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Abstract: A quad-band metamaterial absorber using a periodically arranged surface structure placed
on an ultra-thin substrate is demonstrated in this paper. Its surface structure consists of a rectangular
patch and four L-shaped structures distributed symmetrically. The surface structure is able to have
strong electromagnetic interactions with incident microwaves, thereby generating four absorption
peaks at different frequencies. With the aid of the near-field distributions and impedance matching
analysis of the four absorption peaks, the physical mechanism of the quad-band absorption is revealed.
The usage of graphene-assembled film (GAF) provides further optimization to increase the four
absorption peaks and promotes the low-profile characteristic. In addition, the proposed design has
good tolerance to the incident angle in vertical polarization. The proposed absorber in this paper has
the potential for filtering, detection, imaging, and other communication applications.

Keywords: metamaterial absorber; quad-band; graphene-assembled film; low profile; polarization-insensitivity

1. Introduction

Metamaterials are artificial subwavelength composite structures with unusual ma-
terial properties. They play an important role at the forefront of research in electromag-
netism, optics, engineering, and materials science today [1]. Due to their superior ability
to control electromagnetic waves [2–4], metamaterials have promising applications in
sensors [5,6], antennas [7,8], super lenses [9,10], holographic surfaces [11,12], radar scatter-
ing cross-section reduction [13,14], etc. Metamaterial absorbers, as an important branch of
the metamaterial device field, have attracted extensive research interest in civil and military
fields, as they have many advantages such as near-perfect absorption, a low profile, and
flexible options for absorption frequencies. The thickness of metamaterial absorbers is
only a few tenths or even one-hundredth of the resonance wavelength, which makes them
have the advantages of being lightweight, compact, and easy to construct. They have been
demonstrated to be promising for a wide range of applications in terms of thermal imag-
ing, bolometers, optical switches, refractive index sensors, solar cells, stealth technology,
and so on [15,16]. However, metamaterial absorbers have usually exhibited single-band
absorption ever since the first metamaterial absorber operating in the microwave region
was reported [17], which greatly limits their application prospects.

It would broaden the application potential of metamaterial absorbers to achieve near-
perfect absorption in multiple frequency bands in a selected spectral range; therefore, multi-
band absorption is necessary and worth studying. Usually, the stacking method [18,19]
and co-planar design strategy [20–22] are commonly used in the designing of multi-band
absorbers; they can both increase the number of absorption peaks by arranging multiple
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resonators with different dimensions or shapes. However, these methods have many
disadvantages, such as their complex structure design and high profile. More importantly,
every layer needs to be accurately aligned— otherwise, the designed resonant structures
cannot support multi-band absorption. Placing too many resonator structures within the
same layer usually results in large unit dimensions, which cannot fit current design trends
towards miniaturization. Instead of these two current methods, using novel conductive
materials such as two-dimensional graphene instead of metals with a fixed, ultra-high
conductivity could be a new way to achieve multi-band absorption [23]. Such methods
cannot only partly solve the problems mentioned before, but could also improve the
corrosion resistance and environmental protection of electronic devices. However, the
production technology for 2D graphene is limited—thus, it cannot be prepared in large
quantities, and so most research results are still at the simulation design stage. Furthermore,
its conductivity is too low within the microwave band, and so cannot produce resonation.

Recently, a graphene-assembled film (GAF) with customizable electrical conductivity
has been widely used instead of metals in the designing of microwave devices. Graphene
is arranged in a honeycomb pattern by single-layer carbon atoms, with novel properties
such as high electron mobility, mechanical flexibility, and optional conductivity. The
conductivity of GAF can be as high as 1.1 × 105 S/m and above, which is sufficient to meet
the requirements of RF electronic devices [24,25]. What is more, its optional conductivity
can broaden the range of design ideas for multi-band metamaterial absorbers, which could
efficiently solve the problems mentioned above. Furthermore, GAF’s ultra-thin and flexible
characteristics can also greatly reduce the difficulty of device preparation [26,27]. GAF
has excellent high conductivity, flexibility, corrosion resistance, and high-temperature
resistance [28–30], which make it an excellent material for making metamaterial absorbers.

In this work, we investigate and propose a method to increase the number of absorp-
tion peaks of a metamaterial absorber. First, this work proposes a quad-band metamaterial
absorber—the top structure of which consists of a rectangular patch and four L-shaped
structures arranged in a regular pattern. The structure can interact with the incident wave
and excite four discrete resonant peaks in the microwave band, but the absorption effi-
ciency of all four resonant peaks cannot reach 90%. Then, GAF with a conductivity of
1.1 × 105 S/m has been used instead of copper to fabricate the top structure. The results
show that the use of GAF can effectively increase the absorption efficiency—thus increasing
the number of absorption peaks. The proposed metamaterial absorber can provide four
absorption peaks at 4.70, 10.18, 11.96, and 14.15 GHz, covering the C, X and Ku-bands. As
such, it can be applied for short-range microwave sensing and satellite and radar com-
munications. Subsequently, this paper discusses the effects of variations in top-structure
parameters on the performance of the metamaterial absorber; this could help in the opti-
mization of these parameters to obtain an optimal structure. In addition, this work analyses
the physical mechanisms of quad-band absorption with the help of the impedance match-
ing theory and the surface current distribution at the four absorption peaks. Our research
aims to achieve improvements in the absorption efficiency of metamaterial absorbers by the
simple method of using GAF, which can not only exhibit better properties such as enhanced
absorption amplitude and reduced weight, but also reduce costs. In addition, this work
verifies that GAF can be applied to metamaterial absorbers and even other metamaterial
research areas.

2. Characterization of Graphene-Assembled Film

The conductivity of the GAF was 1.1 × 105 S/m, as measured by the Four-Probe
method. Figure 1a,b shows the scanning electron microscopy (SEM; JEOL JEM6700, Tokyo,
Japan) images of the GAF nanosheet and the surface of the GAF, from which it can be seen
that there are a large number of micro-folds on the surface of the GAF. These micro-folds
are attributed to the synergistic effect of graphene nanosheet stacking. Due to the existence
of these folds, GAF has excellent flexibility, as it has great buffering and unloading force
when subjected to external forces. Figure 1c is the cross-sectional SEM image of the GAF,
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which shows the GAF with a thickness of 32 µm has a regular stacking structure. The
high-resolution transmission electron microscope (HRTEM, JEOL JEM-2100F, Tokyo, Japan)
image of the GAF in Figure 1d shows the regular lattice fringe of the GAF nanosheets and
shows that it was highly graphitized.
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Figure 1. (a) SEM image of the GAF nanosheet. (b) Surface SEM image of the GAF. (c) Cross-sectional
SEM image of the GAF. (d) HRTEM image of the GAF.

In Figure 2a, the Raman spectrum of the GAF shows a small D (1344 cm−1) peak
and a sharp G (1582 cm−1) peak, which proves hat GAF has fewer lattice defects and
high conductivity. As shown in Figure 2b, the X-ray diffraction (XRD) pattern shows two
characteristic graphitic peaks locate at 2θ = 26.5◦ (002) and 2θ = 54.7◦ (004), respectively.
The two characteristic graphitic peaks indicate that the interlayer spacing of the graphene
layer is 0.34 nm, as well as the high graphitization structure of the GAF.
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3. Methods

The basic unit cell of the proposed quad-band metamaterial absorber consisted of a
top surface structure, a dielectric spacer layer, and a ground plane—as shown in Figure 3a.
The surface structure of the quad-band metamaterial absorber consisted of a rectangular
patch and four symmetrically distributed L-shaped structures with equal arm lengths—as
shown in Figure 3b—where the periodicity was p = 19 mm, the length of the side of the
rectangular patch was d = 7 mm, the L-shaped structure arm length was l = 9 mm, and the
width of L-shaped structure was w = 3 mm. The thickness of the dielectric layer t = 0.8 mm
was about 1/77 of the resonant wavelength of the first absorption peak (4.7 GHz), which
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meets the values for the low-profile characteristic. A lossy material polyimide (PI) with a
dielectric constant set to 3.5 was used as the dielectric layer.
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Figure 3. Side view (a) and vertical view (b) of the quad-band metamaterial absorber.

By adjusting the surface impedance of the designed metamaterial structure, the sur-
face impedance (Zr) can be equivalent to the wave impedance in the air (Z0 = 377 Ω).
Thus, the reflectance of the absorber structure can approach approximately zero, where
Zr = (µ0 µr/ε0 εr)1/2, Z0 = (µ0/ε0)1/2. The simultaneous suppression of transmission and
reflection provides the possibility of successfully achieving near-perfect absorption, which
can be mathematically expressed as:

A(ω) = 1 − R(ω) − T(ω) = 1 − R(ω) (1)

where A(ω) is the absorptivity, R(ω) is the reflectance, and T(ω) is the transmittance.
According to the equation of impedance Zr = r + jX = R + jωL − j/(ωC), the resistance

can also change the impedance of the metamaterial absorber to match or mismatch with
the free space impedance. This fully illustrates that the absorption efficiency at each
operating frequency can be improved by changing the square resistance of the surface of
the metamaterial absorber. Based on the relationship between the square resistance and
conductivity—Rs = 1/dσ—it can be seen that the GAF, which possesses a conductivity
different from metals, is an excellent material to achieve this function.

The proposed structure was simulated by CST Microwave Studio software based
on a frequency domain solver. The frequency range of the frequency domain solver was
from 4.0 to 16.0 GHz. S11(ω) and S21(ω) in the simulation results were the reflection
and transmission coefficient, respectively, so that the absorption rate of the metamaterial
absorber can be expressed as:

A(ω) = 1 − |S11(ω)|2 − |S21(ω)|2 = 1 − |S11(ω)|2 (2)

4. Results and Discussion

This part uses copper as the conductive material of the top structure for the simulation
to introduce the design process and the cause of the excitation of each absorption peak. The
simulated absorption spectra of the patch structure, the L-shaped structure, and the overall
structure—with the combination of both—are given in Figure 4. The results show that the
patch structure can produce an absorption peak with an absorptivity of 52.25% at 10.28 GHz,
and the L-shaped structure can produce three absorption peaks with an absorptivity of
53.06%, 94.80%, and 54.45% at the three central frequency points of 4.70 GHz, 11.92 GHz,
and 14.28 GHz, respectively. Integrating these two structures onto the same surface, the
proposed metamaterial absorber can yield 39.87%, 45.21%, 85.39%, and 48.34% absorptivity
at 4.70 GHz, 10.19 GHz, 11.96 GHz, and 14.15 GHz, respectively.
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Figure 4. The simulated absorption spectra of each structure.

It is obvious that although the copper metamaterial absorber can form multiple res-
onance peaks, the absorption efficiency of three resonance peaks cannot reach 90%. The
GAF used in this paper had a conductivity of 1.1 × 105 S/m, which can be characterized by
setting a material of lossy-type metal with a conductivity of 1.1 × 105 S/m and a thickness
of 0.032 mm in CST. The comparison is shown in Figure 5. The result shows that the absorp-
tion efficiency of all four absorption peaks was improved significantly, while the change in
absorption frequency was minimal. The absorption efficiency of the four absorption peaks
increased from 39.87%, 45.21%, 85.39%, and 48.34% to 90.89%, 90.18%, 94.80%, and 90.02%,
respectively. It can be seen that the metamaterial absorber based on the GAF was easier to
achieve higher absorption with than the conventional metallic metamaterial absorber.
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Figure 5. Comparison of absorption characteristics of metamaterial absorbers with different materials
(graphene and copper).

Subsequently, Figure 6 shows the effect of each parameter of the structure on the
absorption spectrum of the absorber. The simulation results showed that changes in the
structure parameters can lead to variations in both the frequency and amplitude of the
absorption peaks. Figure 6a presents the effect of the patch edge length d. When only
parameter d is changed, the absorption efficiency and absorption frequency of the first
and fourth absorption peaks hardly changed, whereas the changes in the second and third
absorption peaks were obvious. When d decreased, the frequency of the second absorption
peak moved from high to low frequencies. When d = 6 mm, the second absorption peak
moved to 11.68 GHz with a partial overlap with the third absorption peak. When d = 5 mm,
the second absorption peak disappeared and the absorption efficiency of the third absorp-
tion peak was visibly reduced, so that the absorber had only two effective absorption peaks.
To ensure the absorption efficiency of the four absorption peaks, we determined d = 7 mm
to be the final optimization result.
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Next, Figure 6b shows how parameter l affected the absorption characteristics of this
absorber. Changes in parameter l had little effect on the second absorption peak. For the
other three absorption peaks, the decrease in l led to a shift to a higher frequency. In terms
of the absorption efficiency, the first absorption peak gradually decreased from 90.07% to
86.36%, the third absorption peak first increased to 95.61% and then decreased to 88.43%,
and the fourth absorption peak remained unchanged. As such, it is necessary to make the
l value as large as possible. Combined with the actual processing of the minimum accuracy
of 1 mm, there is no doubt that l = 9 mm was the best result.

Finally, Figure 6c shows the effect of the line width w of the L-shaped structure on the
absorption performance of this absorber. For the first and the second absorption peaks,
changes in w had almost no effect on the absorption frequency and only a small effect
on the absorption efficiency. As the value of w increased, the absorption efficiency of the
first and second absorption peaks gradually decreased and increased, respectively. The
frequency and efficiency of both the third and fourth absorption peaks changed more
significantly. The efficiency of the third absorption peak increased from 57.28% to 99.51%,
and the frequency shifted from 12.7 GHz to 10.59 GHz. Meanwhile, the efficiency of
the fourth absorption peak increased from 77.42% to 99.87%, and the frequency shifted
from 14.93 GHz to 13.54 GHz. However, when w increased, the third absorption peak
gradually approached the second absorption peak; in particular, when w = 4 mm, the two
absorption peaks overlapped and were almost fused into one absorption peak. Therefore,
to keep a certain distance between the second and third absorption peaks to avoid mutual
interference, a w value of 3 mm is the best choice.

The central frequency of the first absorption peak was only sensitive to the l parameter.
The central frequency decreased by about 0.8 GHz when l increased by 0.5 mm. The central
frequency of the second absorption peak was only affected by parameter d. Thus, it could
be adjusted by controlling parameter d. The third and fourth absorption peaks were both
affected by parameter l and parameter w, and the influence trend was roughly the same.
Parameter l only changed the absorption frequency of the two absorption peaks, while
parameter w changed both the central frequency and the absorption efficiency of the two
absorption peaks.

In order to make the profile of the absorber as low as possible, it was necessary to
explore how the thickness of the dielectric layer influenced the absorption characteristics
of the proposed absorber. As shown in Figure 7, decreasing the thickness t can increase
the absorption efficiency and bandwidths of the first, second, and fourth absorption peaks.
However, the absorption efficiency of the third peak decreased visibly to less than 90%. In
this case, the absorber could not meet the requirements of the quad-band metamaterial
absorber. As such, a thickness of 0.8 mm is the thinnest possible on the premise of meeting
the requirements of the quad-band characteristic.

Given that most of the antenna polarization methods use vertical polarization (TE
mode) nowadays, Figure 8 shows the absorption characteristics of this multiband metama-
terial absorber for TE waves at different incidence angles θ. Using the reflection coefficient
S11 can show changes in absorption characteristics better. The results show that during
the growth of θ from 0◦ to 30◦, the reflection coefficients of the quad-band metamaterial
absorber at the four resonant frequencies were all below −10 dB. When θ = 15◦, the absorber
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added an absorption peak at 14.53 GHz with a reflection coefficient of −13.26 dB, corre-
sponding to 95.28% absorption efficiency. When θ = 30◦, the absorber added two absorption
peaks at 13.49 GHz and 14.83 GHz with reflection coefficients of −26.96 dB and −8.02 dB,
corresponding to 99.80% and 84.22% of the absorption efficiency. When θ was rotated
to 45◦, the absorber maintained its high absorption performance at the first and second
peaks. However, the absorption peaks at the third and fourth frequency bands shifted
to 12.72 GHz with a reflection coefficient of −25.60 dB, and some high harmonics were
generated at high frequencies.
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sorbers at different incidence angles θ.

This quad-band metamaterial absorber was able to maintain stable absorption for
electromagnetic waves in TE mode at four working frequencies when the incident angle was
varied from 0◦ to 30◦. It was also able to maintain stable absorption at the three frequency
points of 4.70 GHz, 10.19 GHz, and 11.96 GHz when the incident angle was varied in
the range of 0–45◦. This illustrates that the proposed absorber showed good stability for
oblique incidence.

Figure 9 shows the absorption characteristics towards the TE and TM polarized
waves of the proposed metamaterial absorber under vertical incidence. It can be seen that
this absorber had the same response to both TE and TM waves under vertical incidence,
illustrating the superior polarization insensitivity of this metamaterial absorber.
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To explain why the proposed metamaterial absorber with GAF absorbed incident
waves more efficiently than the conventional copper metamaterial absorber, this paper
performed an impedance matching analysis of the two metamaterial absorbers. In or-
der to achieve low reflection, it is necessary to make the input impedance Zin equal to
the impedance of free space Z0 as much as possible. Here, the complex impedance of
the proposed metamaterial absorber was extracted by the inversion method [31]. The
correspondence between the S-parameters and the complex impedance can be expressed
by Equation (3):

Zin = ±

√√√√ (1 + S11)
2 − S12

2

(1 − S11)
2 − S12

2
(3)

From Figure 10, the real and imaginary parts of the complex impedance fluctuated
around 1 and 0 in the resonant frequency of the proposed metamaterial absorber; it was
very close to the complex impedance in free space. An equation |(Zreal − 1) + iZimag| can
represent the absolute difference between the complex impedance of the proposed meta-
material absorber and free space. Obviously, the closer the value of |(Zreal − 1) + iZimag|
is to zero, the greater the complex impedance of the metamaterial absorber matches the
free-space impedance—then, more electromagnetic waves can be transmitted to the dielec-
tric layer, and the absorber can realize a higher absorption efficiency. It can be seen that
the proposed GAF-based metamaterial absorber had a more perfect impedance-matching
property than the copper metamaterial absorber; thus, it can be well explained why the
metamaterial absorber based on GAF was able to achieve a higher absorption efficiency.

Materials 2023, 16, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 10. Impedance matching comparison between GAF and Cu. (a) Real part of the impedance. 
(b) Imaginary part of the impedance. (c) The formula describing the degree of impedance match-
ing. 

In order to elucidate the mechanisms of the electromagnetic wave absorption of the 
metamaterial absorber more clearly, the surface current distribution on the top structure 
and the bottom grounding layer is given in Figure 11. Here, (a)–(d) are the current dis-
tributions of the top structure at four central frequencies of 4.70 GHz, 10.19 GHz, 11.96 
GHz, and 14.15 GHz, and (e)–(h) are the current distributions of the bottom grounded 
metal layer at the same frequencies. It can be seen that at 10.19 GHz, the induced currents 
were mainly concentrated on the rectangular patch; this was a magnetic resonance 
caused by the reverse parallel induced surface currents on the top layer and the bottom 
layer. The surface current distribution also explains why the patch edge length d was the 
parameter that had the greatest effect on the second absorption frequency. Meanwhile, at 
4.70 GHz, 11.96 GHz, and 14.15 GHz, the induced currents were mainly distributed on 
the L-shaped structure, indicating that the L-shaped structure played a major role at the 
first, third, and fourth absorption peaks. However, the current distribution of the 
L-shaped structure varied at different frequencies. At 4.70 GHz, the currents were mainly 
located on the two right-angled edges of the L-shaped structure with the same current 
direction. Meanwhile, the current direction on the top layer was opposite to that of the 
grounding layer; this indicates that the resonance at this frequency was provided by a 
combination of the two. At 11.96 GHz, the currents were strongly excited only on the 
right-angle and short sides of the L-shaped structure, with the same direction electric 
field, and the electric length was shorter compared to the first frequency. Furthermore, 
there was a current distribution in the opposite direction on the bottom grounding layer 
at the corresponding position. At 14.15 GHz, the currents were mainly distributed on the 
two right-angled edges and the short edges, with the same electric field direction. The 
currents on the two right-angled edges were in opposite directions. 

 
Figure 11. Surface current distribution. (a) Top layer structure 4.70 GHz. (b) Top layer structure 
10.19 GHz. (c) Top layer structure 11.96 GHz. (d) Top layer structure 14.15 GHz. (e) Metal bonding 

Figure 10. Impedance matching comparison between GAF and Cu. (a) Real part of the impedance.
(b) Imaginary part of the impedance. (c) The formula describing the degree of impedance matching.

In order to elucidate the mechanisms of the electromagnetic wave absorption of the
metamaterial absorber more clearly, the surface current distribution on the top structure and
the bottom grounding layer is given in Figure 11. Here, (a)–(d) are the current distributions
of the top structure at four central frequencies of 4.70 GHz, 10.19 GHz, 11.96 GHz, and
14.15 GHz, and (e)–(h) are the current distributions of the bottom grounded metal layer
at the same frequencies. It can be seen that at 10.19 GHz, the induced currents were
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mainly concentrated on the rectangular patch; this was a magnetic resonance caused by
the reverse parallel induced surface currents on the top layer and the bottom layer. The
surface current distribution also explains why the patch edge length d was the parameter
that had the greatest effect on the second absorption frequency. Meanwhile, at 4.70 GHz,
11.96 GHz, and 14.15 GHz, the induced currents were mainly distributed on the L-shaped
structure, indicating that the L-shaped structure played a major role at the first, third,
and fourth absorption peaks. However, the current distribution of the L-shaped structure
varied at different frequencies. At 4.70 GHz, the currents were mainly located on the two
right-angled edges of the L-shaped structure with the same current direction. Meanwhile,
the current direction on the top layer was opposite to that of the grounding layer; this
indicates that the resonance at this frequency was provided by a combination of the two.
At 11.96 GHz, the currents were strongly excited only on the right-angle and short sides of
the L-shaped structure, with the same direction electric field, and the electric length was
shorter compared to the first frequency. Furthermore, there was a current distribution in
the opposite direction on the bottom grounding layer at the corresponding position. At
14.15 GHz, the currents were mainly distributed on the two right-angled edges and the
short edges, with the same electric field direction. The currents on the two right-angled
edges were in opposite directions.
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Figure 11. Surface current distribution. (a) Top layer structure 4.70 GHz. (b) Top layer structure
10.19 GHz. (c) Top layer structure 11.96 GHz. (d) Top layer structure 14.15 GHz. (e) Metal bonding
layer 4.70 GHz. (f) Metal bonding layer 10.19 GHz. (g) Metal connection formation 11.96 GHz.
(h) Metal connection formation 14.15 GHz.

The simulation results showed that changes in the L-shaped structure affected the
positions of the first, third, and fourth operating frequencies in the absorption spectrum.
The arm length l affected all of these three frequencies, while the line width w had a more
significant effect on the third and fourth frequencies. This is in general agreement with the
results discussed in the previous section for the absorption characteristic curves, which
confirms the reliability of the experimental data.

The absorber sample used during the experiment is shown in Figure 12a. The top
layer was prepared by etching the GAF attached to the polyethylene terephthalate (PET)
film by a laser engraving machine and manually tearing off the excess [32], adhering it to
the PI dielectric layer, and finally pasting another GAF onto the bottom layer to reduce the
transmittance to nearly zero. Both GAF and PI have high thermal stability and corrosion
resistance [26,27]. Thus, the absorber had superior environmental stability. The reflection
parameters of the sample were measured using a vector network analyzer (VNA) ZNB20
connected to a pair of transmitter and receiver horn antennas—as shown in Figure 12b. The
distance between the antennas and the sample was about 3 m.
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The measured results showed a similar pattern to the simulated results. The GAF had
a lower conductivity compared to metallic copper, and so it had a higher resistance value,
which made it play the role of a resistive layer in the whole absorber. The resonator and the
resistive layer were integrated into the same surface, which not only greatly reduced the
processing difficulty and fabrication cost, but also effectively reduced the thickness of the
absorber to achieve the low-profile characteristic. As can be seen from Figure 12c, using
GAF with a conductivity of 1.1 × 105 S/m to fabricate the top layer can help the reflection
coefficients at all four central frequency points remain below −10 dB. The measured results
show that this is a realistic and feasible way to improve the absorption efficiency of the
absorber by changing the electrical conductivity of the top layer structure. This provides
guidance for future work.

Next, the reflection coefficients of TE waves at different incidence angles θ were mea-
sured in this work—as shown in Figure 13. The measured results were almost consistent
with the simulation results. During the growth of θ from 0◦ to 30◦, the absorber was still
able to achieve stable and effective absorption at the four central frequencies, despite the
appearance of some higher harmonics in the high-frequency part. When θ grew to 45◦, the
absorption at the first and second frequency points could be maintained above 90%, and
the absorption at the third and the absorption in the fourth band was not obvious. The mea-
sured results show that this quad-band metamaterial absorber exhibited oblique incidence
stability within a certain angle, indicating that it has good environmental adaptability to
realistic and variable application scenarios.

In this experiment, the size of the fabricated metamaterial absorber was 19 mm ×
19 mm × 0.83 mm, which achieved good measurement results. The larger the size of
the absorber, the better the absorption characteristic is, because it is closer to the infinite
boundary conditions of the periodic structure. Therefore, the absorber can be integrated
into satellites, radar communication, radomes, and other large equipment. In addition,
graphene-assembled film (GAF) and PI film have the characteristic of flexibility, making it
easy for them to conform with the equipment. Thus, the proposed metamaterial absorber
in this paper has good scalability and integration potential.
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(a) θ = 15◦, (b) θ = 30◦, and (c) θ = 45◦.

A detailed comparative study was performed on the proposed metamaterial absorber
vs. existing structures, as shown in Table 1. Different parameters were considered, such
as thickness, absorption efficiency, and polarization insensitivity. As discussed in previ-
ous works, a metamaterial absorber that exhibits multiple absorption bands is preferable.
The works in [33–35] have good performance in absorption efficiency, but they are not
polarization-insensitive. The works in [36–40] have good polarization insensitivity; how-
ever, they perform less well in terms of having a low profile and their absorption efficiency.
This article represents a low-profile, polarization-insensitive quad-band metamaterial ab-
sorber, which shows four absorption peaks in the C, X, and Ku-band frequencies. The
proposed metamaterial absorber in this paper exhibits a good absorption performance for
different values of permittivity.

Table 1. Comparison table.

Ref.
Thickness (mm)
(Corresponding

to λ0)

Num. of
Absorption Peaks

Frequency
(GHz)

Absorption
Efficiency

Polarization
Insensitivity Material

[33] 1.6
(0.036λ0) 4 6.8, 8.24, 11.23,

12.7
97%, 95%, 97%,

98% No Metal

[34] 1.5
(0.0112λ0) 4 2.248, 2.878, 4.3,

5.872
96%, 93%, 93%,

95% No Metal

[35] 1.57
(0.022λ0) 4 4.20, 10.14, 13.15,

17.1
97.9%, 99.5%,
99.1%, 99.95% No Metal

[36] 1.6
(0.066λ0) 4 12.4, 14.11, 17.56,

20.1
98.4%, 97.6%,

93%, 96.6 Yes Metal

[37] 1.2
(0.0512λ0) 2 12.8, 15.5 90.5%, 90.3% Yes Metal

[38] 1.58
(0.059λ0) 4 11.23, 14.18, 17.37,

19.18
85.5%, 99.13%,
98.19%, 90.8% Yes Metal

[39] 1.58
(0.059λ0) 4 11.31, 14.11, 14.23,

17.79
94.63%, 95.58%,

97%, 75.58% Yes Metal

[40] 1.67
(0.0378λ0) 3 6.80, 8.36, 8.8 92.2%, 75%, 70% Yes Metal and

Graphene ink

This work 0.83
(0.013λ0) 4 4.70, 10.19, 11.96,

14.15
90.89%, 90.18%,

94.80%, 90% Yes GAF

λ0 is the free-space wavelength with respect to the lowest resonance frequency (4.70 GHz).

5. Conclusions

A quad-band metamaterial absorber operating in the radar band is proposed and
fabricated in this paper. The top pattern layer consisting of a rectangular patch and four
L-shaped structures was prepared by replacing the metal with GAF with a conductivity of
1.1 × 105 S/m. Compared with copper, this can help the absorber achieve more than 90%
absorption at 4.70 GHz, 10.19 GHz, 11.96 GHz, and 14.15 GHz, respectively. Furthermore,
the effective bandwidths were 30 MHz (4.68 to 4.71 GHz), 20 MHz (10.17 to 10.19 GHz),
60 MHz (11.93 to 11.99 GHz) and 12 MHz (14.14 to 14.152 GHz). The overall thickness
of this metamaterial absorber was 0.83 mm, which shows a low-profile characteristic.
Near-field distributions and impedance matching analysis of the four absorption peaks
helped reveal the physical mechanisms of the quad-band absorption. The simulation and
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measurement results of the scattering parameter obtained from the TE mode matched well.
Meanwhile, the metamaterial absorber had stable absorption at an incidence angle in the
range of 0◦–30◦ in vertical polarization. Our study provides a simple and low-cost method
to increase the number of absorption peaks of multi-band metamaterial absorbers, which
has potential for a variety of electromagnetic wave absorption devices such as filters, gas
sensors/detectors, and energy, and also provides prospective validation for the study of
conductivity-designable metamaterials.
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