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Anti‑reflecting metasurface 
for broadband polarization 
independent absorption at Ku band 
frequencies
Muhammad Amin 1, Aamir Rashid 2, Omar Siddiqui 1 & Farooq A. Tahir 3*

An impedance matched metasurface can efficiently channel the electromagnetic fields for maximum 
power transfer. The thin film based impedance matching techniques often utilize highly dissipative 
materials and destructive interference of reflection components from multiple subwavelength layers. 
Here, we propose a novel method to achieve anti reflection characteristics through destructive 
interference of antiparallel electromagnetic scattering emerging from chiral metasurface. The 
supercell structure of metasurface consists of four adjacent multi split‑rings on FR‑4 substrate. The 
split‑rings are arranged to induce anti‑parallel surface currents leading to destructive interference for 
scattered fields. The antireflection characteristics results in near perfect broadband absorption at dual 
frequency bands. A broadband absorption of 983 MHz is achieved between 12.687 and 13.669 GHz. 
Similarly, a narrow band absorption of 108 MHz is achieved in frequency range of 15.307–15.415 GHz. 
The impedance matched with unique symmetric design of supercell results in identical absorption 
for both x‑ and y‑polarized incident fields. The numerical and experimental results verify broadband 
absorption characteristics at Ku band frequencies. The proposed metasurface absorber can be used for 
microwave energy harvesting applications.

Recent advances in material science and fabrication technology enabled precise control over propagation of 
electromagnetic waves including its spectral and polarization  properties1,2. Many practical applications are real-
ized by manipulation of electromagnetic fields including  sensing3–5,  imaging6,7, polarization  modulation8–12, 
and modulation of  light13. Salisbury screen is one of the promising application that prohibits the scattering by 
impedance matching the surface with the surrounding  medium14. Salisbury screen was one of the first attempts to 
reduce the radar cross sections of fighter  aircraft15. It relies on scattering paths from multiple layers to supress the 
overall reflection. However, their spectral absorption is limited and absorption operates around single frequency 
 only16,17. Besides impedance matching through dissipation losses contributes significantly to the performance 
of absorbers.

During the last two decades metamaterials of various types were proposed to support effective control over 
electromagnetic  fields18,19. Several resonant metamaterial designs were proposed to minimize the radar cross 
section of scattering  objects20–22. The impedance matching of the resonant metasurface is the key to support the 
anti-reflection  characteristics23–25. Metasurface absorber comprising of complicated geometry build over split 
ring patch achieves negative refractive index that leads to near perfect absorption at discrete frequencies around 
X and Ku  bands26. The logarithmic spiral resonator embedded with lossy materials are used to absorb incident 
microwave energy between 6 and 37 GHz  frequencies27. Similarly, the ultrabroadband of microwave radiation 
were absorbed by metamaterial array of conical shaped saline water  columns28. The absorption method relies on 
the intrinsic absorption coefficient of saline water and the absorbed energy is dissipated as  heat28.

In recent years, a lot of work is theoretically and practically demonstrated in metamaterial absorbers (MMA)29. 
The first MMA was demonstrated by Landy et al in 2008 that had the capability of fully absorbing EM waves using 
a single layer unit  cell20. Since then, metamaterials are widely used in the microwave, infrared, terahertz and opti-
cal frequency  ranges30. MMA is designed by incorporating the metallic structure with the dielectric medium to 
attain electromagnetic resonances. Therefore, the thickness of the dielectric medium and the geometry of the top 
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metallic plate are important for generating electromagnetic resonances. MMA is widely used in the microwave 
regime for various applications such as in micro-bolometers, anechoic chamber, scattering  reductions31, thermal 
 sensing32, and in energy  harvesting33. Recently, perfect absorbers operating at infrared frequencies are designed 
using all dielectric semiconductor  materials34. The design consists of semiconductor resonators positioned in the 
direction of wave vector meanwhile embedded in low refractive index medium. Artificial microwave blackbody 
structure is proposed based on similar design of resonator element placed on top of opaque metallic ground 
 plane35. Such blackbody elements offer a unique way to design tunable microwave absorbers. A metasurface 
design based on detuned resonator elements are utilized for broadband absorber at X band  frequencies36. The 
approach is based on selection of absorber elements placed closed to each other having different sizes of their 
unit cells. The selected absorbers are having resonant absorption frequencies close to each other such that the 
overall metasurface absorption is around X-band frequencies. The absorption bandwidth for 12 units and 16 
units is optimized to nearly 2.73 GHz and 2.55 GHz of a minimum 80% absorption level.

The first MMA proposed by Landy et al is both polarization-sensitive and has a narrow bandwidth that 
restrict its application. It is desirable to achieve broadband for various applications. Broadband can be realized 
by a multilayer design but it increases the overall thickness of the design and makes the alignment of layers more 
 difficult37. Lumped elements can also be used for this purpose but they require additional fabrication which can 
degrade absorber  performance38–40. As an alternative to these designs, single layer structures have been studied 
and found to be more suitable. Single layer MMA reported in the literature are either narrowband, polarization-
sensitive or not angular stable. However, few broadband single-layer MMA has been reported so  far37,40.

Wireless energy transfer and energy harvesting methods are expected to become part of next generation 
power transmission  system41,42. Recently, there is interest in RF energy harvesting applications by use of metama-
terial  absorbers43–46. The RF energy harvesting relies on efficient rectification of high frequency electromagnetic 
energy. This means that conventional dissipative materials can no longer contribute to efficient RF energy harvest-
ing  application47. Therefore, there is renewed interest in resonant absorption methods by impedance matching 
with low loss materials. Recently, resonance based chiral metasurfaces are proposed to transform polarization of 
electromagnetic waves. A microwave metasurface is designed to offer a simultaneous linear to cross-polarization 
conversion and linear to circular polarization  conversion48. The bow-tie shaped unit cell element design sup-
ports large operational bandwidth (for polarization conversion of reflected fields) at microwave frequencies. The 
chiral metasurface operate through breaking structural symmetry that allows the surface currents to flow asym-
metrically. The induced displacement currents lead to cross polarized components in the radiated far  field49,50.

In this paper, we propose a novel scheme to achieve antireflection characteristics in microwave metasurface 
without the need of highly dissipative  substrates28. The method to achieve antireflection characteristics is based 
on interference of antiparallel polarization states from adjacent scattering elements. The polarization states are 
controlled at subwavelength scale by utilizing periodic supercell of chiral elements constituting metasurface. 
The antireflection characteristics are demonstrated by near perfect absorption around Ku band frequencies.

Anti‑reflection metasurface based on out‑of‑phase reflection from supercell
The antireflection properties that contribute to the overall absorption characteristics relies on induced currents 
on individual unitcells. Figure 1a shows four adjacent unit cells inside a conventional polarization conversion 
 metasurface48,49. Here, each unit cell supports rotational currents in response to the incident electric fields. Such 
metasurfaces are used as waveplate to transform incident fields to orthogonal or circularly polarized reflected 
fields. If the distance (p) between unit cells is significantly smaller compared to wavelength of interest i.e., 
p << � , the resulting chiral reflection can be suppressed by transformation of two of the four unit cells to radi-
ate out of phase fields compared to original unitcell as shown in Fig. 1b. Therefore, the four unit cells form two 
pairs due to out of phase chiral reflected fields exhibiting either LHC or RHC polarization states. Hence, the 
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Figure 1.  Schematic illustration of transformation of chiral reflecting metasurface cells consisting of four 
adjacent unitcells of anti reflecting metasurface supercell. Rotating arrows (left or right handed) on the surface 
represent current direction. Black arrows represent radiated fields emerging from each unit cell.



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20073  | https://doi.org/10.1038/s41598-022-24691-8

www.nature.com/scientificreports/

four adjacent unit cells are considered as supercell with antiparallel polarization states leading to destructive 
interference for scattered fields.

Design of anti‑reflecting metasurface structure
The design of anti-reflecting metasurface relies on efficient conversion of linearly polarized incident fields to 
circularly polarized reflected fields. The proposed design involves mutli-ring structure with multiple splits on 
the outer ring as shown in Fig. 2. The outer rings having directional splits allows the generation of directional 
surface currents over the unit cells. A supercell consisting of four adjacent multi-split ring structures are arranged 
to achieve four-fold symmetry. The perturbations induced within the adjacent cells allows out of phase fields to 
achieve suppression of scattered waves. The split ring metasurface resides on thin dielectric substrate of thick-
ness Ts . The geomertical design parameters provided in Fig. 2 are period p, radius R1 , gap between rings G, and 
split-ring gap size C. The structural parameters are summarized in Table 1.

The FR-4 material is used as substrate with relative permittivity of ǫr = 4.4 and loss tangent of 0.02. Metas-
urface is formed by a patterned layer of ultrathin copper sheet with electrical conductivity of σcopper = 5.8× 107 
S/m and thickness of 35 μm. The full wave simulation of metasurface is carried out using CST Microwave Studio 
using periodic boundary conditions along x- and y-directions. The electromagnetic simulation uses ground plane 
of sufficient thickness larger than skin depth to block transmitted fields on other side of metasurface.

Results
It will be interesting to analyze the response of perturbation free metasurface with all identical unitcells. The 
unidirectional cells possess structural symmetry along the diagonal axis. The response of metasurface with 
unidirectional unitcells is provided in Fig. 3a,b. The coefficients of Jones matrix provides useful description to 
analyze the effect of polarization conversion.

Here, Exi and Eyi are incident fields and Exr and Eyr are reflected field components. Considering x-polarized 
incident fields the complex Jones matrix coefficients Rxx and Ryx shows that the transformation of incident 

(1)
[

Exr
Eyr

]

=

[

Rxx Rxy
Ryx Ryy

] [

Exi
Eyi

]

R1

R2

C

R1

R2

C

Unitcell

x

y
z

Ex

Ts

2p

2p
G

Figure 2.  Schematic design illustration of anti reflecting metasurface on top of FR-4 substrate backed by 
metallic ground plane. Inset shows supercell arrangement of four adjacent elements of split rings in mirror 
symmetric arrangement.

Table 1.  Specification of geoemetric parameters described in Fig. 1.

Parameters Dimensions (mm)

p 11

R1 0.96

R2 0.4

Ts 1.6

C 2.05

G 1
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fields to co- and cross polarized reflected fields respectively. Figure 3a,b provides the coefficients of Jones matrix 
components for x-polarized incident fields.

The Polarization Conversion Ratio (PCR) can be calculated using coefficients of jones matrix. The PCR pro-
vides ratio describes the ability of cross polarization conversion and maintained between 0 to 1.

The induced currents on the metasurface leads to cross polarized reflection that can be calculated using 
Eq. (2). As shown in Fig. 3c, the Polarization Conversion Ratio (PCR) maintains above 50% between 12.5 and 
13.7 GHz. The inset in Fig. 3c shows that x-polarized incident fields are converted to y-polarized reflected fields. 
Furthermore, the metasurface can also be investigated for circular polarization conversion. For this purpose we 
can define polarization extinction ratio (PER) using coefficients of jones matrix. The PER coefficients calculates 
efficiency as the ratio between right ( |Rxx + iRyx| ) to left- ( |Rxx − iRyx| ) handed circularly polarized fields cal-
culated in logarithmic scale (in dB).

Figure 3d provides polarization extinction ratio calculated using Eq. (3). It is clear that the unidirectional 
unicells for the metasurface supports circularly polarized fields at 12.4 GHz frequency. This is further supported 
by analyzing the inset in Fig. 3d shows that x-polarized incident fields are converted to left handed circularly 
polarized reflected fields.

It is clear that unidirectional metasurface supports polarization conversion from linear to cross polarized or 
circularly polarized reflected fields. As shown in schematic design illustration of Fig. 2 the rotation of the outer 
rings to form supercell with multidirectional splits can induce interesting resonant absorption phenomenon. 
The rotation allows induced currents to cancel each other and therefore minimize the radiated far field scattering 
(anti-reflection characteristics). Figure 4a shows that the magnitude of co- and cross- field components reflected 
field component reduce to -10 dB. The reason behind this resonant absorption is the destructive interference 
of induced currents on metasurface elements. Figure 4b shows that the absorptivity remains larger than > 90% 
within frequency range of 12.6–13.7 GHz and 15.3–15.4 GHz. The bandwidth of near perfect level absorptivity 
greater than > 90% is nearly 983 MHz (for 12.6–13.7 GHz resonant absorption band), whereas the Full Width 
at Half Maximum (FWHM) is found to be nearly 1.514 GHz. It is worth mentioning that the symmetry of the 
metasurface allows its response to be independent of incident polarization.

It is worth mentioning the comparison between resonant absorption levels for co-directional and rotated split 
ring metasurface. Since, the co-directional split ring metasurface works on the principle of resonance mechanism 
for generating chiral reflected fields. Therefore, it fails to achieve near perfect absorption and the absorptivity 
remains less than 70% throughout the spectrum, see Fig. 4b. On the other hand, the rotated split-ring metasurface 
when arranged to induce anti-parallel surface currents leads to destructive interference for scattered fields. This 
allows the near perfect broadband absorption level at dual frequency bands. It is emphasized that the enhanced 
absorption level reached in this case is due to antireflection characteristics from the rotated split ring elements.

Figure 5 shows the direction of surface currents on metasurface and ground planes at various resonant fre-
quencies. The induced currents influence the overall scattering properties of the metasurface. The x-polarized 
incident fields coupled surface currents on metasurface and ground planes. As anticipated at resonance frequency 
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Figure 3.  (a) Magnitude and (b) phase of reflection coefficients for co- Rxx and cross Ryx polarized components 
for co-direction chiral reflecting metasurface. (c) Polarization extinction ratio in dB for co-direction chiral 
reflecting metasurface. Inset for figure (c) and (d) shows the contour of time varying orientation of reflected 
electric field vector at resonance frequency for cross and circular polarization.
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the surface currents on metasurface and ground planes supports opposing currents (anti-parallel) on each cell 
that results in the cancellation of net dipole moment responsible for far field scattering.

It is interesting to determine the response of the metasurface due to variation in geometric parameters. From 
Fig. 6 it is clear that the resonant absorption response is sensitive to geometrical variation of the metasurface unit 
cell. Figure 6a provides the response of metasurface due to variation in thickness of substrate ( Ts = 1 mm, 1.6 
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Figure 4.  (a) Magnitude of reflection coefficients of co- and cross- polarized reflection for antireflecting 
metasurface. Inset shows the contour of time varying orientation of reflected electric field vector at resonance 
frequency. (b) Absorptivity spectrum of antireflecting metasurface absorber at normal incidence shown as solid 
black line. The near perfect absorption bandwidth region is highlighted. The absorptivity of co-directional split 
ring metasurface shown as dashed blue line is provided as reference.
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Figure 5.  Surface current distribution for supercell at various frequencies 12.5 GHz, 13.5 GHz (absorption 
resonance) and 15.3 GHz (2nd narrowband absorption resonance).
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mm, 2 mm) while keeping radius of inner ring ( R2 ) and split ring gap C as constants. Figure 6a shows that the 
thinner substrate thickness leads to blue-shift in resonance frequency along with variation in the bandwidth of 
absorption. The substrate thickness of 1.6 mm leads to optimized response with relatively broadband resonant 
absorption. Hence, there is inverse relation between substrate thickness and resonant frequency. Therefore, 
the substrate thickness has to be lower for the patch to be resonating at higher frequency. Another important 
geometric parameter is the arm width given as radius ( R2 ). Figure 6b shows effect of resonant absorption due to 
variation in the radius ( R2 = 0.2 mm, 0.4 mm, 0.6 mm) of inner ring. The smaller ring radius leads to blue-shift 
in the resonant frequency along with variation in resonance bandwidth. The shift in the resonant frequency is 
observed for smaller R2 but at a cost of reduced bandwidth. The optimized value for arm width of inner ring is 
R2 = 0.4 mm. Finally, the effect of variation in gap size of split ring (C = 1.75 mm, 2.05 mm, 2.35 mm) is ana-
lyzed in Fig. 6c. It is clear that reduction in gap size effects the resonant coupling and a red-shift is observed for 
narrowband resonance for smaller split ring gap size (C). The optimized value for split ring gap is C = 2.05 mm.

The absorptivity spectrum can also be determined for oblique incidence condition. Figure 7 shows the vari-
ation in absorptivity spectrum due to oblique incidence. The variation in oblique incidence is provided for two 
different conditions i.e., azimuthal angle considering electric field is in the plane or polar angle considering 
magnetic field is in the plane of metasurface. Figure 7a shows that the metasurface response for in-plane electric 
field configuration. The absorptivity remains stable for azimuthal angle supporting a wide polarization angle 
insensitivity for varying angle between 0° to 90°. Furthermore, it is emphasized that the structural symmetry 
allows identical response for x- and y-polarized incident waves that allows similar response of metasurface from 
arbitrary incident direction. On the other hand, the Fig. 7b shows the response of metasurface for in-plane mag-
netic field configuration. The absorptivity remains stable for polar angle with appearance of additional resonance 
bands at higher oblique angles.

The measurements of metasurface absorber have been carried out in the RIMMS laboratory. Figure 8a shows 
the setup for the measurement of metasurface that is comprised of two broadband horn antennas connected to a 
vector network analyzer (VNA). The VNA acts as a signal source and excites the horn antennas for transmitting 
and receiving electromagnetic waves. Agilent E8362B vector network analyzer was used for the measurements. 

(a) (b)

(c)

Figure 6.  Absorptivity spectrum for different geometrical parameters including (a) thickness of substrate 
Ts , (b) radius of inner ring R2 and (c) split ring gap size C. The schematic illustration of all such geometrical 
parameters in provided in Fig. 2.
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The proposed metasurface is fabricated using standard printing circuit board technique on 1.6 mm thick FR-4 
sheet. The physical size of the sheet is 30 cm × 30 cm while its electrical size is 27� × 27� with � = 1.1 cm at 
the centered operating frequency of 13 GHz of the operating band 12.687–13.669 GHz. The fabricated design 
is shown below in Fig. 8b. As the measurements are performed in the open-lab environment, therefore the 
measurements were also performed for the lab environment without metasurface to mitigate the surrounding 
effects. A comparison between simulated and measured reflection coefficients and the resulting absorptivity is 
provided in Fig. 8c.

It can be observed that the results have good agreement except some jittering effect in the measured results. 
considering the finite size of metasurface with horn antennas having larger aperture likely causes a deviation 

(a) (b)

Figure 7.  Absorptivity spectrum for different incident direction along (a) azimuthal angle ( φ ) ranging from 0° 
to 90° and (b) polar angle ( θ ) ranging from 0° to 45°.

(a)

(b)
(c)

Figure 8.  (a) Experimental setup for the measurement of co-polarized reflection component Rxx . For cross 
polarized reflection component, the receiving horn antenna is rotated by 90°. (b) The fabricated prototype of the 
proposed metasurface absorber. (c) A comparison between measured and simulated absorptivity spectrum for 
the anti-reflecting metasurface absorber.
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in the response when compared to simulations that assumes periodic arrangement of unitcells with incidence 
under planewave conditions. The measured S-parameters have some noisy peaks and different types of filtering 
algorithms can be used for the statistical treatment of the measured data to remove the noise from the measured 
data. The misalignment between the metasurface and horn antennas can lead to slight deviations in the measured 
results due to angular instability.

Conclusion
In this paper, a single layer and polarization-independent metasurface absorber is proposed without using 
lumped elements or resistive sheets. The metasurface absober design is based on distinct supercell approach 
that works through the destructive interference of antiparallel electromagnetic scattering emerging from chiral 
cell elements. A single substrate layer of FR-4 sandwiched between the top and bottom metal layers was used to 
achieve broadband. A single layer design without lumped elements results in low cost and easy fabrication process 
of the design. The proposed absorber showed broadband of 983 MHz without using lumped elements, resistive 
sheets or multilayer design. The absorption bandwidth is greater than 90% for dual bands. The Full Width at Half 
Maximum (FWHM) is reported to be 1.514 GHz. A prototype of the proposed design is fabricated and tested 
for absorption and polarization stability. The design shows good agreement between measurement and simula-
tion results. This design has various applications in EMC/EMI, RCS reduction, satellite and stealth technology.

Data availability
All data required to evaluate the findings of this work is available in the presented paper. Additional data related 
to this work may be requested from the corresponding author.

Received: 15 September 2022; Accepted: 18 November 2022

References
 1. Jaggard, D., Mickelson, A. & Papas, C. On electromagnetic waves in chiral media. Appl. Phys. 18, 211–216 (1979).
 2. Stutzman, W. L. Polarization in Electromagnetic Systems (Artech House, 2018).
 3. Nair, R. V. & Vijaya, R. Photonic crystal sensors: An overview. Prog. Quantum Electron. 34, 89–134 (2010).
 4. Siddiqui, O. F., Ramzan, R., Amin, M., Omar, M. & Bastaki, N. Lorentz reflect-phase detector for moisture and dielectric sensing. 

IEEE Sens. J. 18, 9236–9242 (2018).
 5. Ramzan, R. et al. Electromagnetically induced absorption in the near-field of microwave radiative elements with application to 

foliage moisture sensing. IEEE Access 6, 77859–77868 (2018).
 6. Yang, Q. et al. Efficient flat metasurface lens for terahertz imaging. Opt. Express 22, 25931–25939 (2014).
 7. Amin, M., Siddiqui, O., Farhat, M. & Khelif, A. A perfect Fresnel acoustic reflector implemented by a Fano-resonant metascreen. 

J. Appl. Phys. 123, 144502 (2018).
 8. Amin, M. et al. Quasi-crystal metasurface for simultaneous half-and quarter-wave plate operation. Sci. Rep. 8, 1–10 (2018).
 9. Mahmood, N., Mehmood, M. Q. & Tahir, F. A. Diamond step-index nanowaveguide to structure light efficiently in near and deep 

ultraviolet regimes. Sci. Rep. 10, 1–10 (2020).
 10. Tahir, F., Aubert, H. & Girard, E. Optimisation of mems-controlled reflectarray phase shifter cell. IET Microwaves Antennas Propag. 

5, 271–276 (2011).
 11. Khan, M. I. & Tahir, F. A. Simultaneous quarter-wave plate and half-mirror operation through a highly flexible single layer aniso-

tropic metasurface. Sci. Rep. 7, 1–9 (2017).
 12. Khan, M. I., Fraz, Q. & Tahir, F. A. Ultra-wideband cross polarization conversion metasurface insensitive to incidence angle. J. 

Appl. Phys. 121, 045103 (2017).
 13. Chen, S., Li, Z., Zhang, Y., Cheng, H. & Tian, J. Phase manipulation of electromagnetic waves with metasurfaces and its applica-

tions in nanophotonics. Adv. Opt. Mater. 6, 1800104 (2018).
 14. Fante, R. L. & McCormack, M. T. Reflection properties of the salisbury screen. IEEE Trans. Antennas Propag. 36, 1443–1454 (1988).
 15. Chambers, B. Optimum design of a salisbury screen radar absorber. Electron. Lett. 30, 1353–1354 (1994).
 16. Abdelaziz, A. A. A novel technique for improving the performance of salisbury screen. In Proceedings of the Seventeenth National 

Radio Science Conference. 17th NRSC’2000 (IEEE Cat. No. 00EX396), C27–1 (IEEE, 2000).
 17. Khan, A. D. & Amin, M. Tunable salisbury screen absorber using square lattice of plasmonic nanodisk. Plasmonics 12, 257–262 

(2017).
 18. Del Vescovo, D. & Giorgio, I. Dynamic problems for metamaterials: Review of existing models and ideas for further research. Int. 

J. Eng. Sci. 80, 153–172 (2014).
 19. Simovski, C. Material parameters of metamaterials (a review). Opt. Spectrosc. 107, 726 (2009).
 20. Landy, N. I., Sajuyigbe, S., Mock, J. J., Smith, D. R. & Padilla, W. J. Perfect metamaterial absorber. Phys. Rev. Lett. 100, 207402 

(2008).
 21. Sun, H. et al. Broadband and broad-angle polarization-independent metasurface for radar cross section reduction. Sci. Rep. 7, 

40782 (2017).
 22. Sui, S. et al. Absorptive coding metasurface for further radar cross section reduction. J. Phys. D Appl. Phys. 51, 065603 (2018).
 23. Mosallaei, H. & Sarabandi, K. A one-layer ultra-thin meta-surface absorber. In 2005 IEEE Antennas and Propagation Society 

International Symposium, vol. 1, 615–618 (IEEE, 2005).
 24. Gogoi, D. J. & Bhattacharyya, N. S. Metasurface absorber based on water meta “molecule’’ for x-band microwave absorption. J. 

Appl. Phys. 124, 075106 (2018).
 25. 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. Exp. 6, 055812 (2019).
 26. Islam, M. R., Samsuzzaman, M., Misran, N., Beng, G. K. & Islam, M. T. A tri-band left-handed meta-atom enabled designed with 

high effective medium ratio for microwave based applications. Results Phys. 17, 103032 (2020).
 27. Wang, S., Hou, B. & Chan, C. T. Broadband microwave absorption by logarithmic spiral metasurface. Sci. Rep. 9, 1–7 (2019).
 28. Xiong, H. & Yang, F. Ultra-broadband and tunable saline water-based absorber in microwave regime. Opt. Express 28, 5306–5316 

(2020).
 29. Cong, L.-L., Cao, X.-Y., Song, T. & Han, T. Polarization-independent wide-angle ultrathin double-layered metamaterial absorber 

for broadband application. Appl. Phys. A 124, 1–11 (2018).
 30. Mason, J. A., Allen, G., Podolskiy, V. A. & Wasserman, D. Strong coupling of molecular and mid-infrared perfect absorber reso-

nances. IEEE Photon. Technol. Lett. 24, 31–33 (2011).



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20073  | https://doi.org/10.1038/s41598-022-24691-8

www.nature.com/scientificreports/

 31. Culhaoglu, A. E., Osipov, A. V. & Russer, P. Mono-and bistatic scattering reduction by a metamaterial low reflection coating. IEEE 
Trans. Antennas Propag. 61, 462–466 (2012).

 32. Guddala, S., Kumar, R. & Ramakrishna, S. A. Thermally induced nonlinear optical absorption in metamaterial perfect absorbers. 
Appl. Phys. Lett. 106, 111901 (2015).

 33. Wang, H. et al. Highly efficient selective metamaterial absorber for high-temperature solar thermal energy harvesting. Solar Energy 
Mater. Solar Cells 137, 235–242 (2015).

 34. Weng, Z. & Guo, Y. Broadband perfect optical absorption by coupled semiconductor resonator-based all-dielectric metasurface. 
Materials 12, 1221 (2019).

 35. Guo, Y. et al. Tunable artificial microwave blackbodies based on metasurfaces. Opt. Express 25, 25879–25885 (2017).
 36. Ozden, K., Yucedag, O. M. & Kocer, H. Metamaterial based broadband RF absorber at x-band. AEU-Int. J. Electron. Commun. 70, 

1062–1070 (2016).
 37. Ghosh, S., Bhattacharyya, S., Kaiprath, Y. & Vaibhav Srivastava, K. Bandwidth-enhanced polarization-insensitive microwave 

metamaterial absorber and its equivalent circuit model. J. Appl. Phys. 115, 104503 (2014).
 38. Yoo, M. & Lim, S. Polarization-independent and ultrawideband metamaterial absorber using a hexagonal artificial impedance 

surface and a resistor-capacitor layer. IEEE Trans. Antennas Propag. 62, 2652–2658 (2014).
 39. Chen, H.-T. et al. Experimental demonstration of frequency-agile terahertz metamaterials. Nat. Photon. 2, 295–298 (2008).
 40. Yao, G. et al. Dual-band tunable perfect metamaterial absorber in the THz range. Opt. Express 24, 1518–1527 (2016).
 41. Wang, B., Yerazunis, W. & Teo, K. H. Wireless power transfer: Metamaterials and array of coupled resonators. Proc. IEEE 101, 

1359–1368 (2013).
 42. Sun, K. et al. An overview of metamaterials and their achievements in wireless power transfer. J. Mater. Chem. C 6, 2925–2943 

(2018).
 43. Ramahi, O., Almoneef, T. & AlShareef, M. Metamaterial particles for electromagnetic energy harvesting (2014). US Patent App. 

13/841,652.
 44. Aldhaeebi, M. A. & Almoneef, T. S. Highly efficient planar metasurface rectenna. IEEE Access 8, 214019–214029 (2020).
 45. Amin, M., Almoneef, T. S., Siddiqui, O., Aldhaeebi, M. A. & Mouine, J. An interference-based quadruple-l cross metasurface 

absorber for RF energy harvesting. IEEE Antennas Wirel. Propag. Lett. 20, 2043–2047 (2021).
 46. Amin, M., Siddiqui, O. & Almoneef, T. S. An infrared energy harvester based on radar cross-section reduction of chiral metasur-

faces through phase cancellation approach. Sci. Rep. 11, 1–11 (2021).
 47. Karakaya, E., Bagci, F., Can, S., Yilmaz, A. E. & Akaoglu, B. Four-band electromagnetic energy harvesting with a dual-layer meta-

material structure. Int. J. RF Microw. Comput.-Aided Eng. 29, e21644 (2019).
 48. Mustafa, M.-E., Tahir, F. A. & Amin, M. Broadband waveplate operation by orthotropic metasurface reflector. JAP 126, 185108 

(2019).
 49. Amin, M., Siddiqui, O. & Farhat, M. Linear and circular dichroism in graphene-based reflectors for polarization control. Phys. 

Rev. Appl. 13, 024046 (2020).
 50. Amin, M., Siddiqui, O. & Farhat, M. Metasurface supporting broadband circular dichroism for reflected and transmitted fields 

simultaneously. J. Phys. D Appl. Phys. 53, 435106 (2020).

Author contributions
M.A., O.S. and F.A.T. conceived the idea of anti-reflecting metasurface based compact absorber. M.A. and O.S. 
analyze the results and wrote the manuscript. F.A.T. and A.R. performed simulations, fabrication and measure-
ments. F.A.T. also contributed to the manuscript writeup. F.A.T. also supervised the whole research work.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.A.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anti-reflecting metasurface for broadband polarization independent absorption at Ku band frequencies
	Anti-reflection metasurface based on out-of-phase reflection from supercell
	Design of anti-reflecting metasurface structure
	Results
	Conclusion
	References


