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Abstract: In this paper, an ultra-wideband flexible absorber is proposed. Based on a summary
of the absorption mechanism, using lossless air to replace the heavy lossy dielectric layer will
not substantially impact the absorption. The dielectric layer is only a thin layer of polyimide.
The proposed absorber is a sandwich structure. The surface is a layer of copper metal ring and wire,
and it is loaded with chip resistors to expand the absorber bandwidth. Simulated results show that
the bandwidth of the proposed absorber, with an absorptivity of more than 90%, is 2.55–10.07 GHz,
with a relative bandwidth over 119.2%. When the electromagnetic wave has a wide incident angle,
the absorber still maintains a high absorption. This absorber has been fabricated by FPC (flexible
printed circuit) technology. The proposed absorber was attached to the cylinder and measured.
The measurement results are roughly the same as the simulation results. The fabricated absorber is
easy to carry and flexible, such that it can easily be conformed to irregular objects. The proposed
absorber is polarization-insensitive, low profile, thin, and portable, so it is easier to apply in a variety
of practical fields.
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1. Introduction

Landy first proposed perfect absorbers in 2008 [1]. They are different from the Salisbury screen [2]
and the Jaumann absorber [3], which require a very thick dielectric layer. Unit cells and dielectric
materials can be designed so that incidentally nearly 100% of electromagnetic waves can be absorbed.
The metamaterial absorber has a compact structure, a light weight, and an excellent absorption
performance, so it has been applied in various fields, such as satellite stealth, RCS (radar cross section)
reduction [4–6], EMC (electromagnetic compatibility), and EMI (electromagnetic interference) [7].
Broadband capabilities and flexibility make an absorber more practical. Therefore, how to design an
ultra-wideband, flexible, metamaterial absorber has become the focus of further practical applications.

Various methods of expanding the absorption bandwidth have been reported. In [8], by using
the fractal structure, the structure was optimized to merge three frequency bands, but it was
found to be more difficult to further expand the bandwidth by increasing the resonant structure.
A broadband absorber can also be achieved by making arrays of differently scaled structures [9];
however, as the number of structures increases, the overall absorption effects of the absorber will
decrease. Stacking different resonators with different sizes to obtain a higher bandwidth is also a way
to expand the bandwidth, but the resulting thickness is the main limitation of multilayer stacking [10].
Another method to extend the absorption bandwidth is to load suitable chip resistors onto the surface
structure [11]. This is because chip resistors can greatly increase the equivalent resistance to increase
the absorption bandwidth. However, the multi-layer or multi-structure makes the absorber necessarily
a rigid structure and cannot be attached to the curved surface. There is also research on flexible
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absorbers. Many narrow-band flexible absorbers have been proposed in [12–14]. In [15], conductive
fibers were used to realize a broadband flexible absorber. In [16], an absorber consisted of resistive
films of indium tin oxide, which effectively expanded the absorption bandwidth. The absorption
rate of the absorber exceeded 90%, in the frequency range of 6.06–14.66 GHz. The absorber in [17]
was inkjet-printed on flexible paper with silver nanoparticle ink. The main disadvantage was that
the absorption bandwidth was narrow and easily damaged. A flexible and optically transparent
broadband absorber was fabricated by electro hydrodynamics (EHD)-printed technology. The absorber
maintained an absorption rate higher than 90% at 73.5–110 GHz in [18]. The absorber in [19] used PI
(polyimide) as a dielectric layer to achieve flexibility. These absorbers all used flexible materials as an
intermediate layer to achieve cylindrical conformity. However, they were bulky, fragile, and expensive,
and thus were not conducive to practical applications.

In this paper, an ultra-band flexible absorber based on loaded chip resistors is proposed. Based on a
discussion of the absorbing mechanism, lossless air was used to replace the heavy lossy dielectric layer,
and the weight of the absorber was greatly reduced. Concurrently, feasibility analysis was carried
out. Through experimental verification, the absorber that we designed maintains a high absorption
between frequencies 2.54 GHz and 10.07 GHz. The fractional bandwidth is 119%, which is higher than
the previous absorber by comparison. It can easily cover the surface of the cylinder and reduce its RCS.
Furthermore, the proposed absorber is low profile and lightweight, which makes it more applicable.

2. Design and Simulations

Impedance matching and equivalent circuit are often used to explain the principle of wave
absorption. From Formula (1), we need to match the equivalent impedance of the absorber Zin with
the impedance of the free-space Z0 as much as possible.

Γ= (Zin − Z0) / (Zin + Z0) (1)

Therefore, the design of the absorber seeks to solve the problem of impedance matching. For a
“sandwich” (metal structure + dielectric + metal structure) absorber, the real part of the equivalent
impedance of the absorber should be as close to Z0 as possible, and the imaginary part should as
close to zero as possible. The absorber element can be modeled as an RLC series circuit according
to [20]. The surface metal structure and the underlying metal determine the equivalent capacitance
and equivalent inductance, which determines the resonance frequency. According to Formula (3),
the bandwidth can be expanded by increasing the equivalent resistance r. Simultaneously, there are
multiple resonance frequencies that can be combined to achieve broadband absorption.

In the previous “sandwich” absorber [21,22], the electromagnetic loss is mainly concentrated in
the ohmic loss of the surface metal and the dielectric loss of the dielectric layer. The surface metal
structure is copper, so the ohmic loss is small; the dielectric loss of this absorber accounts for the main
part, and the bandwidth is narrow [23,24]. When the equivalent resistance of the surface structure is
greatly increased, the dielectric loss is almost negligible, so replacing the lossy medium with a lossless
medium has little effect on the absorption rate. Based on this, we designed the proposed absorber.
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The surface structure consists of two parts with a resonant structure. Each part of the resonant
structure is composed of a resonant ring, four chip resistors, and metal wires, as shown in Figure 1a.
All of the yellow parts in Figure 1 are metallic copper. The thickness is 0.035 mm, and the electric
conductivity is 5.8 × 107 S/m. The dielectric layer uses polyimide, the relative permittivity is
εr = 3.5 mm, and the dielectric loss tangent is tanδ = 0.008. The heavy lossy dielectric layer was
replaced with lossless air. Between the dielectric layer and the metal bottom plate is a 9.9-mm-thick air
layer. The dielectric constant of air is 1. The optimal structural parameters were found by simulating
different structural parameters. The structure has the following geometrical parameters: P = 20 mm,
L1 = 13 mm, L2 = 6 mm, L3 = 8.4 mm, L4 = 10 mm, g = 2 mm, t = 0.1 mm, H = 9.9 mm,
and w = 0.5 mm. The chip resistance value of the large resonance ring is 91 Ω, and the others are 51 Ω.

(a) (b)

Figure 1. Unit structure parameters of the designed absorber. (a) Front view; (b) Oblique view.

The absorber was simulated in CST (2018) Microwave Studio by a frequency domain solver.
Unit cell boundary conditions were used in the x and y directions. The incident direction of the
electromagnetic wave is along the negative direction of the Z axis. The direction of the electric field
is the y direction. The direction of the magnetic field is along the positive x-axis. According to the
formula A(ω) = 1− |S11(ω)|2 − |S21(ω)|2, the absorption rate can be calculated. S11(ω) S21(ω) is the
reflection and transmission. Since the ground is a pure metal layer, S21(ω) is zero. When we need
to calculate the equivalent dielectric constant and equivalent permeability, we need to make a small
opening on the bottom metal surface so that S21 is not zero.

As shown in Figure 2, the absorber has absorptions peaks at 2.94 GHz, 4.06 GHz, 6.79 GHz,
and 9.6 GHz (with peak absorptivity of 99.1%, 99.4%, 96.8%, and 99.8%, respectively). The frequency of
the absorption band ranges from 2.55 GHz to 10.07 GHz, including S, C, and X bands. At the same time,
the absorption rate of the two resonant rings is also simulated separately. It can be observed in Figure 2
that the large resonance ring has two resonance peaks, and the small one has a resonance peak between
the two resonance peaks. When two resonant structures are merged, not only can the three resonant
peaks be connected, but one more resonant peak can also be generated. In order to connect the
four resonance peaks, the designed structural parameter L3 makes the local resonance of the small
resonance ring disappear. Due to the chip resistors, the bandwidth of a single resonance peak is
increased, and multiple resonance peaks are combined at the same time to achieve ultra-wideband
wave absorption.
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Figure 2. Absorption results of the proposed absorber.

The loss distribution can be observed by the value of the surface current. To clarify the main
loss when absorbing electromagnetic waves, the surface current distributions at peak resonators
frequencies 2.91 GHz, 4.06 GHz, 6.79 GHz, and 9.6 GHz are shown in Figure 3. Red and blue are
used to indicate loss distribution, and red is used to indicate high loss. It can be clearly seen that the
current loss is mainly concentrated in the large square ring and the chip resistor at 2.91 GHz. Most of
the current loss is distributed in the small ring and chip resistors at 4.06 GHz, while at 6.79 GHz,
the currents are focused in the ancillary structure of the large ring. The two resonant rings are coupled
to form the fourth absorption peak at 9.6 GHz. It can be inferred that there should be a fifth resonance
peak in the the small square ring part, but not in the broadband, so it is not considered. In Figure 3,
it can be seen that the red color is mainly concentrated in the chip resistor part. There is substantial
electromagnetic loss when the current passes through the chip resistor. Particularly, at four frequency
points, each resonant structure experiences current loss. This is why the absorber can maintain an
ultra-wide band.

(a) (b)

(c) (d)

Figure 3. Surface current loss distribution of the proposed absorber, at the absorption peaks of
(a) 2.91 GHz, (b) 4.06 GHz, (c) 6.79 GHz, and (d) 9.6 GHz.
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In order to analyze the absorption mechanism, we used the algorithm in [25–27] to calculate the
equivalent permittivity, permeability, and relative impedance through S parameters, and the results
are shown in Figure 4. It can be seen in the figure that, between 2.4 GHz and 10 GHz, the real part
of the relative impedance is close to 1 (approximately equal to the free-space impedance), and the
imaginary part is close to 0. As can be seen in Figure 4a, the real part of the equivalent dielectric
constant between 2.4 GHz and 10.1 GHz is negative, indicating that the structure has an electrical
resonance at this frequency. The imaginary part of the equivalent dielectric constant between 2.4 GHz
and 10.1 GHz is positive and maintains a certain value, which means that there is electric field loss.
As can be seen in Figure 4b, between the frequency 2.4 GHz and 10.1 GHz, the imaginary part
of the equivalent permeability gradually decreases from the maximum value, indicating that the
absorption of electromagnetic waves by this structure is based on the combined effect of the magnetic
resonance mechanism and the electrical resonance mechanism. This is because, after the chip resistance
increases above the equivalent resistance of the surface structure, any surface current caused by
electrical resonance and magnetic resonance will produce large losses, so as long as there is resonance,
high absorption can be maintained.

(a) (b)

(c)

Figure 4. (a) Equivalent dielectric constant. (b) Equivalent permeability. (c) Relative resistance
calculated by electromagnetic inversion.

In order to be more practical, the absorber generally needs to be polarization-insensitive and
have a wide incident angle. The unit cell overlaps itself after rotating 90 degrees. If the surface
structure is rotationally symmetric, then the absorber is polarization-insensitive, as shown in Figure 5.
The absorption rate hardly changes when the polarization angle is changed from 0◦to 90◦. Moreover,
the absorption rate of the absorber was simulated at different incident angles with TE and TM
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polarizations. The electric field direction of the incident wave always remains in the Y-axis direction
during TE polarization. In Figure 6a, under TE polarization, as the incident angle increases,
the absorption bandwidth decreases, and when the incident angle increases to 60◦, the absorption effect
becomes worse. In Figure 6b, under TM polarization, as the incident angle increases, the absorption
bandwidth is almost unchanged while maintaining high absorption. Only when the incident angle is
increased to 60◦ does the absorption effect become worse. When the incident angle becomes larger
under TE polarization, the coupling degree of the large and small square rings decreases, which directly
affects the fourth wave absorption peak. The induced current generated by the magnetic field is the
main part of the loss. When the incident magnetic field remains unchanged, a high absorption can
be maintained. When the incident angle is too large, the electromagnetic waves passing through the
absorber will decrease, which will cause the absorption rate to decrease.

Figure 5. Simulated absorptivity for different polarization angles.

(a) (b)

Figure 6. Different incidence angles for (a) TE and (b) TM polarizations.

To get closer to the application environment, we need to simulate the absorption rate when
the thickness of the air layer changes [28]. The thickness of the air layer will affect the equivalent
capacitance, leading to mismatch. The increase or decrease of the thickness of the air layer will cause
the mismatch of the absorber. Mismatch will affect the absorption rate of the proposed absorber.
The results are shown in Figure 7. However, the results show that, when the thickness of the air layer
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does not change much, the absorption rate can be kept higher than 90%. This provides the feasibility
for the following practical application.

Figure 7. Simulated absorptivity for different thicknesses of the air layer.

3. Measurements Results

The prototype sample shown in Figure 8 was fabricated by printing the surface copper structure
on a 0.1 mm PI film. The chip resistor was then soldered to the PI film. Chip resistors were packaged
in 0805 (length: 2 mm; width: 1.2 mm). Finally, the film was attached to a copper surface with a size of
20 cm × 20 cm through plastic screws and PI tape. The prototype sample size was 20 cm × 20 cm and
contained 10 × 10 unit structures. A 9.9-mm-thick air layer was maintained between the PI film and
the underlying metal with the support of sponge tape. Sponge tape will cause errors in the thickness
of the air layer. We found, through simulation and analysis, that a certain thickness change does
not affect the absorption rate. Polyimide has outstanding heat resistance and mechanical properties,
so it is widely used in various fields. The fabricated absorber was cheap, easy to make, and very
flexible. The measurement environment is shown in Figure 9. In order to make the measurement more
accurate and ensure the far-field distance, the distance between the antenna and the sample was greater
than 2 m. In the microwave anechoic chamber, two double-ridged horn antennas (1–18 GHz) and a
vector network analyzer (PNA-XN5244A) were used to measure the S parameters of the proposed
absorber. A reference object was fabricated, and a piece of rubber with a size of 20 cm × 20 cm was
covered with copper foil. First, the S parameter of the reference object was measured. The S parameter
of the absorber was then measured while keeping the proposed absorber in the same location and
condition. By subtracting the two sets of measurement data [29], the interference caused by many
factors, such as edge reflection, diffraction loss, and scattering loss, was reduced.

The measurement result is shown in Figure 10, and is in good agreement with the simulation.
The measured absorption rate is not as smooth as the simulation result. It can be seen that the measured
absorption rate fluctuates, which is caused by the lack of complete agreement that resulted when
the reference object was used to measure the data. Fabrication tolerances and a limited number of
elements are also reasons for the difference between the measurement results and the simulation results.
The chip resistors were welded manually, and the position was not accurate.
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Figure 8. Photograph of the fabricated absorber.

(a) (b)

Figure 9. (a) Schematic diagram of measurement environment (b) Actual measurement environment.

Since the designed absorber is flexible, it is of course necessary to measure its effect in actual
application, so we covered the absorber on a copper cylinder with a diameter of 15 cm to measure the
absorber effect. Figure 11 shows the measured absorptivity when the designed absorber is attached
to the cylinder. With the measurement results, we can conclude that the designed absorber can be
effectively used on many occasions to reduce the RCS of the object, regardless of whether the object is
flat or not.
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Figure 10. Comparison of the absorption rate between simulation and measurement.

Figure 11. Measurement of the absorption rate attached to the cylinder.

4. Conclusions

In summary, an ultra-wideband flexible absorber with polarization-insensitive, wide-angle
incidence characteristics was investigated. By using flexible printed circuit (FPC) technology to
fabricate and chip resistors to expand bandwidth, the proposed absorber has an ultra-wide band and
is flexible, to a degree that far exceeds other absorbers, as shown in Table 1. This can be achieved
because the designed absorber has multiple resonant structures on a single-layer medium loaded with
resistance simultaneously. The simulated result shows that the absorber has a relative bandwidth
of 119%, and the absorber frequency band includes the S, C, and X bands. The proposed absorber
can also be used at higher frequencies when the package of the chip resistor is changed from 0805
to 0402 (length: 1 mm; width: 0.5 mm). Due to the geometrical scalability, the absorbing frequency
can be changed from 5 GHz to 18 GHz. The designed absorber has been attached to the cylinder and
measured. The measurement results are roughly the same as the simulation results. The main body
of the proposed absorber consists of a PI film with a thickness of 0.1 mm, so it is light, small in size,
flexible, and thin, making it suitable for portable applications. The proposed absorber is expected to be
applied in many fields, such as radar target stealth, satellite stealth, and electromagnetic protection.
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Table 1. Comparison With Previous Absorbers. Fractional bandwidth= 2 ∗ ( fH − fL)/( fH + fL) ∗ 100%.

Absorber Fractional Bandwidth Flexible

[30] 117% No
[31] 70.8% No
[32] 7.2% Yes
[33] 18.9% Yes
[34] 82.6% Yes

Proposed 119% Yes
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Writing—original draft preparation, S.F.; Writing—review and editing, Y.S.; Visualization, S.F.; Supervision,
Y.S.; Projest administration, Y.S.; Funding acquisition, Y.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (NO.61571229 and
NO.61811530060).

Conflicts of Interest: The authors declare that there is no conflict of interest

References

1. Landy, N.I. Perfect Metamaterial Absorber. Phys. Rev. Lett. 2008, 100, 207402. [CrossRef]
2. Salisbury, W.W. Absorbent Body for Electromagnetic Waves. U.S. Patent 2,599,944, 10 June 1952.
3. Knott, E.F.; Lunden, C.D. The two-sheet capacitive Jaumann absorber. IEEE Trans. Antennas Propag.

1995, 43, 1339–1343. [CrossRef]
4. Srivastava, S.K.; Satyanarayana, B.; Saurabh, A.K.; Meshram, M.K. Low RCS Polarization-Insensitive Ultra

Wideband Absorber Based on Resistive Metasurface. In Proceedings of the IEEE MTT-S International
Microwave and RF Conference (IMARC), Mumbai, India, 13–15 December 2019.

5. Kong, X.; Jiang, S.; Kong, L.; Wang, Q.; Hu, H.; Zhang, X.; Zhao, X. Transparent Metamaterial Absorber with
Broadband RCS Reduction for Solar Arrays. EPJ Appl. Metamater. 2020.

6. Fan, Y.; Wang, J.; Fu, X.; Li, Y.; Pang, Y.; Zheng, L.; Yan, M.; Zhang, J.; Qu, S. Recent developments of
metamaterials/metasurfaces for RCS reduction. EPJ Appl. Metamater. 2019, 6, 15. [CrossRef]

7. Munaga, P.; Ghosh, S.; Bhattacharyya, S.; Chaurasiya, D.; Srivastava, K.V. An ultra-thin dual-band
polarization-independent metamaterial absorber for EMI/EMC applications. In Proceedings of the European
Conference on Antennas and Propagation, Lisbon, Portugal, 12–17 April 2015.

8. Fan, S.; Song, Y. Bandwidth-enhanced polarization-insensitive metamaterial absorber based on fractal
structures. J. Appl. Phys. 2018, 123, 085110. [CrossRef]

9. Gu, S.; Su, B.; Zhao, X. Planar isotropic broadband metamaterial absorber. J. Appl. Phys. 2013, 114, 163702.
[CrossRef]

10. Ding, F.; Cui, Y.; Ge, X. Ultra-broadband microwave metamaterial absorber. Appl. Phys. Lett. 2012, 100, 103506.
[CrossRef]

11. Chen, J.; Shang, Y.; Liao, C. Double-Layer Circuit Analog Absorbers Based on Resistor-Loaded Square-Loop
Arrays. Appl. Phys. B 2018, 17, 591–595. [CrossRef]

12. Zhang, Y.; Duan, J.; Zhang, B.; Zhang, W.; Wang, W. A flexible metamaterial absorber with four bands and
two resonators. J. Alloys Compd. 2017, 705, 262–268. [CrossRef]

13. Chejarla, S.; Thummaluru, S.R.; Chaudhary, R.K. Flexible metamaterial absorber with wide incident angle
insensitivity for conformal applications. Electron. Lett. 2019, 55, 133–134. [CrossRef]

14. Kalraiya, S.; Chaudhary, R.; Abdalla, M.; Gangwar, R.K. Polarization Independent Dual-Band Conformal
Metamaterial Absorber for X- Band Microwave Application. Electron. Lett. 2019, 55, 546–548. [CrossRef]

15. Kim, Y.J.; Hwang, J.S.; Khuyen, B.X.; Tung, B.S.; Kim, K.W.; Rhee, J.Y.; Chen, L.Y.; Lee, Y. Flexible ultrathin
metamaterial absorber for wide frequency band, based on conductive fibers. Sci. Technol. Adv. Mater.
2018, 19, 711–717. [CrossRef]

16. Sheokand, H.; Ghosh, S.K.; Singh, G. Transparent broadband metamaterial absorber based on resistive films.
J. Appl. Phys. 2017, 122, 105105. [CrossRef]

http://dx.doi.org/10.1103/PhysRevLett.100.207402
http://dx.doi.org/10.1109/8.475112
http://dx.doi.org/10.1051/epjam/2019008
http://dx.doi.org/10.1063/1.5004629
http://dx.doi.org/10.1063/1.4826911
http://dx.doi.org/10.1063/1.3692178
http://dx.doi.org/10.1109/LAWP.2018.2805333
http://dx.doi.org/10.1016/j.jallcom.2017.02.076
http://dx.doi.org/10.1049/el.2018.7501
http://dx.doi.org/10.1049/el.2019.0317
http://dx.doi.org/10.1080/14686996.2018.1527170
http://dx.doi.org/10.1063/1.5001511


Materials 2020, 13, 4883 11 of 11

17. Kim, H.K.; Ling, K.; Kim, K.; Lim, S. Flexible inkjet printed metamaterial absorber for coating a
cylindrical object. Opt. Express 2015, 23, 5898–5906. [CrossRef] [PubMed]

18. Wu, Y.; Fu, C.; Qian, S. Flexible and transparent W-band absorber fabricated by EHD printing technology.
IEEE Antennas Wirel. Propag. Lett. 2020, 19, 1315–1349. [CrossRef]

19. Xin, W.; Binzhen, Z.; Wanjun, W. Design, Fabrication and Characterization of a Flexible Dual-band
Metamaterial Absorber. IEEE Photonics J. 2017, 9, 4600512. [CrossRef]

20. Pang, Y.; Cheng, H.; Zhou, Y. Analysis and design of wire-based metamaterial absorbers using equivalent
circuit approach. J. Appl. Phys. 2013, 113, 114902. [CrossRef]

21. Zhou, Q.; Yin, X.; Ye, F.; Mo, R.; Tang, Z.; Fan, X.; Cheng, L.; Zhang, L. Optically transparent and flexible
broadband microwave metamaterial absorber with sandwich structure. Appl. Phys. A 2019, 125, 131.
[CrossRef]

22. Kalraiya, S.; Chaudhary, R.K.; Gangwar, R.K.; Abdalla, M.A. Compact quad-band polarization independent
metamaterial absorber using circular/square metallic ring resonator. Mater. Res. Express 2019, 6, 055812.
[CrossRef]

23. Fernández Álvarez, H.; de Cos Gómez, M.E.; Las-Heras Andrés, F. On the Broadening of Single-Layer
Metasurface Bandwidth by Coupling Resonances. Materials 2020, 13, 2063. [CrossRef]

24. Tofigh, F.; Amiri, M.; Shariati, N.; Lipman, J.; Abolhasan, M. Low-Frequency Metamaterial Absorber Using
Space-Filling Curve. J. Electron. Mater. 2019, 48, 6451–6459. [CrossRef]

25. Smith, D.R.; Vier, D.C.; Koschny, T.; Soukoulis, C.M. Electromagnetic parameter retrieval from
inhomogeneous metamaterials. Phys. Rev. E 2005, 71, 036617. [CrossRef]

26. Chen, X.; Grzegorczyk, T.M.; Wu, B.I.; Pacheco, J., Jr.; Kong, J.A. Robust method to retrieve the constitutive
effective parameters of metamaterials. Phys. Rev. E 2004, 70, 016608. [CrossRef] [PubMed]

27. Smith, D.R.; Schultz, S.; Markos, P.; Soukoulis, C.M. Determination of Negative Permittivity and Permeability
of Metamaterials from Reflection and Transmission Coefficients. Phys. Rev. B 2001, 65, 19.

28. Zuo, W.; Yang, Y.; He, X.; Zhan, D.; Zhang, Q. A Miniaturized Metamaterial Absorber for Ultrahigh-
Frequency RFID System. IEEE Antennas Wirel. Propag. Lett. 2017, 16, 329–332. [CrossRef]

29. Bhattacharyya, S.; Ghosh, S.; Srivastava, K.V. Triple band polarization-independent metamaterial absorber
with bandwidth enhancement at X-band. J. Appl. Phys. 2013, 114, 094514. [CrossRef]

30. Han, Y. Low-Profile Broadband Absorbers Based on Capacitive Surfaces. IEEE Antennas Wirel. Propag. Lett.
2017, 16, 74–78. [CrossRef]

31. Zhang, C. Broadband metamaterial for optical transparency and microwave absorption. Appl. Phys. Lett.
2017, 110, 143511. [CrossRef]

32. Yoo, M.; Kim, H.K. Silver nanoparticle-based inkjet-printed metamaterial absorber on flexible paper.
IEEE Antennas Wirel. Propag. Lett. 2015, 14, 1718–1721. [CrossRef]

33. Tak, J.; Choi, J. A wearable metamaterial microwave absorber. IEEE Antennas Wirel. Propag. Lett. 2017, 16,
784–787. [CrossRef]

34. Chen, H.; Yang, X. Flexible and conformable broadband metamaterial absorber with wide-angle and
polarization stability for radar application. Mater. Res. Express 2018, 5, 015804. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/OE.23.005898
http://www.ncbi.nlm.nih.gov/pubmed/25836816
http://dx.doi.org/10.1109/LAWP.2020.3000786
http://dx.doi.org/10.1109/JPHOT.2017.2722010
http://dx.doi.org/10.1063/1.4795277
http://dx.doi.org/10.1007/s00339-019-2430-2
http://dx.doi.org/10.1088/2053-1591/ab0623
http://dx.doi.org/10.3390/ma13092063
http://dx.doi.org/10.1007/s11664-019-07433-x
http://dx.doi.org/10.1103/PhysRevE.71.036617
http://dx.doi.org/10.1103/PhysRevE.70.016608
http://www.ncbi.nlm.nih.gov/pubmed/15324190
http://dx.doi.org/10.1109/LAWP.2016.2574885
http://dx.doi.org/10.1063/1.4820569
http://dx.doi.org/10.1109/LAWP.2016.2556753
http://dx.doi.org/10.1063/1.4979543
http://dx.doi.org/10.1109/LAWP.2015.2420712
http://dx.doi.org/10.1109/LAWP.2016.2604257
http://dx.doi.org/10.1088/2053-1591/aaa7ab
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Design and Simulations
	Measurements Results
	Conclusions
	References

