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ABSTRACT

Metasurface is a planar type of metamaterial that is preferred in all electromagnetic
applications due to its simplicity. Metasurfaces can be constructed using an array of
electrically small resonators. This work investigates the feasibility of using small,
highly efficient metasurface structures as RF collectors for energy harvesting
applications. The first part of this work discussed a new metasurface split-ring
resonator (SRR) absorber as an energy harvester. An array of 7x7 SRR metasurface
resonators were designed and fabricated to maximise energy absorption at broadband
frequencies of 1.88 GHz to 6.4 GHz. An air layer is placed between the dielectric
substrate and the ground plane to enhance the absorption bandwidth. In addition, four

resistor loads placed on the splits of the top metallic layer of the resonator are used to

achieve a polarization-insensitive, wide-angle from 0° up to 60°, higher absorption,
and higher harvesting efficiency. The near-unity absorption of over 90% and the
harvesting efficiency of around 88% are achieved over a wider frequency range.
Therefore, an efficient miniaturized wideband metasurface energy harvester is
introduced in the second part of this work. A design of the electromagnetic metasurface
harvester inspired by an array of printed metallic electric ring resonators (ERR) is
presented. A finite array of 5x5 ERR unit cells is analysed numerically and
experimentally at 5 GHz band. The array is analysed for maximising radiation to AC
conversion efficiency where a resistor terminates each resonator through a metallic
via. The overall radiation to AC harvesting efficiency of about 91% and 78% was

obtained numerically at normal incidence and different oblique incidence angles up to

60°, respectively. Unlike earlier metasurface harvesters that connected each resonator
to a load, this novel design uses a feed network to connect all resonators to one load to
increase the efficiency. The novel proposed metasurface is based on the double-
elliptical cylinder resonator that can capture energy at 5 GHz band. The simulation
results yielded radiation to AC efficiency of 94% at normal incidence. A finite array

of 4x4 unit cells was fabricated and tested experimentally for verification.
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ABSTRAK

Permukaan meta merupakan salah satu kumpulan kecil dari planar bahan meta yang
menjadi pilihan berbanding bahan meta di dalam bidang elektromagnet kerana
rekabentuknya yang ringkas. Permukaan meta boleh dibina menggunakan pelbagai
rekabentuk ulangan yang kecil. Maka, kajian ini menggunakan kelebihan permukaan
meta untuk aplikasi penyerapan dan penuaian tenaga. Bahagian pertama kerja ini
membincangkan penemuaan baru bagi penyalun cincin berbelah menggunakan
permukaan meta (SRR) dalam bentuk tatasusunan sebagai penyerap tenaga.
Tatasusunan penyalun bersaiz 7x7 SRR telah direka bentuk bagi memaksimumkan
penyerapan tenaga pada frekuensi jalur lebar 1.88 GHz hingga 6.4 GHz. Lapisan udara
diletakkan di antara penebat substrat dan bahagian pembumian untuk meningkatkan
lebar jalur penyerapan tersebut. Di samping itu, empat beban perintang yang
diletakkan pada bahagian lapisan atas logam penyalun digunakan bagi meningkatkan
kecekapan penyerapan polarisasi, sudut lebar dari 0° sehingga 60° dan kadar
penyerapan yang lebih tinggi. Penyerapan sebanyak 90% dapat di capai bagi pelbagai
sudut dan polarisasi yang berbeza. Maka, konsep menggunakan struktur permukaan
meta elektromagnet bersaiz kecil sebagai penuai tenaga diperkenalkan pada bahagian
kedua thesis ini. Reka bentuk permukaan meta penuai berdasarkan pelbagai penyalun
cincin logam bercetak (ERR) telah di cipta. Susunan sel unit ERR 5x5 telah di analisa
dengan menggunakan kaedah simulasi berangka dan eksperimen pada frekuensi 5
GHz. Malah, analisis susunan berulang telah di jalankan bagi memaksimakan
kecekapan radiasi kepada penukaran ke arus ulang alik (AC), di mana perintang telah
di tambah pada setiap logam penyalun permukaan meta tersebut. Penuaian tenaga
sebanyak 91% bagi radiasi secara terus dan 80% telah di peroleh apabila arah radiasi
di serongkan dengan pelbagai sudut sehingga 60°. Rekabentuk permukaan meta dari
kajian sebelum ini menghubungkan setiap penyalun ke beban, tetapi, reka bentuk
kajian ini menggunakan rangkaian suapan untuk menghubungkan semua penyalun ke

satu beban. Ciptaan baru ini berdasarkan penyalun silinder elips silang yang dapat
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menangkap tenaga pada frekuensi 5 GHz. Hasil keputusan simulasi menunjukkan
kecekapan AC mencapai sebanyak 94% pada sudut radiasi secara terus. Bagi tujuan
pengesahan keputusan kajian, susunan sel unit 4x4 telah di fabrikasi dan diuji secara

eksperimen.
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CHAPTER 1

INTRODUCTION

This chapter describes in detail the research background, focus, problem statement,

research objectives, research scopes, and the contribution of this study.

1.1 Research background

UP now, batteries have been utilized as a significant energy source for portable or
wearable devices. In contrast, this way has many intrinsic drawbacks, such as batteries'
total weight and size that occupy a significant fraction of an electronic system. The
advantage of modern electronics brought about an interest in energy harvesting. As
technology progressed, smaller electronic devices with lower power demands became
available. It became possible to harvest energy from the environment to power these
electronic devices or recharge a secondary battery. This technique is called Energy
Harvesting (EH), which means powering wireless electronic devices by scavenging
low-grade ambient energy sources such as environmental vibrations, human power,
thermal, solar and their conversion into useable electrical energy [1]. There are many
ambient sources for EH, such as light, thermal gradients, sound energy, wind energy,
and radio frequency (RF) energy. Among several ambient energy sources, RF energy
is available continuously for both indoor and outdoor environments throughout the
day/night due to cell phone towers, satellites, radar stations, Wi-Fi routers, and other
wireless devices/communication networks. Furthermore, an RF energy harvesting
system is inexpensive and requires less infrastructure compared to different types of
ambient energy sources [2]. Rectifying antennas (rectennas) consist of an antenna,
matching circuit and rectifier, which is the current solution for capturing RF energy

via antenna and converting it to DC power by rectifier circuit. However, the large size



and low efficiency of the antenna are critical challenges that need to be considered in
dealing with low power ambient electromagnetic (EM) waves energy [3]. Several
researchers have used conventional antennas such as microstrip antenna in an array
form to achieve a long-distance wireless power transfer (WPT) and higher output DC
power. However, there still are some conflicts, such as relatively higher loss of array
feeding networks, difficulty in feeding network design, and antenna element coupling
causing reduced rectenna array performance [4]-[7]. Nowadays, metamaterial-
inspired rectenna design methods have been explored to overcome these challenges.
Metamaterials are made of a three-dimensional ensemble of electrically-small
resonators [8] .Unlike the absorbers, metamaterial-harvesters can absorb the incident
EM energy and conduct the induced current to the load. The split-ring resonators
(SRR) [9] and complementary split-ring resonators (CSRR) [10] are applied as energy
collectors for energy harvesting applications [11].

Metasurfaces are considered as two-dimensional (2-D) version of 3-D
metamaterial originally called metafilm, in which the surface is a distribution of
electrically small scatters [12]. This advantage makes metasurface much simpler to
fabricate than bulk metamaterials [13],[14]. Owing to their small losses, low profile,
and rich electromagnetic field manipulation, metasurfaces are excellent spatial
processors capable to manipulating electromagnetic waves with ever more complex
possible applications such as polarization transformation, generalized refraction and
non-reciprocal field control. To produce a desired scattered field, metasurfaces are
usually made of uniform or non-uniform arrangements of specifically engineered sub-
wavelength scattering particles [14]. The most critical feature of metasurfaces is giving
a new degree of freedom to control the amplitude, phase, polarization response with
sub-wavelength resolution and realize wavefront shaping within a distance much less

than the wavelength [15].



1.2 Problem statement

Wireless devices need energy as their primary source of power to keep running.
However, batteries, which are often used to power wireless devices, have a limited
capacity and a finite lifespan. As a result, wireless devices and networks will not be
achieved a sustainable operation. Energy harvesting from current energy sources in the
ambient has emerged as a promising technology to overcome this challenge. RF
energy can obtain from EM waves over a large area. EM waves generated by RF
energy sources in various frequency bands are ubiquitous and available even in
inaccessible locations, extracting energy from a large area. Furthermore, the use of
low-power wireless devices is on the growth. For applications such as wireless sensor
networks (WSNs) and the internet of things (1oT), RF energy harvesters provide a
viable energy source.

Currently, rectenna system harvests the EM energy via antenna and converts it
to DC power within a rectifier. An antenna is the main part used in array form to
increase the harnessed power in the energy harvesting applications where a large
amount of power is required. However, the large size and low efficiency are two
critical challenges that need to be considered dealing with low-power ambient EM
waves energy [15], [16]. A relatively large dimension of conventional antennas
comparable to a half free space wavelength imposes certain limitations on using
traditional antennas in array form as energy collectors in the rectenna systems.
Furthermore, by using conventional antennas array require a distance A/2 between the
antennas to avoid destructive mutual coupling between array elements [17]. In
addition, the limited functionality of the receiver antenna to collect EM waves energy
with different polarization and incident angles is another limitation in the current
harvesting systems.

Nowadays, metasurface inspired rectenna design methods have been explored
to overcome these challenges. It is shown that in contrast to conventional antennas,
close placement of metasurface collectors in array form does not deteriorate the power
harvesting efficiency of the array and provide wider frequency bandwidth in
comparison to traditional antennas. Moreover, the metasurface collectors can capture
EM wave energy from ambient with the different incident and polarization angles. In

this work, a broadband, polarization-insensitive and wide-angle reception is designed



for energy harvesting applications. The proposed absorber achieved a higher
absorptivity across a wider frequency range at different polarization and incident
angles from 0° to 60°, where the most absorbed power can be converted into a usable
power. Therefore, the research provided metasurface structures as RF energy
collectors for Wi-Fi applications. The proposed metasurface structures are achieved a

higher AC conversion efficiency at different polarization and an incident angles from

up to 60°.

1.3 Objectives of the research

This project aims to design and develop a cost-effective and efficient EM based energy
harvester that can operate in the microwave regime. The work is broken down into the

following objectives:

I.  To design and analyse a broadband metasurface based energy absorber with
lumped elements for RF energy harvesting applications.
Il. To design and analyse a wide-angle metasurface collector for RF energy
harvester at 5 GHz band.
I1l.  Todesign and analyse the metasurface array collectors for RF energy harvester
with one load using corporate feed network at 5 GHz band.

14 Scope of the research

The research focused on studying metasurface structures used as energy collectors

instead of conventional antennas. The scopes of this work include:

I.  Analyse and study the ability of the metasurface structures for EM harvesting
at the microwave regime.

Il.  The metasurface based energy absorber is designed at a broadband frequency
range from 1 GHz to 7 GHz for EMC applications, mobile (GSM bands), Wi-
Fi, 5 G bands, etc. the FR4 material with a thickness of 1.6 mm and a dielectric
constant of 4.3 is used as substrate material. An air gap with a thickness of 14

mm is placed between the substrate and ground to enhance bandwidth. The



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

J. A. Paradiso and T. Starner, “Energy Scavenging for Mobile and Wireless
Electronics,” IEEE Pervasive Comput., vol. 4, no. 1, pp. 18-27, Jan. 2005,
doi: 10.1109/MPRV.2005.9.
A. NECHIBVUTE, A. CHAWANDA, N. TARUVINGA, and P. LUHANGA,
“Radio Frequency Energy Harvesting Sources,” Acta Electrotech. Inform., vol.
17, no. 4, pp. 19-27, Dec. 2017, doi: 10.15546/aeei-2017-0030.
“Harvesting Wireless Power: Survey of Energy-Harvester Conversion
Efficiency in Far-Field, Wireless Power Transfer Systems,” IEEE Microw.
Mag., wvol. 15, no. 4, pp. 108-120, Jun. 2014, doi:
10.1109/MMM.2014.2309499.
T. Sharma and G. Saini, “Microstrip Antenna Array for RF Energy Harvesting
System,” Int. J. Adv. Inf. Sci. Technol., vol. 5, no. 1, pp. 145-149, 2016, doi:
:10.15693/ijaist/2016.v5i1.145-149.
H. Sun and W. Geyi, “A New Rectenna Using Beamwidth-Enhanced Antenna
Array for RF Power Harvesting Applications,” IEEE Antennas Wirel. Propag.
Lett., vol. 16, no. c, pp. 1451-1454, 2017, doi: 10.1109/LAWP.2016.2642124.
A. Mavaddat, S. H. M. Armaki, and A. R. Erfanian, “Millimeter-Wave Energy
Harvesting Using 4 X 4 Microstrip Patch Antenna Array,” IEEE Antennas
Wirel. Propag. Lett, vol. 14, no. c, pp. 515-518, 2015, doi:
10.1109/LAWP.2014.2370103.
M. Arrawatia, M. S. Baghini, and G. Kumar, “Differential microstrip antenna
for RF energy harvesting,” IEEE Trans. Antennas Propag., vol. 63, no. 4, pp.
1581-1588, 2015, doi: 10.1109/TAP.2015.2399939.
G. Singh and A. Marwaha, “A Review of Metamaterials and its Applications,”
Int. J. Eng. Trends Technol., vol. 19, no. 6, pp. 305-310, 2015, Accessed: Mar.
28, 2018. [Online]. Available: http://www.ijettjournal.org.
O. M. Ramahi, T. S. Almoneef, M. AlShareef, and M. S. Boybay,
“Metamaterial particles for electromagnetic energy harvesting,” Appl. Phys.

Lett., vol. 101, no. 17, p. 173903, Oct. 2012, doi: 10.1063/1.4764054.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

144

T. Almoneef and O. M. Ramahi, “SPLIT-RING RESONATOR ARRAYS FOR
ELECTROMAGNETIC ENERGY HARVESTING,” Prog. Electromagn. Res.
B, vol. 62, no. 3, pp. 167-180, Jul. 2015, doi: 10.2528/PIERB15012506.

H.-T. Chen, A. J. Taylor, and N. Yu, “A review of metasurfaces: physics and
applications,” Reports Prog. Phys., vol. 79, no. 7, p. 076401, Jul. 2016, doi:
10.1088/0034-4885/79/7/076401.

A. |. Dimitriadis, N. V. Kantartzis, 1. T. Rekanos, and T. D. Tsiboukis,
“Efficient metafilm/metasurface characterization for obliquely incident te
waves via surface susceptibility models,” IEEE Trans. Magn., vol. 48, no. 2,
pp. 367-370, 2012, doi: 10.1109/TMAG.2011.2175374.

S. Walia et al., “Flexible metasurfaces and metamaterials: A review of materials
and fabrication processes at micro- and nano-scales,” Appl. Phys. Rev., vol. 2,
no. 1, p. 011303, Mar. 2015, doi: 10.1063/1.4913751.

C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth, and D. R.
Smith, “An Overview of the Theory and Applications of Metasurfaces: The
Two-Dimensional Equivalents of Metamaterials,” IEEE Antennas Propag.
Mag., vol. 54, no. 2, pp. 10-35, Apr. 2012, doi: 10.1109/MAP.2012.6230714.
M. Amiri, F. Tofigh, N. Shariati, J. Lipman, and M. Abolhasan, “Review on
Metamaterial Perfect Absorbers and Their Applications to IoT,” IEEE Internet
Things J., vol. 4662, no. c, pp. 1-1, 2020, doi: 10.1109/ji0t.2020.3025585.

M. Cansiz, D. Altinel, and G. K. Kurt, “Efficiency in RF energy harvesting
systems: A comprehensive review,” Energy, vol. 174, no. February, pp. 292—
309, 2019, doi: 10.1016/j.energy.2019.02.100.

B. Alavikia, T. S. Almoneef, and O. M. Ramahi, “Complementary split ring
resonator arrays for electromagnetic energy harvesting,” Appl. Phys. Lett., vol.
107, no. 3, p. 033902, Jul. 2015, doi: 10.1063/1.4927238.

NADER ENGHETA RICHARD W. ZIOLKOWSKI, Metamaterials. Hoboken,
NJ, USA: John Wiley & Sons, Inc., 2006.

A. Sihvola, “Metamaterials in electromagnetics,” Metamaterials, vol. 1, no. 1,
pp. 2-11, Mar. 2007, doi: 10.1016/j.metmat.2007.02.003.

H. Lamb, “On group - Velocity,” Proc. London Math. Soc., vol. s2-1, no. 1, pp.
473-479, 1904, doi: 10.1112/plms/s2-1.1.473.

I. V. Lindell, A. H. Sihvola, and J. Kurkijarvi, “Karl F. Lindman: The Last
Hertzian, and a Harbinger of Electromagnetic Chirality,” IEEE Antennas and



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

145

Propagation Magazine, vol. 34, no. 3. pp. 24-30, 1992, doi:
10.1109/74.153530.

V. G. Veselago, “THE ELECTRODYNAMICS OF SUBSTANCES WITH
SIMULTANEOUSLY NEGATIVE VALUES OF $\epsilon$ AND p,” Sov.
Phys. Uspekhi, wvol. 10, no. 4, pp. 509-514, Apr. 1968, doi:
10.1070/PU1968v010n04ABEH003699.

D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S. Schultz,
“Composite  medium with simultaneously negative permeability and
permittivity,” Phys. Rev. Lett., vol. 84, no. 18, pp. 4184-4187, 2000, doi:
10.1103/PhysRevL ett.84.4184.

R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental Verification of a
Negative Index of Refraction,” Science (80-. )., vol. 292, no. 5514, pp. 77-79,
Apr. 2001, doi: 10.1126/science.1058847.

D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S. Schultz,
“Composite Medium with Simultaneously Negative Permeability and
Permittivity,” Phys. Rev. Lett., vol. 84, no. 18, pp. 4184-4187, May 2000, doi:
10.1103/PhysRevL ett.84.4184.

C. Caloz, C. C. Chang, and T. Itoh, “Full-wave verification of the fundamental
properties of left-handed materials in waveguide configurations,” J. Appl.
Phys., vol. 90, no. 11, pp. 5483-5486, 2001, doi: 10.1063/1.1408261.

A. K. Iyer and G. V. Eleftheriades, “Negative refractive index metamaterials
supporting 2-D waves,” IEEE MTT-S Int. Microw. Symp. Dig., vol. 2, pp. 1067—
1070, 2002, doi: 10.1109/mwsym.2002.1011823.

I. V. Lindell, S. A. Tretyakov, K. I. Nikoskinen, and S. Ilvonen, “BW media -
Media with negative parameters, capable of supporting backward waves,”
Microw. Opt. Technol. Lett., vol. 31, no. 2, pp. 129-133, 2001, doi:
10.1002/mop.1378.

R. W. Ziolkowski and E. Heyman, “Wave propagation in media having negative
permittivity and permeability,” Phys. Rev. E - Stat. Physics, Plasmas, Fluids,
Relat. Interdiscip. Top., vol. 64, no. 5 p. 15 2001, doi:
10.1103/PhysRevE.64.056625.

M. Silveirinha and N. Engheta, “Tunneling of electromagnetic energy through
subwavelength channels and bends using e-near-zero materials,” Phys. Rev.

Lett., vol. 97, no. 15, 2006, doi: 10.1103/PhysRevLett.97.157403.



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

146

H. O. Moser and C. Rockstuhl, “3D THz metamaterials from
micro/nanomanufacturing,” Laser Photon. Rev., vol. 6, no. 2, pp. 219-244, Apr.
2012, doi: 10.1002/1por.201000019.

I. Bergmair et al.,, “Single and multilayer metamaterials fabricated by
nanoimprint lithography,” Nanotechnology, vol. 22, no. 32, p. 325301, Aug.
2011, doi: 10.1088/0957-4484/22/32/325301.

Z. H. Jiang, S. Yun, F. Toor, D. H. Werner, and T. S. Mayer, “Conformal Dual-
Band Near-Perfectly Absorbing Mid-Infrared Metamaterial Coating,” ACS
Nano, vol. 5, no. 6, pp. 4641-4647, Jun. 2011, doi: 10.1021/nn2004603.

D. Y. Shchegolkov, A. K. Azad, J. F. O’Hara, and E. 1. Simakov, “Perfect
subwavelength fishnetlike metamaterial-based film terahertz absorbers,” Phys.
Rev. B, wvol. 82, no. 20, p. 205117, Nov. 2010, doi:
10.1103/PhysRevB.82.205117.

Q. Wen et al., “Perfect Metamaterial Absorbers in Microwave and Terahertz
Bands,” in Metamaterial, InTech, 2012, pp. 501-512.

M. Bagmanci, O. Akgél, M. Ozaktiirk, M. Karaaslan, E. Unal, and M. Bakar,
“Polarization independent broadband metamaterial absorber for microwave
applications,” Int. J. RF Microw. Comput. Eng., vol. 29, no. 1, p. 21630, Jan.
2019, doi: 10.1002/mmce.21630.

M. Agarwal, A. K. Behera, and M. K. Meshram, “Wide-angle quad-band
polarisation-insensitive metamaterial absorber,” Electron. Lett., vol. 52, no. 5,
pp. 340-342, Mar. 2016, doi: 10.1049/el.2015.4134.

J. Hao, J. Wang, X. Liu, W. J. Padilla, L. Zhou, and M. Qiu, “High performance
optical absorber based on a plasmonic metamaterial,” Appl. Phys. Lett., vol. 96,
no. 25, p. 251104, Jun. 2010, doi: 10.1063/1.3442904.

S. Ramya and I. Srinivasa Rao, “A compact ultra-thin ultra-wideband
microwave metamaterial absorber,” Microw. Opt. Technol. Lett., vol. 59, no. 8,
pp. 1837-1845, Aug. 2017, doi: 10.1002/mop.30636.

X. Duan, X. Chen, and L. Zhou, “A metamaterial electromagnetic energy
rectifying surface with high harvesting efficiency,” AIP Adv., vol. 6, no. 12, p.
125020, Dec. 2016, doi: 10.1063/1.4972121.

M. R. AlShareef and O. Ramahi, “Energy Harvesting in the Microwaves
Spectrum Using Electrically Small Resonators,” vol. 155, A. Y. Oral, Z. B.
Bahsi, and M. Ozer, Eds. Cham: Springer International Publishing, 2014, pp.



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

147

265-272.

G. Fu and S. Sonkusale, “Broadband wireless radio frequency power telemetry
using a metamaterial resonator embedded with non-foster impedance circuitry,”
Appl. Phys. Lett., vol. 106, no. 20, p. 203504, May 2015, doi:
10.1063/1.4921523.

T. Almoneef and O. M. Ramahi, “A 3-DIMENSIONAL STACKED
METAMATERIAL ARRAYS FOR ELECTROMAGNETIC ENERGY
HARVESTING,” Prog. Electromagn. Res., vol. 146, no. March, pp. 109-115,
2014, doi: 10.2528/PIER14031603.

A. M. Hawkes, A. R. Katko, and S. A. Cummer, “A microwave metamaterial
with integrated power harvesting functionality,” Appl. Phys. Lett., vol. 103, no.
16, p. 163901, Oct. 2013, doi: 10.1063/1.4824473.

S. Shang, S. Yang, J. Liu, M. Shan, and H. Cao, “Metamaterial electromagnetic
energy harvester with high selective harvesting for left- and right-handed
circularly polarized waves,” J. Appl. Phys., vol. 120, no. 4, p. 045106, Jul. 2016,
doi: 10.1063/1.4959879.

F. O. ALKURT et al., “Octagonal Shaped Metamaterial Absorber Based
Energy Harvester,” Mater. Sci., vol. 24, no. 3, pp. 253-259, Aug. 2018, doi:
10.5755/j01.ms.24.3.18625.

C. M. Soukoulis and M. Wegener, “Past achievements and future challenges in
the development of three-dimensional photonic metamaterials,” Nat. Photonics,
vol. 5, no. 9, pp. 523-530, Sep. 2011, doi: 10.1038/nphoton.2011.154.

N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater.,
vol. 13, no. 2, pp. 139-150, Feb. 2014, doi: 10.1038/nmat3839.

M. El Badawe, “Metasurfaces for Antennas , Energy Harvesting and Imaging,”
2018.

N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater.,
vol. 13, no. 2, pp. 139-150, Feb. 2014, doi: 10.1038/nmat3839.

J. Wang and J. Du, “Plasmonic and Dielectric Metasurfaces: Design,
Fabrication and Applications,” Appl. Sci., vol. 6, no. 9, p. 239, Sep. 2016, doi:
10.3390/app6090239.

N. Yu et al., “Light Propagation with Phase Discontinuities Reflection and
Refraction,” Science (80-. )., vol. 334, no. October, pp. 333-337, 2011, doi:
10.1126/science.1210713.



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

148

N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater.,
vol. 13, no. 2, pp. 139-150, Feb. 2014, doi: 10.1038/nmat3839.

N. Yuand F. Capasso, “Flat optics: Controlling wavefronts with optical antenna
metasurfaces,” in 2013 IEEE Antennas and Propagation Society International
Symposium (APSURSI), Jul. 2013, pp. 2341-2342, doi:
10.1109/APS.2013.6711829.

M. A. Kats, R. Blanchard, P. Genevet, and F. Capasso, “Nanometre optical
coatings based on strong interference effects in highly absorbing media,” Nat.
Mater., vol. 12, no. 1, pp. 20—24, Jan. 2013, doi: 10.1038/nmat3443.

X. Luo, “Principles of electromagnetic waves in metasurfaces,” Sci. China
Physics, Mech. Astron., vol. 58, no. 9, p. 594201, Sep. 2015, doi:
10.1007/s11433-015-5688-1.

L. B. Wang, K. Y. See, J. W. Zhang, B. Salam, and A. C. W. Lu, “Ultrathin and
Flexible Screen-Printed Metasurfaces for EMI Shielding Applications,” IEEE
Trans. Electromagn. Compat., vol. 53, no. 3, pp. 700-705, Aug. 2011, doi:
10.1109/TEMC.2011.21595009.

M. M. Masud, B. [jaz, A. Iftikhar, M. N. Rafiq, and B. D. Braaten, “A
reconfigurable dual-band metasurface for EMI shielding of specific
electromagnetic wave components,” in 2013 IEEE International Symposium on
Electromagnetic =~ Compatibility, ~Aug. 2013, pp. 640-644, doi:
10.1109/ISEMC.2013.6670490.

M. M. Masud, B. Jjaz, 1. Ullah, and B. Braaten, “A Compact Dual-Band EMI
Metasurface Shield With an Actively Tunable Polarized Lower Band,” IEEE
Trans. Electromagn. Compat., vol. 54, no. 5, pp. 1182-1185, Oct. 2012, doi:
10.1109/TEMC.2012.2210899.

Huiteng Zhong and Xuexia Yang, “Broadband meta-surface with polarization-
insensitive and wide-angle for electromagnetic energy harvesting,” in 2017
International Workshop on Antenna Technology: Small Antennas, Innovative
Structures, and Applications (iWAT), 2017, pp. 125-128, doi:
10.1109/IWAT.2017.7915335.

M. El Badawe and O. M. Ramahi, “Metasurface for near-unity electromagnetic
energy harvesting and wireless power transfer,” in 2016 IEEE International
Symposium on Antennas and Propagation (APSURSI), Jun. 2016, pp. 609-610,
doi: 10.1109/APS.2016.7696013.



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

149

S. Khan and T. F. Eibert, “A multi-resonant meta-absorber as an
electromagnetic energy harvester,” in 2017 IEEE International Symposium on
Antennas and Propagation & USNC/URSI National Radio Science Meeting,
Jul. 2017, pp. 1091-1092, doi: 10.1109/APUSNCURSINRSM.2017.8072588.
X. Duan, X. Chen, and L. Zhou, “A metamaterial harvester with integrated
rectifying functionality,” in 2016 IEEE/ACES International Conference on
Wireless Information Technology and Systems (ICWITS) and Applied
Computational Electromagnetics (ACES), Mar. 2016, pp. 1-2, doi:
10.1109/ROPACES.2016.7465445.

B. M. Z. ’Abidin, O. O. Khalifa, E. M. A. Elsheikh, and A. H. Abdulla,
“Wireless energy harvesting for portable devices using Split Ring Resonator,”
in 2015 International Conference on Computing, Control, Networking,
Electronics and Embedded Systems Engineering (ICCNEEE), Sep. 2015, pp.
362-367, doi: 10.1109/ICCNEEE.2015.7381392.

W. Hu et al., “Low-Cost Air Gap Metasurface Structure for High Absorption
Efficiency Energy Harvesting,” Int. J. Antennas Propag., vol. 2019, pp. 1-8,
Sep. 2019, doi: 10.1155/2019/1727619.

X. Zhang and L. Li, “A dual-band polarization-independent and wide-angle
metasurface for electromagnetic power harvesting,” in 2017 Sixth Asia-Pacific
Conference on Antennas and Propagation (APCAP), Oct. 2017, pp. 1-3, doi:
10.1109/APCAP.2017.8420461.

W. Hu et al.,, “High Efficiency Electromagnetic Energy Harvesting with
Metasurface,” in 2018 IEEE Asia-Pacific Conference on Antennas and
Propagation (APCAP), Aug. 2018, pp. 488-489, doi:
10.1109/APCAP.2018.8538030.

Q. M. Dinh and M. T. Le, “Ambient RF energy harvesting system based on
wide angle metamaterial absorber for battery-less wireless sensors,” Int. Conf.
Adv. Technol. Commun., vol. 2020-Octob, pp. 140-144, 2020, doi:
10.1109/ATC50776.2020.9255477.

J. Zhou, P. Zhang, J. Han, L. Li, and Y. Huang, “Metamaterials and
Metasurfaces for Wireless Power Transfer and Energy Harvesting,” Proc.
IEEE, vol. 110, no. 1, pp. 31-55, 2021, doi: 10.1109/jproc.2021.3127493.

M. DInh, N. Ha-Van, N. T. Tung, and M. Thuy Le, “Dual-Polarized Wide-
Angle Energy Harvester for Self-Powered IoT Devices,” IEEE Access, vol. 9,



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

150

pp. 103376-103384, 2021, doi: 10.1109/ACCESS.2021.3098983.

F. Venneri, K. K. Q. Piray, and S. Costanzo, “Metamaterial absorbers for RF
energy harvesting at GSM bands,” in 2021 IEEE International Conference on
Environment and Electrical Engineering and 2021 IEEE Industrial and
Commercial Power Systems Europe (EEEIC / I&CPS Europe), Sep. 2021, pp.
1-4, doi: 10.1109/EEEIC/ICPSEurope51590.2021.9584757.

S. F. Babazadeh, M. Khanjarian, M. El Badawe, V. Nayyeri, M. Soleimani, and
O. M. Ramahi, “A Circularly Polarized Metasurface Antenna,” in 12th
European Conference on Antennas and Propagation (EuCAP 2018), 2018, pp.
333 (3 pp.)-333 (3 pp.), doi: 10.1049/cp.2018.0692.

W.E. L Liu, Z. N. Chen, X. Qing, J. Shi, and F. H. Lin, “Miniaturized Wideband
Metasurface Antennas,” IEEE Trans. Antennas Propag., vol. 65, no. 12, pp.
7345-7349, Dec. 2017, doi: 10.1109/TAP.2017.2761550.

S. U. Rahman, Q. Cao, I. Gil, M. Sajjad, and Y. Wang, “Design of Wideband
Beamforming Metasurface With Alternate Absorption,” IEEE Access, vol. 8,
no. January, pp. 21393-21400, 2020, doi: 10.1109/ACCESS.2020.2966626.
C. L. Holloway, E. F. Kuester, J. Baker-Jarvis, and P. Kabos, “A Double
Negative (DNG) Composite Medium Composed of Magnetodielectric
Spherical Particles Embedded in a Matrix,” IEEE Trans. Antennas Propag., vol.
51, no. 10 I, pp. 2596-2603, Oct. 2003, doi: 10.1109/TAP.2003.817563.

G. V Eleftheriades and K. G. Balmain, Negative-Refraction Metamaterials.
Hoboken, NJ, USA: John Wiley & Sons, Inc., 2005.

E. Shamonina and L. Solymar, “Metamaterials: How the subject started,”
Metamaterials, wvol. 1, no. 1. pp. 12-18, Mar. 2007, doi:
10.1016/j.metmat.2007.02.001.

N. Engheta and R. Ziolkowski, Metamaterials. Hoboken, NJ, USA: John Wiley
& Sons, Inc., 2006.

J. A. Paradiso and T. Starner, “Energy Scavenging for Mobile and Wireless
Electronics,” IEEE Pervasive Comput., vol. 4, no. 1, pp. 18-27, Jan. 2005, doi:
10.1109/MPRV.2005.9.

Z. Chen, B. Guo, Y. Yang, and C. Cheng, “Metamaterials-based enhanced
energy harvesting: A review,” Phys. B Condens. Matter, vol. 438, pp. 1-8, Apr.
2014, doi: 10.1016/j.physb.2013.12.040.

M. Pinuela, P. D. Mitcheson, and S. Lucyszyn, “Ambient RF Energy Harvesting



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

151

in Urban and Semi-Urban Environments,” IEEE Trans. Microw. Theory Tech.,
vol. 61, no. 7, pp. 2715-2726, Jul. 2013, doi: 10.1109/TMTT.2013.2262687.
N. Md. Din, C. K. Chakrabarty, A. Bin Ismail, K. K. A. Devi, and W.-Y. Chen,
“DESIGN OF RF ENERGY HARVESTING SYSTEM FOR ENERGIZING
LOW POWER DEVICES,” Prog. Electromagn. Res., vol. 132, pp. 49-69,
2012, doi: 10.2528/PIER12072002.

J. L. Volakis, U. Olgun, and C.-C. Chen, “Design of an efficient ambient WiFi
energy harvesting system,” IET Microwaves, Antennas Propag., vol. 6, no. 11,
pp. 1200-1206, Aug. 2012, doi: 10.1049/iet-map.2012.0129.

V. Talla, S. Pellerano, H. Xu, A. Ravi, and Y. Palaskas, “Wi-Fi RF energy
harvesting for battery-free wearable radio platforms,” in 2015 IEEE
International Conference on RFID (RFID), Apr. 2015, pp. 47-54, doi:
10.1109/RFID.2015.7113072.

V. Talla, B. Kellogg, B. Ransford, S. Naderiparizi, S. Gollakota, and J. R.
Smith, “Powering the next billion devices with wi-fi,” in Proceedings of the
11th ACM Conference on Emerging Networking Experiments and Technologies
- CoNEXT 15, Mar. 2015, vol. 60, no. 3, pp. 1-13, doi:
10.1145/2716281.2836089.

S. Kim et al.,, “Ambient RF Energy-Harvesting Technologies for Self-
Sustainable Standalone Wireless Sensor Platforms,” Proc. IEEE, vol. 102, no.
11, pp. 1649-1666, Nov. 2014, doi: 10.1109/JPROC.2014.2357031.

S. Roundy, P. K. Wright, and K. S. J. Pister, “Micro-Electrostatic Vibration-to-
Electricity Converters,” in Microelectromechanical Systems, Jan. 2002, pp.
487-496, doi: 10.1115/IMECE2002-39309.

S. Cao and J. Li, “A survey on ambient energy sources and harvesting methods
for structural health monitoring applications,” Adv. Mech. Eng., vol. 9, no. 4, p.
168781401769621, Apr. 2017, doi: 10.1177/1687814017696210.

Y. K. Tan and S. K. Panda, “Review of Energy Harvesting Technologies for
Sustainable Wireless Sensor Network,” Networks, no. February, pp. 15-44,
2003.

A. K. Batra and A. Alomari, “Ambient Energy Sources: Mechanical, Light, and
Thermal,” in Power Harvesting via Smart Materials, SPIE PRESS, 2017.

X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless Networks With
RF Energy Harvesting: A Contemporary Survey,” IEEE Commun. Surv.



[92]
[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

152

Tutorials,  vol. 17, no. 2, pp. 757789, 2015, doi:
10.1109/COMST.2014.2368999.

C. A. Balanis, Antenna theory: analysis and design. John wiley & sons, 2016.

X.-X. Yang, C. Jiang, A. Z. Elsherbeni, F. Yang, and Y.-Q. Wang, “A Novel
Compact Printed Rectenna for Data Communication Systems,” IEEE Trans.
Antennas Propag., vol. 61, no. 5, pp. 2532-2539, May 2013, doi:
10.1109/TAP.2013.2244550.

Z. Harouni, L. Cirio, L. Osman, A. Gharsallah, and O. Picon, “A Dual
Circularly Polarized 2.45-GHz Rectenna for Wireless Power Transmission,”
IEEE Antennas Wirel. Propag. Lett.,, vol. 10, pp. 306-309, 2011, doi:
10.1109/LAWP.2011.2141973.

Z. Zakaria, N. A. Zainuddin, M. Z. A. Abd Aziz, M. N. Husain, and M. A.
Mutalib, “Dual-band monopole antenna for energy harvesting system,” in 2013
IEEE Symposium on Wireless Technology & Applications (ISWTA), Sep. 2013,
pp. 225-229, doi: 10.1109/ISWTA.2013.6688775.

J. H. Kim, S. I. Cho, H. Kim, J.-W. Choi, J. E. Jang, and J. P. Choi, “Exploiting
the Mutual Coupling Effect on Dipole Antennas for RF Energy Harvesting,”
IEEE Antennas Wirel. Propag. Lett., vol. 15, pp. 1301-1304, 2016, doi:
10.1109/LAWP.2015.2505704.

J. Heikkinen and M. Kivikoski, “A novel dual-frequency circularly polarized
rectenna,” IEEE Antennas Wirel. Propag. Lett., vol. 2, pp. 330-333, 2003, doi:
10.1109/LAWP.2004.824166.

Y.-J. Ren, M. F. Farooqui, and K. Chang, “A Compact Dual-Frequency
Rectifying Antenna With High-Orders Harmonic-Rejection,” IEEE Trans.
Antennas Propag., vol. 55, no. 7, pp. 2110-2113, Jul. 2007, doi:
10.1109/TAP.2007.900275.

M. Nie, X. Yang, G. Tan, and B. Han, “A Compact 2.45-GHz Broadband
Rectenna Using Grounded Coplanar Waveguide,” IEEE Antennas Wirel.
Propag. Lett, wvol. 14, pp. 986-989, Dec. 2015, doi:
10.1109/LAWP.2015.2388789.

A. Khemar, A. Kacha, H. Takhedmit, and G. Abib, “Design and experiments of
a dual-band rectenna for ambient RF energy harvesting in urban environments,”
IET Microwaves, Antennas Propag., vol. 12, no. 1, pp. 49-55, Jan. 2018, doi:
10.1049/iet-map.2016.1040.



[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

153

A. Bakkali, J. Pelegri-Sebastia, T. Sogorb, V. Llario, and A. Bou-Escriva, “A
Dual-Band Antenna for RF Energy Harvesting Systems in Wireless Sensor
Networks,” J. Sensors, vol. 2016, pp. 1-8, 2016, doi: 10.1155/2016/5725836.
D. Fang, Antenna theory and microstrip antennas. CRC press, 2009.

S. Agrawal, S. Pandey, J. Singh, and P. N. Kondekar, “An Efficient RF Energy
Harvester with Tuned Matching Circuit,” in VLSI Design and Test, Springer,
2013, pp. 138-145.

M. T. Penella-Lopez and M. Gasulla-Forner, Powering Autonomous Sensors.
Dordrecht: Springer Netherlands, 2011.

J. A. Hagerty, F. B. Helmbrecht, W. H. McCalpin, R. Zane, and Z. B. Popovic,
“Recycling Ambient Microwave Energy With Broad-Band Rectenna Arrays,”
IEEE Trans. Microw. Theory Tech., vol. 52, no. 3, pp. 1014-1024, Mar. 2004,
doi: 10.1109/TMTT.2004.823585.

M. Ghovanloo and K. Najafi, “Fully integrated wideband high-current rectifiers
for inductively powered devices,” IEEE J. Solid-State Circuits, vol. 39, no. 11,
pp. 1976-1984, Nov. 2004, doi: 10.1109/JSSC.2004.835822.

J. P. Curty, M. Declercq, C. Dehollain, and N. Joehl, Design and Optimization
of Passive UHF RFID Systems. Boston, MA: Springer US, 2007.

A. Li, S. Singh, and D. Sievenpiper, “Metasurfaces and their applications,”
Nanophotonics, vol. 7, no. 6, pp. 989-1011, 2018, doi: 10.1515/nanoph-2017-
0120.

N. L. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla, “Perfect
metamaterial absorber,” Phys. Rev. Lett., vol. 100, no. 20, May 2008, doi:
10.1103/PhysRevLett.100.207402.

M. Amiri, F. Tofigh, N. Shariati, J. Lipman, and M. Abolhasan, “Wide-angle
metamaterial absorber with highly insensitive absorption for TE and TM
modes,” Sci. Rep., vol. 10, no. 1, pp. 1-13, 2020, doi: 10.1038/s41598-020-
70519-8.

T. T. Nguyen and S. Lim, “Wide Incidence Angle-Insensitive Metamaterial
Absorber for Both TE and TM Polarization using Eight-Circular-Sector,” Sci.
Rep., vol. 7, no. 1, pp. 1-11, 2017, doi: 10.1038/s41598-017-03591-2.

M. L. Hakim, T. Alam, A. F. Almutairi, M. F. Mansor, and M. T. Islam,
“Polarization insensitivity characterization of dual-band perfect metamaterial

absorber for K band sensing applications,” Sci. Rep., vol. 11, no. 1, pp. 1-15,



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

154

2021, doi: 10.1038/s41598-021-97395-0.

D. R. Smith, D. C. Vier, T. Koschny, and C. M. Soukoulis, “Electromagnetic
parameter retrieval from inhomogeneous metamaterials,” Phys. Rev. E - Stat.
Nonlinear, Soft Matter Phys., vol. 71, no. 3, Mar. 2005, doi:
10.1103/PhysReVvE.71.036617.

T. Koschny, P. Markos, E. N. Economou, D. R. Smith, D. C. Vier, and C. M.
Soukoulis, “Impact of inherent periodic structure on effective medium
description of left-handed and related metamaterials,” Phys. Rev. B - Condens.
Matter ~ Mater. Phys., wvol. 71, no. 24, Jun. 2005, doi:
10.1103/PhysRevB.71.245105.

Constantine A. Balanis, Antenna Theory: Analysis and Design, 4th ed. New
Jersey: John Wiley & Sons, Ltd, 2012.

F. Ding, Y. Cui, X. Ge, Y. Jin, and S. He, “Ultra-broadband microwave
metamaterial absorber,” Appl. Phys. Lett., vol. 100, no. 10, pp. 2010-2014,
2012, doi: 10.1063/1.3692178.

B. Mulla and C. Sabah, “Multiband Metamaterial Absorber Design Based on
Plasmonic Resonances for Solar Energy Harvesting,” Plasmonics, vol. 11, no.
5, pp. 1313-1321, 2016, doi: 10.1007/s11468-015-0177-y.

J. Tang, Z. Xiao, K. Xu, X. Ma, and Z. Wang, “Polarization-Controlled
Metamaterial Absorber with Extremely Bandwidth and Wide Incidence Angle,”
Plasmonics, vol. 11, no. 5, pp. 1393-1399, 2016, doi: 10.1007/s11468-016-
0189-2.

W. Yuan and Y. Cheng, “Low-frequency and broadband metamaterial absorber
based on lumped elements: design, characterization and experiment,” Appl.
Phys. A Mater. Sci. Process., vol. 117, no. 4, pp. 1915-1921, 2014, doi:
10.1007/s00339-014-8637-3.

S. K. Srivastava, B. Satyanarayana, A. K. Saurabh, and M. K. Meshram,
“Polarization-insensitive ultra wideband absorber based on resistive rising sun-
shaped metasurface,” Asia-Pacific Microw. Conf. Proceedings, APMC, vol.
2019-Decem, pp. 548-550, 2019, doi: 10.1109/APMC46564.2019.9038357.

J. Chen et al., “Polarization-Independent, Thin, Broadband Metamaterial
Absorber Using Double-Circle Rings Loaded with Lumped Resistances,” J.
Electron. Mater., vol. 44, no. 11, pp. 4269-4274, 2015, doi: 10.1007/s11664-
015-3951-x.



155

[122] D. Lim and S. Lim, “Ultrawideband Electromagnetic Absorber Using
Sandwiched Broadband Metasurfaces,” IEEE Antennas Wirel. Propag. Lett.,
vol. 18, no. 9, pp. 1887-1891, Sep. 2019, doi: 10.1109/LAWP.2019.2932399.

[123] M. Yoo and S. Lim, “Polarization-independent and ultrawideband metamaterial
absorber using a hexagonal artificial impedance surface and a resistor-capacitor
layer,” IEEE Trans. Antennas Propag., vol. 62, no. 5, pp. 2652-2658, 2014,
doi: 10.1109/TAP.2014.2308511.

[124] W. Zuo, Y. Yang, X. He, D. Zhan, and Q. Zhang, ‘A miniaturized metamaterial
absorber for ultrahigh-frequency RFID system,” IEEE Antennas Wirel. Propag.
Lett., vol. 16, pp. 329-332, 2017, doi: 10.1109/LAWP.2016.2574885.

[125] M. Bakir, M. Karaaslan, F. Dincer, K. Delihacioglu, and C. Sabah, “Perfect
metamaterial absorber-based energy harvesting and sensor applications in the
industrial, scientific, and medical band,” Opt. Eng., vol. 54, no. 9, p. 097102,
2015, doi: 10.1117/1.0e.54.9.097102.

[126] M. Amiri, F. Tofigh, N. Shariati, J. Lipman, and M. Abolhasan, “Miniature tri-
wideband Sierpinski-Minkowski fractals metamaterial perfect absorber,” IET
Microwaves, Antennas Propag., vol. 13, no. 7, pp. 991-996, 2019, doi:
10.1049/iet-map.2018.5837.

[127] G. Qian et al., “Switchable Broadband Dual-Polarized Frequency-Selective
Rasorber/Absorber,” IEEE Antennas Wirel. Propag. Lett., vol. 18, no. 12, pp.
2508-2512, Dec. 2019, doi: 10.1109/LAWP.2019.2941661.

[128] W. Zuo, Y. Yang, X. He, C. Mao, and T. Liu, “An ultrawideband miniaturized
metamaterial absorber in the ultrahigh-frequency range,” IEEE Antennas Wirel.
Propag. Lett, wvol. 16, no. ¢, pp. 928931, 2017, doi:
10.1109/LAWP.2016.2614703.

[129] Q. Wang and Y. Cheng, “Compact and low-frequency broadband microwave
metamaterial absorber based on meander wire structure loaded resistors,” AEU
- Int. J. Electron. Commun., vol. 120, p. 153198, 2020, doi:
10.1016/j.aeue.2020.153198.

[130] S. Kalraiya, R. K. Chaudhary, and M. A. Abdalla, “Design and analysis of
polarization independent conformal wideband metamaterial absorber using
resistor loaded sector shaped resonators,” J. Appl. Phys., vol. 125, no. 13, 2019,
doi: 10.1063/1.5085253.

[131] S. Kalraiya, R. K. Chaudhary, and M. A. Abdalla, “Resistor loaded wideband



[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

156

conformal metamaterial absorber for curved surfaces application,” AEU - Int. J.
Electron. Commun., vol. 143, no. November 2021, p. 154033, 2022, doi:
10.1016/j.aeue.2021.154033.

T. Jang, H. Youn, Y. J. Shin, and L. J. Guo, “Transparent and Flexible
Polarization-Independent Microwave Broadband Absorber,” ACS Photonics,
vol. 1, no. 3, pp. 279-284, 2014, doi: 10.1021/ph400172u.

X. Kong, J. Xu, J. jun Mo, and S. Liu, “Broadband and conformal metamaterial
absorber,” Front. Optoelectron., vol. 10, no. 2, pp. 124-131, 2017, doi:
10.1007/s12200-017-0682-z.

Q. Zhao, L. Li, X. Zhang, X. Zhang, and J. Chen, “An ambient energy harvester
using metasurface,” in 2018 IEEE International Symposium on Electromagnetic
Compatibility and 2018 IEEE Asia-Pacific Symposium on Electromagnetic
Compatibility (EMC/APEMC), May 2018, pp. 111-112, doi:
10.1109/ISEMC.2018.8394077.

T. S. Almoneef and O. M. Ramahi, “Metamaterial electromagnetic energy
harvester with near unity efficiency,” Appl. Phys. Lett., vol. 106, no. 15, p.
153902, Apr. 2015, doi: 10.1063/1.4916232.

B. Alavikia, T. S. Almoneef, and O. M. Ramahi, “Wideband resonator arrays
for electromagnetic energy harvesting and wireless power transfer,” Appl. Phys.
Lett., vol. 107, no. 24, p. 243902, Dec. 2015, doi: 10.1063/1.4937591.

B. Ghaderi, V. Nayyeri, M. Soleimani, and O. M. Ramahi, “A novel symmetric
ELC resonator for polarization-independent and highly efficient
electromagnetic energy harvesting,” in 2017 IEEE MTT-S International
Microwave Workshop Series on Advanced Materials and Processes for RF and
THz Applications (IMWS-AMP), Sep. 2017, vol. 2018-Janua, no. September,
pp. 1-3, doi: 10.1109/IMWS-AMP.2017.8247443.

F. Yu, G. Q. He, X. X. Yang, J. Du, and S. Gao, “Polarization-insensitive
metasurface for harvesting electromagnetic energy with high efficiency and
frequency stability over wide range of incidence angles,” Appl. Sci., vol. 10, no.
22, pp. 1-10, 2020, doi: 10.3390/app10228047.

S. Costanzo and F. Venneri, “Polarization-Insensitive Fractal Metamaterial
Surface for Energy Harvesting in IoT Applications,” Electronics, vol. 9, no. 6,
p. 959, Jun. 2020, doi: 10.3390/electronics9060959.

S. Shang, S. Yang, M. Shan, J. Liu, and H. Cao, “High performance



[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

157

metamaterial device with enhanced -electromagnetic energy harvesting
efficiency,” AIP Adv., vol. 7, no. 10, 2017, doi: 10.1063/1.5002165.

H.-T. Zhong, X.-X. Yang, C. Tan, and K. Yu, “Triple-band polarization-
insensitive and wide-angle metamaterial array for electromagnetic energy
harvesting,” Appl. Phys. Lett., vol. 109, no. 25, p. 253904, Dec. 2016, doi:
10.1063/1.4973282.

H.-T. Zhong, X.-X. Yang, X.-T. Song, Z.-Y. Guo, and F. Yu, “Wideband
metamaterial array with polarization-independent and wide incident angle for
harvesting ambient electromagnetic energy and wireless power transfer,” Appl.
Phys. Lett., vol. 111, no. 21, p. 213902, Nov. 2017, doi: 10.1063/1.4986320.
F. Yu, X. Yang, H. Zhong, C. Chu, and S. Gao, “Polarization-insensitive wide-
angle-reception metasurface with simplified structure for harvesting
electromagnetic energy,” Appl. Phys. Lett., vol. 113, no. 12, p. 123903, Sep.
2018, doi: 10.1063/1.5046927.

X. Duan, X. Chen, Y. Zhou, L. Zhou, and S. Hao, “Wideband Metamaterial
Electromagnetic Energy Harvester With High Capture Efficiency and Wide
Incident Angle,” IEEE Antennas Wirel. Propag. Lett., vol. 17, no. 9, pp. 1617—
1621, Sep. 2018, doi: 10.1109/LAWP.2018.2858195.

X. Zhang, H. Liu, and L. Li, “Electromagnetic Power Harvester Using Wide-
Angle and Polarization-Insensitive Metasurfaces,” Appl. Sci., vol. 8, no. 4, p.
497, Mar. 2018, doi: 10.3390/app8040497.

X. Zhang, H. Liu, and L. Li, “Tri-band miniaturized wide-angle and
polarization-insensitive metasurface for ambient energy harvesting,” Appl.
Phys. Lett., vol. 111, no. 7, p. 071902, Aug. 2017, doi: 10.1063/1.4999327.

A. Ghaneizadeh, K. Mafinezhad, and M. Joodaki, “Design and fabrication of a
2D-isotropic flexible ultra-thin metasurface for ambient electromagnetic energy
harvesting,” AIP Adv., vol. 9, no. 2, p. 025304, Feb. 2019, doi:
10.1063/1.5083876.

B. Ghaderi, V. Nayyeri, M. Soleimani, and O. M. Ramahi, “Pixelated
Metasurface for Dual-Band and Multi-Polarization Electromagnetic Energy
Harvesting,” Sci. Rep., vol. 8, no. 1, p. 13227, Dec. 2018, doi: 10.1038/s41598-
018-31661-6.

M. El Badawe, T. S. Almoneef, and O. M. Ramahi, “A metasurface for

conversion of electromagnetic radiation to DC,” AIP Adv., vol. 7, no. 3, p.



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]
[159]

158

035112, Mar. 2017, doi: 10.1063/1.4978321.

M. El Badawe and O. M. Ramahi, “EFFICIENT METASURFACE
RECTENNA FOR ELECTROMAGNETIC WIRELESS POWER TRANSFER
AND ENERGY HARVESTING,” Prog. Electromagn. Res., vol. 161, no.
January, pp. 3540, 2018, doi: 10.2528/PIER18011003.

P. Xu, S. Y. Wang, and W. Geyi, “Xu, P., Wang, S. Y., & Geyi, W. (2016).
Design of an effective energy receiving adapter for microwave wireless power
transmission application. AIP Advances, 6(10).
https://doi.org/10.1063/1.4966050Design of an effective energy receiving
adapter for microw,” AIP Adv., vol. 6, no. 10, 2016, doi: 10.1063/1.4966050.
B. Alavikia, T. S. Almoneef, and O. M. Ramabhi, “Electromagnetic energy
harvesting using complementary split-ring resonators,” Appl. Phys. Lett., vol.
104, no. 16, 2014, doi: 10.1063/1.4873587.

T. S. Almoneef, F. Erkmen, and O. M. Ramahi, “Harvesting the Energy of
Multi-Polarized Electromagnetic Waves,” Sci. Rep., vol. 7, no. 1, p. 14656, Dec.
2017, doi: 10.1038/s41598-017-15298-5.

B. Ghaderi, V. Nayyeri, M. Soleimani, and O. M. Ramabhi, “Multi-polarisation
electromagnetic energy harvesting with high efficiency,” IET Microwaves,
Antennas Propag., vol. 12, no. 15, pp. 2271-2275, Dec. 2018, doi: 10.1049/iet-
map.2018.5011.

G. T. Oumbé Tékam, V. Ginis, J. Danckaert, and P. Tassin, “Designing an
efficient rectifying cut-wire metasurface for electromagnetic energy
harvesting,” Appl. Phys. Lett., vol. 110, no. 8, p. 083901, Feb. 2017, doi:
10.1063/1.4976804.

N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla, “Perfect
metamaterial absorber,” Phys. Rev. Lett., vol. 100, no. 20, p. 207402, May 2008,
doi: 10.1103/PhysRevLett.100.207402.

J. Lee, Y. J. Yoon, and S. Lim, “Ultra-thin polarization independent absorber
using hexagonal interdigital metamaterial,” ETRI J., vol. 34, no. 1, pp. 126-129,
2012, doi: 10.4218/etrij.12.0211.0081.

D. M. Pozar, “Microwave engineering USA: John Wiley & Sons,” 2009.

K. S. L. Al-badri, “Electromagnetic broad band absorber based on metamaterial
and lumped resistance,” J. King Saud Univ. - Sci., vol. 32, no. 1, pp. 501-506,
Jan. 2020, doi: 10.1016/j.jksus.2018.07.013.



[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

159

J. Kim, H. Jeong, and S. Lim, “Mechanically actuated frequency reconfigurable
metamaterial absorber,” Sensors Actuators, A Phys., vol. 299, p. 111619, 2019,
doi: 10.1016/j.sna.2019.1116109.

A. Ghaneizadeh, M. Joodaki, J. Borcsok, A. Golmakani, and K. Mafinezhad,
“Analysis, Design, and Implementation of a New Extremely Ultrathin 2-D-
Isotropic Flexible Energy Harvester Using Symmetric Patch FSS,” IEEE Trans.
Microw. Theory Tech., vol. 68, no. 6, pp. 2108-2115, 2020, doi:
10.1109/TMTT.2020.2982386.

R. C. Johnson, H. A. Ecker, and J. S. Hollis, “Determination of far-field antenna
patterns from near-field measurements,” Proc. IEEE, vol. 61, no. 12, pp. 1668—
1694, 1973, doi: 10.1109/PROC.1973.9358.

D. Sievenpiper and E. Yablonovitch, “High-impedance electromagnetic
surfaces,” in Modern Radio Science 1999, IEEE, 1999, pp. 151-169.

M. Bagmanci, M. Karaaslan, O. Altintas, F. Karadag, E. Tetik, and M. Bakir,
“Wideband metamaterial absorber based on CRRs with lumped elements for
microwave energy harvesting,” J. Microw. Power Electromagn. Energy, vol.
52, no. 1, pp. 45-59, Jan. 2018, doi: 10.1080/08327823.2017.1405471.

C. Fowler, “A Metamaterial - inspired Approach to RF Energy Harvesting,”
Arxiv, vol. 1705, no. 07718. pp. 1-11, 2017, doi: arXiv:1705.07718v1.

F. O. Alkurt et al., “Enhancement of image quality by using metamaterial
inspired energy harvester,” Phys. Lett. Sect. A Gen. At. Solid State Phys., vol.
384, no. 1, p. 126041, 2020, doi: 10.1016/j.physleta.2019.126041.

P. Xu, S.-Y. Wang, and W. Geyi, “Design of an effective energy receiving
adapter for microwave wireless power transmission application,” AIP Adv., vol.
6, no. 10, p. 105010, Oct. 2016, doi: 10.1063/1.4966050.



APPENDIX A

List of Publications

Journals

1.

2.

&

Amer, A. A. G., Sapuan, S. Z., Nasimuddin, N., Alphones, A., & Zinal, N. B.
(2020). A comprehensive review of metasurface structures suitable for RF
energy harvesting. IEEE Access, 8, 76433-76452. (published, ISI, 1F=3.367-

Q1).

Amer, A. A. G,, Sapuan, S. Z., Abdullah Alzahrani, Nasimuddin,N. Ali A.
Salem and Sherif S. M. Ghoneim. Design and Analysis of Polarization-
Independent, Wide-Angle, Broadband Metasurface Absorber Using Resistor-
Loaded Split-Ring Resonators. Electronics (Published- ISI, IF=2.4, Q2)
Amer, A. A. G., Sapuan, S. Z., Nasimuddin, N. Wide-Angle Polarization-
Independent Metasurface for Electromagnetic Energy Harvesting. Journal of
Electromagnetic Waves and Applications Engineering (under review- ISI,
IF=1.34, Q4)

Proceeding

1.

Amer, A. A. G., Sapuan, S. Z., & Nasimuddin, N. (2020, September). Efficient
Metasurface Absorber for 2.4 GHz ISM-Band Applications. In 2020 IEEE
Student Conference on Research and Development (SCOReD) (pp. 471-474).
IEEE (Scopus).

Amer, A. A, Sapuan, S. Z., & Zinal, N. B. (2021). Metasurface with Wide-
Angle Reception for Electromagnetic Energy Harvesting. In Proceedings of
the 11th National Technical Seminar on Unmanned System Technology
2019 (pp. 693-700). Springer, Singapore (Scopus).



161

. Amer, A. A. G., & Sapuan, S. Z. (2022). Multi-band Metasurface Microwave
Absorber Based on Square Split-Ring Resonator Structure. In Proceedings of
the 12th National Technical Seminar on Unmanned System Technology
2020 (pp. 373-382). Springer, Singapore (Scopus).

. Amer, A. A. G., Sapuan, S. Z., Nasimuddin, N., & Hassan, M. F. (2021,
March). A Broadband Wide-Angle Metasurface Absorber for Energy
Harvesting Applications. In 2021 International Conference of Technology,
Science and Administration (ICTSA) (pp. 1-4). IEEE (Scopus).

. Amer, A. A. G, Sapuan, S. Z., Zulkefli, N. A., Nasimuddin, N., Zinal, N. B.,
& Hamzah, S. A. (2021). Antenna Calibration in EMC Semi-anechoic
Chamber Using Standard Antenna Method (SAM) and Standard Site Method
(SSM). In Proceedings of the 11th National Technical Seminar on Unmanned

System Technology 2019 (pp. 605-616). Springer, Singapore (Scopus).

. Amer, A. A. G, Sapuan, S. Z., & Nasimuddin, N. (2021, November). Wide-
Coverage Suspended Metasurface Energy Harvester for ISM Band
Applications, IEEE Student Conference on Research and Development
(SCOReD) (Scopus).



1.

162
APPENDIX B

List of Awards

IEEE AP/MTT/EMC MALAYSIA JOINT CHAPTER BEST PAPER
AWARD 2020 for the paper entitled “A comprehensive review of metasurface

structures suitable for RF energy harvesting” published in: IEEE Access 2020.

SILVER MEDAL for “Wide Incident Angle Metasurface for Ambient
Electromagnetic Energy Harvesting” at International Research and
Symposium and Exposition (RISE) 2021, Universiti Tun Hussein Onn
Malaysia (UTHM).





