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ABSTRACT
In this paper, the design of a new flexible ultra-thin curvature metasurface energy harvester is presented. The use of cylindrical
metasurface electromagnetic (EM) harvester would be desirable for the ambient EM energy harvesting since it can absorb the EM
energy with maximum efficiency. The harvester is made by an 11×11 unit-cell metasurface with a flexible substrate to demonstrate
the 2D-isotropic harvesting; as a small slice of the cylinder. We have proposed a sub-wavelength (∼0.13λ0) complementary quad
split ring resonator (CQSRR) unit-cell which is loaded with a lump resistor mounted on the metal-backed substrate. The full-
wave simulation shows that the efficiency of the flat metasurface energy harvester with thickness of 0.004λ0 at 5.33 GHz (WiFi)
is up to 0.86 for normal radiation. It is 0.72 and 0.62 for 70◦ oblique angle of incidence from H- and E-plane. In addition to this,
the experimental results show an agreement with the results of full-wave simulations. Due to the non-uniform mutual coupling
between the cells in the finite array of the fabricated energy harvester and efficiency definition for the central cell as a metric
of evaluating the device performance, an effective area for the central cell has been obtained experimentally which is 4.3 times
greater than the physical area of a single unit-cell in an infinite array.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5083876

Many factors such as cost and limited lifetime can be
mentioned as the drawbacks of current batteries.1,2 The con-
ventional rectennas (antenna + rectifier) have been utilized as
a solution for these problems. Due to the recent development
in electromagnetic (EM) energy harvesting, this approach can
be said to replace batteries.2–7 A metamaterial can provide a
controlled response to EM waves.8 For example, the meta-
materials could extend the range of the permittivity and per-
meability of the ordinary materials. However, the thickness of
these materials leads to a loss of energy and deficiency of the
construction.8–10

Recently, a cylindrical metasurface antenna was theoret-
ically investigated by Ramahi and Badawe as Huygens radi-
ators.11,12 Metasurfaces are constructed as artificial sheets
with effective surface parameters which can modulate the

boundary conditions.2,8–10 The generalized sheet transition
conditions (GSTCs) can be applied in order to characterize
the metasurfaces.9,10 These characterizations can be done
through exploiting admittances, susceptibilities or polarizabil-
ities of the surface.9 Most of the metasurfaces are composi-
tion of two-dimensional subwavelength periodic polarizable
unit-cells.8

The ultra-thin absorbers are different from the classical
thick absorbers such as Salisbury, Jaumann, and Dallenbach
absorbers.13,14 These thick absorbers are based on a quarter
of wavelength distance from PEC.13,14 Basically, from Poynt-
ing theorem, the real part of the average power over time-
period [exp(jωt)] in electrical and magnetic material is related
to the imaginary part of permittivity (ε = ε′ - jε′′) and perme-
ability (µ = µ′ - jµ′′).15 Therefore, the resonance of any passive
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polarizable arrays or metasurface can demonstrate the energy
storage capability.16 EM harvesting can be applied as an effec-
tive energy source via transferring this stored energy to the
loads.16 In fact, these loads are the input impedance of the
rectifying circuits.2–4,6,7 Ramahi, et al. exchanged the con-
ventional antennas with split ring resonator in a rectenna
system.17 The energy harvesting efficiency of the metasur-
face is often given in term of RF-to-AC efficiency.17 Since
2012 various strategies have been utilized to improve the
performance of the metasurface energy harvester (EH) struc-
tures2–7,16–25 including the wide angle reception and polar-
ization free devices. These structures have improved the
efficiency as well as the bandwidth of the EH devices. Accord-
ing to our best knowledge, no flexible metasurface EH or
radiator has been experimentally demonstrated so far. The
flexible EHs and radiators are beneficiary for nonplanar
applications.

In this study, a flexible ultra-thin metasurface EH has
been designed and fabricated with an angular stability of
plane wave incidence at 5.33 GHz (WiFi). The proposed unit-
cell includes a single layer complementary quad split ring
resonator (CQSRR), which is printed on a commercial non-
magnetic substrate. Any cell is connected to ground plane by
two parallel lump resistors of 100 ohms and a via as illus-
trated in Fig. 1. The substrate is a Rogers RO3010 PCB (εr = 10.2
and tan(δ) = 0.0022) with thickness of H = 254 µm (∼0.004λ0).
The Cu layer thickness is 17 µm. The validity of the idea is
investigated by analytical and simulation process (ANSYS HFSS
simulator). The response showed an excellent incidence angle
stability can enable us to measure the efficiency of the flexible
EH with bending radius of 48 mm experimentally.

The proposed structure does not need any matching cir-
cuits for connecting to the communication devices (50 Ω). The
dimensions of the lump resistors and the via also can affect the
resonance frequency.

According to Rozanov limitation of the absorbers, a thin
substrate may reduce the bandwidth.26 Furthermore, another

FIG. 1. 3D drawing of the proposed unit-cell of metasurface EH (P = 7.7 mm, D =
7.5 mm, B = 0.45 mm, S = 0.2 mm, L = 1.625 mm, H = 0.254 mm, R = 3.55 mm,
N = 1.35 mm).

problem is the increase in the resonance frequency of EH
by decreasing the thickness of substrate.27 The parallel plate
capacitance of EH is incredibly large since the metal-back
dielectric has a high dielectric constant, and also the thick-
ness is really low.28,29 In this case, the high-order floquet
modes (evanescence) reflected from the ground plate are
quite strong.28 Based on the boundary conditions and near-
zero proposed EH thickness (∼0.004λ0), the losses take place
near the copper plane where the tangential electric-field com-
ponent is near zero.30,31 In order to overcome the above men-
tioned challenges, a highly capacitive frequency selective sur-
face (FSS) can be deployed.28 The CQSRR-FSS with four gates
shows a lower quality factor (Q) that causes a bigger reso-
nance frequency and a wider bandwidth in comparison with
conventional complementary split ring resonator (CSRR). As a
result of this, the proposed EH structure overcomes the afore-
mentioned challenges and can, subsequently, accumulate the
maximum available EM energy of the unit cell area on the load.

We have also introduced a figure-of-merit (FoM) for a fair
comparison of our metasurface EH with the other reported
works in Table I, as follows:

FoM =
HPBW × η × cos(θ)

H × P
× λ0

2. (1)

The HPBW, H, P and η are the Half Power Bandwidth ratio,
thickness of the substrate, length of periodicity and maximum
efficiency of EH at a specific angle of incidence (θ),2–7,17–25

respectively. λ0 is the free space wavelength at the central fre-
quency of HPBW. The FoM for the proposed structure is 36.1
at θ of 70◦ from y-z plane (H-plane).

For a better demonstration, the simulated surface current
density and electric field distributions of the unit-cell EH are
presented in Figs. 2(a) and 2(b), respectively. It is perceived
that the surface currents are denser around the gate of CQSRR
which is co-polarized with the plane wave at the resonance
frequency (5.33 GHz). In order to transfer the surface currents
into the match loads, a metallic via is mounted on the substrate
at this gate, see Fig. 2(a).

In Fig. 2(b), it is observed that the intensity of the elec-
tric field is concentrated on the adjacent of outer edges more
than the middle ones. This effect is due to the fact that a
large mutual coupling occurs between adjacent top layer of
the unit-cells. Although not shown here, the electric field is

TABLE I. The comparison between the proposed metasurface EH and other pub-
lished works at normal incidence.

Reference P/λ0 H (mm) Flexibility FoM

6 0.32 0.787 Planar 9.9
22 0.33 1.524 Planar 14.4
4 0.44 3 Planar 17.3
20 0.34 0.79 Planar 19.1
19 0.2 1.524 Planar 66.7
24a 0.16 4 Planar 74.9
This work 0.13 0.254 Flexible 73.7

aThickness to resonance wavelength ratio was reported 0.07 in Ref. 24, but
the thickness of substrate (H) to λ0 ratio calculated is equal to 0.03 based on
FoM.
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FIG. 2. Simulated results at resonance
frequency (5.33 GHz) for (a) the surface
current distribution on the top metal layer
and (b) the electric field distribution in the
vicinity of the top layer of EH viewed in
x-y plane.

concentrated at the edges of the top surface. Besides, the
magnetic field is lowest at the same edges, which is sim-
ilar to statuses of the voltage and current at open cir-
cuit transmission-line model.15 This phenomenon can be
employed in order to predict the location of the resistance of
a proper matching. Thus, we can easily adjust the via diame-
ter and the dimensions of the lump resistor for fine-tuning the
resonance frequency. The return loss is measured by E8363B
Agilent Network Analyzer as shown Fig. 3. All-cells except the
central one, which is connected to SMA connector, are ter-
minated by 240 SMD resistors (100 Ω) in a way that each
of the two parallel resistors are placed between the via-pad
and ground. Therefore, we have set two different termina-
tions in our experimental setup. However, in the full-wave
simulations, due to the periodic boundary conditions, only one
unit-cell can be simulated. Thus, we have made use of both
different sizes of the terminal port in our analyses and the real
structure is something between these two models. The mag-
nitudes of the simulated S11 of both models are compared with
the corresponding measured result in Fig. 3.

FIG. 3. Measured and simulated magnitude of S11 in dB versus frequency for the
central cell of the EH.

Because of the excellent impedance matching at the
interface between the free space and the top surface of the
metal-back EH, the absorption is near-unity for the normal
incidence at 5.33 GHz. The peak of EH efficiency is about 0.86,
its ohmic and dielectric losses are 0.037 and 0.067, respec-
tively, for the normal incidence at resonance frequency of
5.33 GHz.

As a final point, to evaluate the angular stability of the
proposed structure, the numerical analyses are performed on
the flat EH under different oblique linearly polarized excita-
tions as the results are presented in Fig. 4. In these simula-
tions, the incidence angles of θ is measured from the H-plane
(y-z plane in Fig. 1) or E-plane (x-z plane in Fig. 1). It can be
seen that the maximum change in the resonance frequency
is less than 39 MHz when the oblique incidence angles (θ)
is changed from 0◦ to 70◦. The maximum computed absorp-
tion and efficiency of EH at 70◦ incidence angle from H-plane
(E-plane) are 0.81 (0.71) and 0.72 (0.62), respectively. Also, the
HPBW at normal incidence and 70◦ incidence angle from H-
plane (E-plane) are 0.053 and 0.091 (0.036), respectively. So,
the proposed structure with such an angular stability is an apt
candidate for cylindrical 2D-isotropic EHs.

As shown Fig. 5 in order to validate the design concept,
we have fabricated and evaluated our proposed structure by
11×11 cells using the same material utilized in our full-wave
simulations. So as to reassure that our measurement is in the
far-field, we mounted the metasurface EH with a distance of
d = 5.2 m from the available horn antenna in laboratory. The
Hewlett Packard 83732B signal generator was employed to
feed the horn antenna with a power level of 14 dBm. A spec-
trum analyzer of NS-132 measured the transferred power to
the central cell of EH.

In the proposed EH, the amount of energy delivered to
the central cell feed is the vector sum of the energy receiv-
ing from the direct wave-fronts and the mutual coupling of
other parasitic cells.30 As a result of the finite number of unit-
cells in the fabricated EH, the surface current distributions are
non-uniform. It should be noted that all cells are connected
to the same ground. The analytical calculation of the mutual
coupling power between the unit-cells is a difficult task due
to the fact that the elimination of each unit-cell has an effect
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FIG. 4. The simulated efficiencies at different incidence
angles from the (a) H-plane and (b) E-plane.

FIG. 5. The fabricated EH metasurface by an 11×11 unit-
cell (a) top and (b) bottom view.

on the boundary conditions.30,32 Thus, we aimed to extract a
factor from our measurement with a normal incidence (4.3).
Therefore, the effective area of the central unit-cell (Af) is con-
sidered as 4.3 times of the physical area of a unit-cell (Ap = P
× P mm2) in an EH with infinite number of cells (Af = 4·3 ×
Ap). Now, using the Friis equation,2–7,17–25 the available inci-
dence power (Pin) and efficiency (η) at the central cell of the
fabricated EH can be calculated as follows:

Pin =
Pt ×Gt

4πd2
× Af . (2)

η =
Pm

Pin
. (3)

where d, Pm, Gt and Pt are the distance between the horn
antenna and EH, measurable power harvested by the central
cell’s load, gain and power radiated from the horn antenna,
respectively. Figure 6 illustrates the measured efficiency of
the proposed EH at different incidence angels from the E- and
H-plane in far-field zone of the horn antenna.

The measurement setup at the far-field region of the
transmitted horn antenna is shown in Fig. 7(a). We have con-
sidered a curved metasurface EH with a radius of r = 48 mm
and an arc length of U = 84.7 mm (U = 11 × length of unitcell)
as shown in Fig. 7(b). The maximum oblique angle of inci-
dence, which occurs at the edge of the curved structure, for
the normal incidence can be specified as follows:

U
2πr

=
θ

360◦
⇒ θ/2 = 50.55◦. (4)

The simulation shows that the peak of the efficiency
at this angle of incidence has maximally decreased by 6.2%
and the resonance frequency raised only by 35 MHz (0.12 of
HPBW). Therefore, in our case, we can neglect the bend-
ing effects. The efficiency corresponding with measurement
of the normal incidence to the flexible EH are shown in
Fig. 7(c).

In summary, we have designed, simulated and fabri-
cated a new structure for EM energy harvesting. We have

FIG. 6. The measured efficiency of the flat EH with different angles of incidence
from (a) E-plane and (b) H-plane.
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FIG. 7. (a) Measurement setup, (b) the
2D side view of the flexible EH with arc
length of U and (c) the measured effi-
ciency for flat and curved EH (around x-
axis and y-axis) under normal incidence.

experimentally demonstrated the performance of a 2D-
isotropic flexible ultra-thin EH at 5.33 GHz with a small slice
of cylinder of radius 48 mm, as shown in Fig. 7. In addition
to this, full-wave simulation results demonstrate that a near-
perfect absorption can be obtained with 0.004 λ0 thickness
of substrate at 5.33 GHz. The efficiency (HPBW) of the flat
EH at the normal incidence plane wave and 70◦ incidence
angle from H-plane and E-plane are 0.86 (0.053), 0.72 (0.091)
and 0.62 (0.036), respectively. The experimental results are in
good agreement with the simulation results. Our proposed EH
shows an excellent matching to 50 Ω communication devices.
So, this structure could be used in other applications such
as the conformal Huygens radiator11,12 and the loss and gain
clocking;33 however, the feeding network should be carefully
designed for such devices. Our EH can be applied to other
crowded frequencies.

The authors wish to thank all the members of the
EMI/EMC and Microwave Technology Research Laboratory at
Department of Electrical Engineering, Ferdowsi University of
Mashhad, Mashhad, Iran for their technical helps.

REFERENCES
1N. Shafiee, S. Tewari, B. Calhoun, and A. Shrivastava, IEEE Trans. Circ. Syst.
I Reg. Papers. 64, 2598–2610 (2017).
2X. Zhang, H. Liu, and L. Li, Appl. Phys. Lett. 111, 071902 (2017).
3B. Alavikia, T. S. Almoneef, and O. M. Ramahi, Appl. Phys. Lett. 104, 163903
(2014).
4H. T. Zhong, X. X. Yang, X. T. Song, Z. Y. Guo, and F. Yu, Appl. Phys. Lett. 111,
213902 (2017).
5P. Xu, S. Y. Wang, and W. Geyi, AIP Adv. 6, 105010 (2016).
6F. Yu, X. Yang, H. Zhong, C. Chu, and S. Gao, Appl. Phys. Lett. 113, 123903
(2018).
7T. S. Almoneef and O. M. Ramahi, Appl. Phys. Lett. 106, 153902 (2015).
8C. Pfeiffer and A. Grbic, Phys. Rev. Lett. 110, 197401 (2013).
9A. Epstein and G. V. Eleftheriades, J. Opti. Soc. America. B 33, A31–A50
(2016).
10Y. Vahabzadeh, N. Chamanara, K. Achouri, and C. Caloz, IEEE J. Multiscale.
Multiphysics Comp. Tech. 3, 37–49 (2018).

11O. M. Ramahi and M. E. Badawe, IEEE Inter. Conf. on Microwave. Photon-
ics, Dhanbad, India, Feb 9-11 (2018).
12M. E. Badawe and O. M. Ramahi, IEEE AP-S Inter. Sympo. & USNC/URSI
Radio Sci. Meeting, San Diego, CA, USA, July 9-14 (2017).
13H. Mosallaei and K. Sarabandi, IEEE AP-S Inter. Sympo., Washington, DC,
USA, July 3-8 (2005).
14S. B. Glybovski, S. A. Tretyakov, P. A. Belov, Y. S. Kivshar, and C. R. Smiovski,
Phys. Rep 634, 1–72 (2016).
15S. Ramo, J. R. Whinnery, and T. V. Duzer, Fields andwave in communication
electronics (Wiley & Sons, Inc., 1998).
16O. M. Ramahi, Qatar Foundation Ann. Res. Conf. Proc. Qatar, 2016 1 (2016).
17O. M. Ramahi, T. S. Almoneef, M. Alshareef, and M. S. Boybay, Appl. Phys.
Lett. 101, 173903 (2012).
18B. Ghaderi, V. Nayyeri, M. Soleimani, and O. M. Ramahi, Sci. Rep 8, 13227
(2018).
19B. Alavikia, T. S. Almoneef, and O. M. Ramahi, Appl. Phys. Lett. 107, 243902
(2015).
20B. Alavikia, T. S. Almoneef, and O. M. Ramahi, Appl. Phys. Lett. 107, 033902
(2015).
21T. S. Almoneef and O. M. Ramahi, Prog. Electromag. Res 146, 109–115
(2014).
22S. Shang, S. Yang, M. Shan, J. Liu, and H. Cao, AIP Adv. 7, 105204 (2017).
23T. S. Almoneef and O. M. Ramahi, Prog. Electromag. Res. C 76, 1–10
(2017).
24X. Duan, X. Chen, Y. Zhou, L. Zhou, and S. Hao, IEEE Antennas. Wireless
Propag. Lett. 17, 1617–1621 (2018).
25S. Shang, S. Yang, J. Liu, M. Shan, and H. Cao, J. Appl. Phys. 120, 045106
(2016).
26K. N. Rozanov, IEEE Trans. Antennas Propag 48, 1230–1234 (2000).
27P. Callaghan, E. A. Parker, and R. J. Langley, IEE Proc. H Microwaves.
Antennas. Propag 138, 448–454 (1991).
28F. Costa, S. Genovesi, A. Monorchio, and G. Manara, IEEE Trans. Antennas
Propag 61, 1201–1209 (2013).
29F. Costa, A. Monorchio, and G. Manara, Inter. Conf. Electromagnetic. Adv.
App., Torino, Italy, Sep 14-18 (2009).
30C. A. Balanis, Antenna theory analysis and design (Wiley & Sons, Inc.,
2016).
31J. Mcvay, A. Hoorfar, and N. Engheta, IEEE AP-S Inter. Sympo., Washing-
ton, DC, USA, July 3-8 (2005).
32Y. Yu, H. S. Lui, C. H. Niow, and H. T. hui, IEEE Trans. Wireless. Comm 10,
2228–2233 (2011).
33D. L. Sounas, R. Fleury, and A. Alu, Phys. Rev. Applied 4, 014005 (2015).

AIP Advances 9, 025304 (2019); doi: 10.1063/1.5083876 9, 025304-5

© Author(s) 2019

https://scitation.org/journal/adv
https://doi.org/10.1109/tcsi.2017.2693181
https://doi.org/10.1109/tcsi.2017.2693181
https://doi.org/10.1063/1.4999327
https://doi.org/10.1063/1.4873587
https://doi.org/10.1063/1.4986320
https://doi.org/10.1063/1.4966050
https://doi.org/10.1063/1.5046927
https://doi.org/10.1063/1.4916232
https://doi.org/10.1103/physrevlett.110.197401
https://doi.org/10.1364/josab.33.000a31
https://doi.org/10.1109/jmmct.2018.2829871
https://doi.org/10.1109/jmmct.2018.2829871
https://doi.org/10.1016/j.physrep.2016.04.004
https://doi.org/10.1063/1.4764054
https://doi.org/10.1063/1.4764054
https://doi.org/10.1038/s41598-018-31661-6
https://doi.org/10.1063/1.4937591
https://doi.org/10.1063/1.4927238
https://doi.org/10.2528/pier14031603
https://doi.org/10.1063/1.5002165
https://doi.org/10.2528/pierc17042105
https://doi.org/10.1109/lawp.2018.2858195
https://doi.org/10.1109/lawp.2018.2858195
https://doi.org/10.1063/1.4959879
https://doi.org/10.1109/8.884491
https://doi.org/10.1049/ip-h-2.1991.0075
https://doi.org/10.1049/ip-h-2.1991.0075
https://doi.org/10.1109/tap.2012.2227923
https://doi.org/10.1109/tap.2012.2227923
https://doi.org/10.1109/twc.2011.041311.101062
https://doi.org/10.1103/physrevapplied.4.014005

