-domain solver was
performed. In this simulation setup, the periodic boundary
conditions are chosen as the unit cell for the x-and y-directions,
and the open boundary condition is set to the z-direction.

3. Results and Discussion

Figure 2 shows the simulated absorption spectra of the proposed
MMA under TE and TM polarizations. The proposed MMA with
four chip resistors shows a high absorption rate above 90% in an
ultra-wideband of 3.7 to 13.6 GHz for both TE and TM polariza-
tions, which corresponds to the relative absorption bandwidth
(RAB) of 114.5%. Furthermore, to evaluate the contribution of
the chip resistors on the ultrawide absorption band characteristic
of the proposed MMA, we also simulate the absorption spectra of
the same MMA structure by removing the chip resistors loaded
in the top layer. As shown in Figure 2, the MMA structure with-
out chip resistors shows a very poor absorption performance in
the band from 2 to 20 GHz. It is clear that the loading of chip

Figure 1. Schematic drawings of the designed unit cell with geometric: a) 3D view and b) top view.

Table 1. Optimum parametric values of the unit cell of the MMA.

Parameter P t h d R S

Value (mm) 13.6 0.035 0.8 4.8 6.4 9.2

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2021, 2100175 2100175 (2 of 8) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-b.com


resistors on the FSS surface of the MMA plays an important role
in obtaining the wideband impedance matching between the
MMA and the free space, leading to improvement of the absorp-
tion rate as well as the absorption bandwidth of the MMA. It
should be noted that the absorption band of the proposed
MMA with chip resistors exhibits two distinct resonance
absorption peaks at 4.5 and 11.4 GHz and entirely covers the
X and C bands from 4 to 12 GHz.

Furthermore, simulation results for various oblique inciden-
ces of TE and TM polarization waves are shown in Figure 3. For

oblique incidences until θ ¼ 20o, the absorption remains more
than 90% for both TE and TM polarizations even though the
bandwidth is very slightly decreased. We can observe from
Figure 3b that the bandwidth of the MMA is rapidly decreased
with the increase in the incident angle in the TM polarization
because the direction of the magnetic field is parallel to the resis-
tor surface.[30] For an incident angle of 40�, the absorption rate is
maintained higher than 85% in the full X and C bands. On fur-
ther increasing of the oblique incident angle up to 60�, the
absorption intensity deteriorates but still persists above 70%
in the X and C bands. Figure 3c,d shows the dependence of
the incident angle on the absorption performance of the
MMA for the TE and TM polarizations, respectively. This result
confirms a high absorption level is still retained with a wide
oblique incident angle, which is extremely interesting for a
broadband absorber.

The polarization behavior of the MMA is also investigated, as
shown in Figure 4. The simulated absorption spectra of the
MMA under normal incidence for TE polarization are almost
unchanged at different polarization angles. It proves that the pro-
posed MMA exhibits a polarization-insensitive property because
of its symmetry structure.

To gain insights into the contribution of the airgap layer to the
broadband absorption characteristics of the proposed MMA, we
study the absorption behavior of the MMA when the thickness of
the airgap varies. Moreover, the physical explanation of the role
of the airgap layer on the designed wideband MMA is also
demonstrated using the equivalent circuit (EC) method. The
EC of the unit cell is a series R, L, C in parallel with shorted
transmission line sections as shown in Figure 5. The input

Figure 2. Absorption spectra of the designed MMA with and without chip
resistors for TE and TM polarizations under normal incidence.

Figure 3. Absorption spectra of the proposed MMA with various incident angles of a,c) TE polarization and b,d) TM polarization.
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admittance of the MMA is equal to the parallel connection
between the admittance of the FSS loaded chip resistors and
the admittance of the dielectric slabs and airgap. The L and C
parameters are determined by the shape of the FSS.[31] The

transmission line sections of thickness h, d, h denote the FR-4
substrate, airgap, and FR-4 substrate layers.

It is known that resonances can be created when the imaginary
part of the input admittance equals zero.[32] When the length of a
grounded dielectric slab is less than a half-wavelength, the sus-
ceptance of the FSS transitions from inductive to capacitive
behavior as the frequency increases, whereas the trend is the
opposite as the frequency increases when the length is greater
than a half-wavelength.[32] When the thickness of the grounded
dielectric slabs exceeds a quarter wavelength, the slabs behave as
a capacitance.[31] The FSS’s susceptance cancels out the suscep-
tance of the short-circuited transmission line, which can be
either inductive or capacitive, referring to the first and second
resonances, respectively.[31–33] In this work, we fixed the thick-
ness of the FR-4 substrate to 0.8 mm to obtain a lightweight
design. Moreover, the size and shape of the FSS were also opti-
mized and fixed to determine the L and C. Therefore, the thick-
ness of the airgap can be used to control the resonant
frequencies, while the real part of the input admittance contrib-
uted by the chip resistors affects the matching condition around
resonances. With the fixed chip resistors of 180 Ω there is an
optimized airgap thickness to create the resonances that exhibit
the widest impedance matching, resulting in obtaining the wid-
est absorption bandwidth. To determine the optimum airgap
thickness, a parametric study of airgap thickness was conducted,
as shown in Figure 6a. Moreover, the corresponding average
absorption of the MMA in the C and X bands (4–12 GHz) with
different thicknesses of airgap is also shown in Figure 6b. As
shown in Figure 6a,b, the absorber exhibits the best absorption
performance at an airgap of 4.8 mm, making it the optimum air-
gap thickness for the MMA design. At the airgap thickness of
4.8mm, the maximum value of the average absorption of the
MMA in the C and X bands is 93.8%. It should be noted that
at the optimum airgap, the total thickness of the multilayered
substrate is 6.4 mm, corresponding to a quarter wavelength at
9.2 GHz. Therefore, the optimum value of the airgap is related
to the condition of the original Salisbury screen.[31,33]

The absorption mechanism of the MMA design with airgap
thickness of 4.8mm was analyzed through calculation of the
input impedance and electric field and investigation of surface
current distributions. Generally, the absorption of an absorber
(A) is given by the formula A ¼ 1� jS11j2 � jS21j2, where S11

Figure 4. Absorption spectra of the proposed MMA with various
polarization angles under normal incidence.

Figure 5. Equivalent circuit of a unit cell of the proposed MMA.

Figure 6. a) Absorption spectra of the proposed MMA and b) its average absorption with various different thicknesses of the airgap.
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and S21 are the reflection and transmission coefficients. The
bottom layer of the MMA is backed by a metallic layer, so no
transmission occurs. Therefore, in this case, A ¼ 1� jS11j2.

When the impedance matching between the absorber structure
and free space appears, the reflection becomes zero. Therefore,
near-perfect absorption of the MMA can be achieved when
impedance matching occurs. Figure 7 shows the normalized
input impedance (Z ) of the designed MMA, calculated based
on the scattering parameter extraction.[34]

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ S11Þ2 � S221
ð1� S11Þ2 � S221

s

¼ 1þ S11
1� S11

(1)

As shown in Figure 7, the real and imaginary components of
the normalized impedance are close to 1 and 0, respectively, in
the whole operating band range from 3.7 to 13.6 GHz. This
observation confirms the good impedance matching between
the MMA structure and free space in the wide frequency range,
resulting in the obtaining of near-perfect broadband absorption
response in this design.

Figure 8a,b,c shows the electric field distribution at different
resonant frequencies of 4.5, 11.4, and 17.2 GHz. The electric
field is concentrated at the inner corners of the proposed
MMA sectors and lumped resistors. The concentrated electric
field with high intensity on the lumped resistors can widen

Figure 7. Normalized input impedance (Z ) of the proposed MMA versus
frequency under normal incidence.

Figure 8. Distribution of a–c) the electric field and of the surface current on d–f ) the top layer and g–i) the bottom layer of the proposedMMA at resonant
frequencies of 4.5, 11.4, and 17.2 GHz, respectively.
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the absorption bandwidth.[29] The electric field distribution at the
resonant frequencies of 4.5 and 12.7 GHz is mainly generated
from the regions around the lumped resistors in the vertical axis
and horizontal axis, respectively, while that at the resonant fre-
quency of 11.4 GHz is formed from the regions in the vertical
and horizontal axes. The direction of surface current on the
top layer and bottom layer is antiparallel to each other at the lower
resonant frequency of 4.5 GHz (Figure 8d,g), indicating that the
perfect absorption at this resonant frequency is originated
from the magnetic resonance. In contrast, at the
resonant frequency of 11.4 GHz, the top and bottom surface
currents are in the parallel direction (Figure 8e,h) and electric
resonance is excited at this resonant frequency. However, at
the higher frequency of 17.2 GHz, the top and bottom surface
currents are separated into three distinct regions, with antiparal-
lel currents in adjacent regions, as shown in Figure 8f,i, forming
three current loops between the top and bottom layers. As a
result, the higher resonant frequency of 17.2 GHz is
caused by third-order magnetic resonance.[29] Therefore, the
ultra-wideband absorption response of the proposed MMA
originates from the combination of resonance modes excited
by magnetic, third-order magnetic and electric resonances.

To verify the simulation results, an MMA prototype was
fabricated for experimentation. The structural parameters of
the fabrication sample are fixed the same as the simulated model
as listed in Table 1. The sample was patterned on an FR-4
substrate with the same properties as in the design using the
standard photolithography process. The surface mount resistors
with size 0402 and resistance of 180Ω with 1% tolerance were
chosen as lumped resistors. A photograph of the fabricated
multilayer dielectric MMA sample is shown in Figure 9a, which
contains 15� 15 unit cells (900 resistors) and has an oversize of
20.4�20.4 cm2. The inset photo of Figure 9a shows a fabricated
unit cell of the MMA.

The schematic of the test setup for reflection measurement of
the fabricated absorber sample is shown in Figure 9b. A vector
network analyzer (Rohde and Schwarz ZNB20) together with two

identical linearly polarized standard-gain horn antennas as trans-
mitter and receiver was used to measure the reflection coeffi-
cient. Before measuring the sample, the reflection spectrum
was calibrated by a copper plate. The distance from antennas
to the sample under test (SUT) was about 35 cm.
Measurements were taken over a frequency range from 2 to
18 GHz.

Figure 10 shows a comparison of the simulated and mea-
sured absorption of the proposed MMA in the case of oblique
incidence of 20� for TE and TM polarizations. It should be
noted that for our measurement setup as shown in
Figure 9b, the minimum oblique incidence is 20� because
the antennas cannot be placed too close to each other. We
can see a good agreement between experimental and simula-
tion results except for the slightly narrower measured absorp-
tion bandwidth of the fabricated MMA under TM polarization.
The measured result confirms that the bandwidth with an
absorption rate higher than 88% of the MMA entirely covers
the C and X bands for both TE and TM polarizations. The
measured absorption intensity is slightly poorer than the
simulated one due to the imperfection in the SUT fabrication
and measurement.

Finally, we compare the absorption performance between the
proposed MMA and other wideband MMAs. The performance
comparison of theMMAs is conducted in terms of the absorption
bandwidth, relative absorption bandwidth, total thickness, and
dielectric material, as shown in Table 2. Especially, to evaluate
the lightweight properties of the MMAs, we also compare their
thickness without airgap (only solid parts are considered). It can
be seen that the proposed MMA has the widest RAB among the
reported MMAs. Even though the total thickness of the proposed
MMA is of a moderate value, the proposed MMA is characterized
by the most lightweight design due to the thinnest thickness
without an airgap. Moreover, the proposed MMA has the highest
RAB per number of lumped resistors, demonstrating that it is the
most efficient design with the using of the lumped resistor to
broaden the absorption bandwidth.

Figure 9. a) Fabricated MMA and b) schematic illustration of the measurement setup.
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4. Conclusion

An ultra-wideband and lightweight MMA has been proposed to
achieve above 90% of absorption in the frequency band of
3.7–13.6 GHz covering the entire C- and X-bands. Moreover,
the absorption is un-changed with any change of polarization
angle due to its symmetric structure. The contribution of
air-gap layer on ultra-wideband absorption property of the
designed absorber was first described, and then its absorption
mechanism was revealed using the distributions of electric field
and surface currents. The measurement of absorption perfor-
mance of the MMAwas conducted to verify the simulation result,
indicating the experimental result is consistent with simulation
result. Furthermore, the proposed MMA shows an ultra-wide
absorption bandwidth with a very lightweight design compared
to other reported broadband MMAs, thus the proposed design
can be used for both commercial and military applications in
C- and X-bands.
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