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ABSTRACT
This work introduces a miniaturized metasurface (MS) energy har-
vester operating at 5.54GHz with a high capture efficiency and a
wide incident angle. The proposed MS structure is comprised of an
ensemble of electric ring resonator (ERR) array. The MS’s impedance
is engineered to match free space, so that the incident electromag-
netic (EM) power is efficiently captured with minimal reflection and
delivered to the optimal resistor load through an optimally posi-
tioned metallic-via. According to the simulation results obtained by
CST Microwave Studio, the proposed MS harvester achieves higher
conversion efficiency of about 91% under normal incidence and
more than 78% across a wider incident angle up to 60°. In order to
verify the simulation results, a 5×5 cell array of the proposed MS
harvester is fabricated and tested. The simulation and experimen-
tal results are well match. The proposed MS configuration can be
attractive for high-efficiency and compact wireless sensor network
harvesting systems.
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1. Introduction

The wireless power transfer (WPT) technique has been received much attention in a vari-
ety of applications, including wireless sensor networks (WSN), and the internet of things
(IoT) [1,2]. There are two types of WPT based on radiation fields and the coupling of
evanescent fields: far-field WPT and near-field WPT [3]. The far-field WPT, which uses
a rectenna device, is frequently referred to as RF energy harvesting (RFEH). The WSN
technology is applied in various applications in environmental [3], industrial [4], health
monitoring [5], security [6], N-park monitoring, etc. However, the power supply of the
sensor node is a major challenge facingWSN technologies. Batteries, which have a limited
lifespan, are still the primary power source for the sensor nodes. However, large sensor
node deployments require frequent battery replacement, which is inefficient and costly. In
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order to overcome the issue mentioned above, the RFEH system is the best technique that
could be implemented to power the sensors.

The concept of RFEH is to absorb the EM waves energy from the environment and
deliver it to the load. The primary device in an RFEH system is the rectenna, which is com-
prised of three parts: a receiving antenna, a matching network, and a rectifier circuit [7].
The use of conventional antenna arrays as RFEH collectors (receiving antennas) is lim-
ited by the antennas’ large dimensions, the distance between them in array form, and low
power conversion efficiency due to themutual coupling between the array elements [8–10].
A promising alternative to conventional antennas, MS structures have recently been used
in the RFEH system to reduce the overall collector’s size and increase the efficiency of
converting RF radiation into AC power [11,12]. The MS structures are often defined as
two-dimensional counterparts of metamaterial that show interesting EM manipulations
not found in normal material. The MS structures have wide applications due to their
unique wave manipulation capabilities, including EM energy absorbers [13,14], polariza-
tion manipulation [15], cloaking, and imaging [16]. Several MS structures for RFEH have
been studied in the recent literature [12]. In particular, a MS energy harvester based on
split-ring resonator (SRR) and complementary split-ring resonator (CSRR) were inves-
tigated [17–19]. In addition, the MS with the characteristics of a wide-angle reception
of incident angles [20–22], multiband [23, 24], and polarization-insensitive [25–28] were
investigated.

This paper presents a simple MS structure as an energy harvester in the microwave
regime. The operation frequency of 5.54GHz was chosen partly because it is included in
the Industrial, scientific, andmedical (ISM) frequency band. The proposedMS structure is
a miniaturized cross-shaped resonator hosted on a thin grounded dielectric substrate and
mounted by a resistive load. The proposed MS harvester effectively absorbs incident EM
power and delivers it to a resistive load through a metallic via positioned optimally. The
proposed MS harvester was designed and analyzed using the commercially available CST
Microwave Studio. The harvester is achieved a higher conversion efficiency of more than
90% under normal incidence and about 78% at an oblique incidence up to 60°.

2. Design of theMS harvester

In the light of the paper’s objective of developing a wide-angle MS harvester, the simplest
type of the electric-ring resonators (ERRs), namely, the cross-shaped resonator, is consid-
ered. The evaluation of this objective leads to the construction of theMS structure depicted
in Figure 1.

The proposedMS unit cell consists of cross shaped resonator covered with a thin dielec-
tric Rogers RO4350B having dielectric constant, εr = 3.66, tangent loss of δ = 0.0037, and
thickness of 1.524mm. A full copper layer serves as a ground plane on the backside, effec-
tively blocking transients. The dielectric substrate was chosen for its low loss, preventing
absorbed power from dissipating. The geometrical parameters of the proposed MS unit
cell shown in Figure 1(a), were as follow (dimensions in mm) the periodicity of the cell,
P = 12 mm, length of the metallic resonator, L1 = 11.4 mm, a width of the metallic res-
onator,W1 = 4 mm, length of the slot, L2 = 7.6 mm, a width of the slot,W2 = 1.2 mm,
and the spacing between adjacent unit cells, S = 0.3 mm. Themetallic resonator on the top
layer is connected to the ground plane by a matching resistor element through a via/probe.
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Figure 1. Geometry of the MS structure: (a) Top view and (b) perspective view.

The resistive load is crucial for optimizing the absorption and harvesting efficiencies.
CST sweeping revealed that the optimal absorption and harvesting efficiencies occur when
the resistance is 50 � at the operating frequency. It is important to note that the opti-
mized resistance value (50 �) is primarily influenced by the unit cell’s size and topology,
the properties of the substrate, and the position of the via. All numerical simulations for this
study were done in CSTMicrowave Studio. An infinite unit cell simulation was required to
improve computing efficiency during the design development stage. However, due to the
difficulty of creating an infinite array, a unit cell in the center of a large array may conduct
similarly to an infinite array’s unit cell. As a result, an infinitely periodic structure along the
x-y axes of a unit cell was simulated using the periodic boundary condition. The Floquet
ports predict an incident wave propagating in the z-direction to excite the proposed unit
cell using two orthogonally polarized plane waves usually propagating to the xy-plane.

3. Results and discussion

The most important indicator for a harvester is harvesting efficiency, defined as an energy
harvester’s capturing energy by the footprint area and delivering the maximum absorbed
power to the load [17]. This study aims to maximize harvesting efficiency at a wide range
of incidence angles. The radiation to AC conversion efficiency was calculated by

ηRad→AC = Pload/Pincident (1)

where, the Pincidentrepresents the total time average power incident on the footprint area
and Pload represents the total time average power dissipated on the load and can be
described by

Pload =
N∑

n=1
V2
i /Ri (2)

where, Vi is the voltage across the ith MS collector’s resistanceRi and N the total number
of MS collectors.
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Figure 2. Unit cell improvement for the optimal performance.

Figure 3. Dependence of the absorption response on the via position away from the resonator center.

3.1. Simulated results

To optimize the proposed MS harvester unit cell’s performance, the unit cell design was
evolved as shown in Figure 2. The cross-slot was incorporated into the resonator’s patch
to reduce the unit cell’s size (2nd Design).

First, using the 1st design, the numerical investigation of the effect of via hole position
away from the resonator’s center on the absorption ratio is carried out as shown in Figure 3.
The absorption ratio can be calculated as

A(ω) = 1 − |S11(ω)|2 − |S21(ω)|2 (3)

where S11(ω) and S21(ω)are the reflection and transmission coefficients, respectively.
Since the full ground plane, the transmission is almost zero. Thus, the absorption ratio
is expressed as

A(ω) = 1 − |S11(ω)|2 (4)

It has been observed that increasing the distance between the via position and the res-
onator center increases the absorption response. In Figure 3, the absorption response of
more than 94% is achieved at a distance of 5.2mm from the resonator center, demonstrat-
ing the effectiveness of the design.

In order to investigate the effect of the cross-slot on the performance of theMSharvester,
the cross-slot length, defined asL2in Figure 1 is varied from 6mm to 7.4mm in the step



JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 5

Figure 4. Dependence reflection coefficient|S11|on cross-slot length.

Figure 5. Absorption and reflection coefficients under normal incidence.

of 0.4mmwhile all other parameters are kept constant. Figure 4 shows the reflection coef-
ficient with the L2 varied from 6mm to 7.4mm. It is clear that the resonance frequency
shifts to the lower side as the L2 varies. This can be explained based on the equation
of f = 1/2π

√
LCwhich indicates that as capacitance and inductance values change, the

resonance frequency changes as well. Based on this investigation, the chosen value is
L2 = 7.6 mm has an acceptable reflection coefficient (< 18 dB)at 5.54GHz, as depicted
in Figure 4.

After a thorough evaluation of the designs, 2nd design is chosen as the final design for
the proposed MS harvester and numerically investigated to demonstrate its performance
in absorbing and delivering EM power into the load. Figure 5 depicts the absorption,
reflection and transmission coefficients under normal incidence. As shown in Figure 5,
a near-unity absorption of more than 98% is obtained at the operating frequency of
5.54GHz.

The surface currents distribution is investigated and analysed in order to evaluate the
performance of the proposed MS harvester. The top metallic layer’s surface current distri-
bution was anti-parallel, resulting in current loops and a highmagnetic resonance with the
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Figure 6. Simulated surface current distribution.

MS structure. The structure’s overlapping magnetic and electric resonances were respon-
sible for the high EM absorption. The surface current is distributed throughout the MS
structure, with higher concentrations along the y-axis on the top side of the cross-resonator
and along the x-axis on the left and right edges of the cross-slot (See Figure 1). The maxi-
mum surface current density is delivered to the load by placing the via hole on the top side
of the resonator (along the y-axis), as shown in Figure 6.

Some factors were critical in transferring the absorbed power to the resistor load. To
begin, a low-loss substrate with a low-loss tangent is used. Besides that, the effective via
hole location directs the maximum density of the resonator’s current surface to the resis-
tive load through the via/probe. Numerical simulations were investigated to study power
distribution into the cell by calculating power loss in the lumped resistor, Rogers’s dielectric
substrate, and copper. As shown in Figure 7, the power accepted by the cell was around 98%.
The power of 91% and 7% are dissipated across resistor load, and the dielectric substrate
and copper, respectively. Thismaximumpower delivery to the load was primarily achieved
by using a low loss substrate and, more importantly, the resistive load value corresponding
to the MS structure’s input impedance.

For the practical EM environment, the direction and polarization of the EM wave are
unknown. As a result, the MS harvester with a wide range of angular stability is desirable.
The proposed MS harvester was investigated in order to determine its ability to capture
incoming radiation from various incident angles. The MS harvester was computed at dif-
ferent incident angles from 0° to 75° in the step of 15°. Figure 8 shows the absorption
ratio for the proposed harvester at various incident angles where the polarization angles
is ϕ = 0o. An absorption ratio of about 98.3%, 98.7%, 99%, and 96.5% are achieved at the
incident angles of 0°, 15°, 30°, and 45° at 5.54GHz, respectively. When the incident angle
increased to 60° and 75°, an absorption ratio of about 91% and 69.3% are achieved at 5.59
and 5.6GHz, respectively, as depicted in Figure 8. Angle stability is caused by the presence
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Figure 7. Power distribution within the cell.

Figure 8. Absorption ratio at different incident angles.

of a metallic ground plane and via in this type of structure [29, 30]. A decrease in absorp-
tion value with increasing incident angle is due to the change in the direction of the EM
incident wave and a decrease in the incident magnetic flux on the MS structure.

Figure 9 shows the absorption ratio at different polarization angles (φ) from 0° up to
450° where the incident angles is constant at θ = 0o. The proposed MS harvester is a
polarization-insensitive up to 450°. As shown in Figure 9, with increase of the polarization
angle the absorption ratio is decreased.

The microwave to AC conversion efficiency is the critical figure of merit for energy har-
vesting. It is defined as the average power dissipated on a load to the average power incident.
CSTMicrowave Studio is used to calculate the power losses into the proposedMS unit cell.
The microwave to AC efficiency is evaluated using an Equation (1). Figure 10 shows the
radiation to AC efficiency at different oblique incident angles from 0o up to 60oin the step
of 150°.When the incident angle is θ = 0oand θ = 15othe maximum radiation to AC effi-
ciency of about 91%, and 87.2% are achieved at 5.54 and 5.47GHz, respectively. For the
incident angle θ = 30o and θ = 45o, the radiation to AC efficiency of about 90% was
achieved at 5.51 and 5.6GHz, respectively. For θ = 60o, the maximum efficiency of about
78.2% was achieved at 5.67GHz. It was noticed that as the incident angle increases, the
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Figure 9. Absorption ratio at different polarization angles.

Figure 10. The radiation to AC efficiency at different incident angles.

radiation to AC efficiency decreases as well as the operating frequency is slight shifted due
to the changing in the direction of the incident EM waves.

3.2. Experimental and verification

The MS energy harvester was fabricated according to the specifications of the simulated
array. Figure 11 depicts a 5×5 MS resonator array formed with a Rogers RO4350B sub-
strate. All metallic vias are connected to individual surface-mount resistors (size 0603,
Vishay), except the central unit cell, which is connected to the SMAconnector. Figure 11(b)
shows that the small gap between the via-pad and ground plane is filled with 50-� resis-
tors. The central cell was chosen for measurement because it represents an infinite array in
terms of simulation. The performance of the central unit cell represents the performance
of other cells without edges.

To determine the power delivered to the central unit cell, the measurement setup sug-
gested in [31, 32] is used. The experimental setup to determine the amount of power
received by the MS harvester sample is shown Figure 12. The fabricated MS harvester
sample is measured in the transmitter horn antenna’s far-field region. To ensure that
the harvester is excited by plane wave in the far-field region, the distance between the
transmitter antenna and the MS harvester sample is calculated as follow
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Figure 11. Fabricated MS harvester array; (a) Top view and (b) bottom view.

Figure 12. Experiment setup for measuring harvesting power efficiency of the proposed MS harvester.

R >
2D2

λ
(5)

whereR is theminimumdistance between transmitting antenna and proposedmetasurface
harvester in (meter), D is the maximum dimension of the antenna in (meter) and λ is the
wavelength in (meter). The horn antenna (type HF906) is fed with a 5 dBm signal from
an Agilent Technologies CXA signal generator. The MS harvester sample is connected to
an Agilent Technologies E8267D spectrum analyzer to determine the amount of power
delivered to the central cell. The connectors, antenna, and cable losses are all considered
while calibrating the measurement setup.

The harvesting efficiency of the MS harvester can be calculated using Equation (1),
where the incident power on the MS harvester’s footprint can be described as follows

Pincident = GtPt
4πR2

× A(eff ,array) (6)

where, Pt is the horn antenna’s input power when excited by a signal generator at a 5 dBm
power level, G is the horn antenna’s gain, and R is the distance between the horn antenna
and the MS harvester which is R = 31 cm. Furthermore, A(eff,array) = 25 Aeff is the array’s
effective area, which is equal to the number of unit cells, and Aeffis the central unit cell’s
effective area [33]. Figure 13 shows themeasured power conversion efficiency as a function
of frequency at different incident angles from 0° up to 60°. For incident angle of θ = 0o, the
harvesting efficiency of about 82% is achieved at the 5.54GHz. When the incident angles
increased to θ = 30oand θ = 60o, the harvesting efficiencies of about 75% and 67% are
achieved at 5.5 and 5.65GHz, respectively, as shown in Figure 13. Obviously, the proposed
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Figure 13. Measured radiation to AC conversion efficiency at different incident angles.

Table 1. Comparison of the unit cell’s size and maximum harvesting efficiency across a wide range
incident angle.

Ref. No
Size of
structure

Substrate
material

Center
frequency

Incident
angle
range

Efficiency
at 0°

Efficiency
at 60°

[18] 0.3λo Rogers Duroid RT5880 5.8 Normal incident 92% Non
[19] 0.34λo Rogers Duroid RT5880 5.55 Normal incident 83% Non
[22] 0.29λo – 5.8 0–75° 91% 72%
[34] 0.6λo Rogers Duroid RT5880 5.4 0–60° 92% 50%
[35] 0.32λo – 5.8 0–75° 88% 62%
This work 0.22λo Rogers RO4350B 5.54 0–60° 91% 78.2%

MS structure performs well at different oblique incidence. There are three reasons for the
discrepancy between the simulated and measured results. First, when it comes to fabricat-
ing a metasurface array, it is 5× 5 whereas it is infinite in the simulation. The performance
of the central cell will be influenced by the finite array’s edge effect. Second, by setting the
period boundary condition around the unit cell, the CST simulation software imitates an
infinite array, which could lead to discrepancies with an actual infinite array. Third, the
tolerances in the manufacturing process can also lead to errors. A reasonable agreement
between the measurement and simulated results shows that the proposed MS harvester
exhibits a wide-angle reception property.

Table 1 compares the proposedMS harvester and previous published papers in terms of
a unit cell size, incident angle range, and the maximum harvesting efficiency at a normal
incidence and an 60° oblique incidence angle. In comparison to previously published MS
harvesters, the proposed MS is miniaturized, low cost and has a higher efficiency across a
wider oblique incidence.

4. Conclusion

A wideband MS unit cell has been presented and demonstrated for ambient RFEH appli-
cations. An extensive numerical analysis of the MS structure was carried out using CST
Microwave Studio, demonstrating a higher absorption ratio, good angular stability, and
higher radiation to AC conversion efficiency within the 5.54GHz frequency band. The
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simulation results demonstrate that the proposed MS structure can efficiently capture EM
power at a wide range of incident angles and deliver the maximum power of more than
78% to the load. A finite array unit cell is fabricated to verify the design, with all unit cells
terminated by an optimal load resistance that matches the measurement tool impedance.
The measured results agree well with the simulation. The proposed MS design incorpo-
rates advancements such as miniaturization, wide-angle reception, and higher conversion
efficiency, making it ideal for ambient RFEH.
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