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Abstract: A new wide-angle and polarization-insensitive metasurface (MS) instead of traditional
antenna is built as the primary ambient energy harvester in this paper. The MS is a two-dimensional
energy harvesting array that is composed of subwavelength electrical small ring resonator that
is working at 2.5 GHz (LTE/WiFi). In the case of different polarization and incidence angles,
we demonstrate the metasurface can achieve high harvesting efficiency of 90%. The fabricated
prototype of 9 x 9 MS energy harvesting array is measured, and the experimental results validate
that the proposed MS has a good performance more than 80% of energy harvesting efficiency for
arbitrary polarization and wide-angle incident waves. The good agreement of the simulation with
the experiment results verifies the practicability and effectiveness of the proposed MS structure,
which will provide a new source of supply in wireless sensor networks (WSN).
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1. Introduction

With the rise of the internet of things (IoT) technology, the micro wireless sensor networks (WSN)
are being extensive development. In recent years, with the development of the ultra-low power
consumption chip technology, the power consumption of wireless sensor node has already entered
a microwatt magnitude range. At the same time, an increasing number of wireless network and mobile
communication base stations and other radio transmitting equipment that is full of rich electromagnetic
energy in the surrounding environment. It is also a research hotspot to reduce the demand of the
battery by absorbing the ambient energy to power a sensor node automatically and adaptively in the
electromagnetic environment.

Current researches show that there are about 12 million wireless communication base stations
in the global in 2012, about 68 billion equipments using a radio frequency identification card
(RFID) in 2013, and the world has about 40 billion WiFi consumer electronic equipments in 2014 [1].
Figure 1 shows that the ambient power spectrum distribution of the electromagnetic field measured
in the campus environment of Xidian University, China. We can find that the ambient energy peaks
appear in the existing wireless communication frequency bands. These micro electromagnetic energies
that distribute in the environment are expected to be used again after harvesting efficiently.

Metamaterials are the artificial composite structures or composite materials with superior
physical properties that some natural materials do not have. Metasurfaces (MS) are two-dimensional
metamaterial structures, which have been attracting more attention, due to a wide range of
potential applications for wireless power transfer and harvesting [2]. A perfect metamaterial
absorber has been firstly proposed in 2008 by Landy et al. [3]. Different from the electromagnetic
metamaterial absorber [4-6], the small split-ring resonators (SRR) were first used to collect energy in
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2012 [7]. After that, some other SRRs [8-10], electric-inductive-capacitive (ELC) resonators [11],
and ground-backed complementary split-ring (G-CSRR) resonator have also been proposed for
electromagnetic energy harvesting [12,13]. The recently reported wideband ground-backed
complementary split-ring (WG-CSRR) resonator structure can improve the bandwidth [14]. Each unit
in the WG-CSRR structure requires four ports in order to collect energy at the same time.
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Figure 1. Power spectrum distribution measured in the campus of Xidian University, China.

This paper uses a new and simple electromagnetic MS as the ambient energy harvester in
the wireless communication systems. The proposed MS is a two-dimensional energy harvesting
array that is composed of subwavelength electrical small square-ring resonator unit. Because the
incident angles and polarizations of environmental electromagnetic waves are random and unknown,
the conventional energy harvesting antenna or polarization-related metamaterial harvester cannot
maintain the high collection efficiency for arbitrary direction and polarization. No matter whether the
incident wave is transverse electric (TE) or transverse magnetic (TM) polarization mode, the proposed
MS unit or array can keep a high RF power harvesting efficiency. Due to the frequency distribution of
electromagnetic energy in the environment has the narrow-band characteristics, this work uses only
one harvesting port designed at the appropriate location for spatial filtering, which can simplify the
back-end matching and rectifier circuit complexity, and realize the high efficiency of energy harvesting.
The proposed MS is sub-wavelength, wide-angle, and polarization-insensitive, which is suitable for
ambient power harvesting.

2. Design of the MS Energy Harvester

In the energy harvesting system, the rectenna is the most critical part [15-17]. It can be divided
into energy harvester (e.g., antenna) and rectifier circuit. As the primary energy collector, it receives
electromagnetic RF energy, which is converted to DC power through a rectifier circuit. The energy
harvesting using MS should meet the following two conditions: (a) The electromagnetic wave energy
can be captured by the MS structure as much as possible; (b) The captured energy into the MS structure
can effectively be transferred into the rectifier circuits (matching load).

This paper builds a two-dimensional energy harvesting array that is composed of sub-wavelength
square-ring MS, and each small unit can be equivalent to LC resonance circuit. The incident wave is
stimulated to produce surface current on the surface of the MS structure. Similar to the antenna-based
coaxial feed, we take a via hole in the unit with an appropriate place and then lead the surface current to
the port that is connected to the resistive load [11]. The MS energy collector can capture electromagnetic
wave energy and transfer to the load, rather than dissipate in the structure. The designed MS structure
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is shown in the Figure 2. The center working frequency is set to 2.5 GHz (LTE/WiFi). The upper layer
is the square-ring array, and the middle is the low-loss dielectric layer and the bottom layer is the
metallic ground. The energy harvesting ports are set at the corner of each ring.

Using ANSYS HFSS to establish the numerical simulation model, the boundary condition of
the unit cell is set as periodic boundary conditions (PBC), which is combined with the Floquet ports
to calculate the infinite array model. The port excitation of the incident wave power is set to 1 W.
The dielectric substrate is F4B that has relative permittivity of 2.65 and a dielectric loss tangent of
0.001. The dimensions of the square-ring element are as follows: p = 15.7 mm, [ = 15 mm, w = 0.8 mm,
and t = 3 mm. Figure 3 shows that the calculated efficiency of the designed MS array for various
load resistance at the operating frequency of 2.5 GHz. It can be seen that the highest efficiency of the
operating frequency can be simultaneously obtained when the load resistance is 500 Q2. It should be
noted that this matching load value is a local optimal solution. Other parameters, such as MS structure
size, dielectric constant, and thickness of substrate, etc., will also affect the matching load value and the
operating frequency. By changing these parameters, we can flexibly design the matching load value of
rectifier circuit. This port is located in the diagonal direction of the square-ring element. Note that we
can flexibly change the working frequency band, matching the load value by changing the value of
each parameter of the MS structure.
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Figure 2. The square-ring resonator metasurface (MS) structure for ambient power harvesting.
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Figure 3. Calculated efficiency of the designed MS array for various values of load resistance at the
operating frequency of 2.5 GHz.
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When compared to the periodic dimension of the previous works, such as the SRR element, is
about 1/4 operating wavelength at 5.8 GHz [7], and the G-CSRR element is about 1/3 operating
wavelength at 5.55 GHz [13], and the WG-CSRR element is about 1/5 operating wavelength at
5.6 GHz [14], the proposed design in this paper is about 1/8 operating wavelength at 2.5 GHz,
which is more miniaturization. Note that the proposed closed square-ring resonant ring rather than the
split-ring form from existing literature is adopted in this paper. In spite of the angles and polarizations
of the incident wave, two symmetrical annular currents in the same direction excited by an incident
wave on the surface of the closed-ring can channel to the collection port. The open-ended surface
currents distribution that was generated by various incident waves from the split-ring resonant lead to
single-port collection with angle and polarization sensitive performance on a split-ring structure. So,
the proposed square-ring MS structure can harvesting wide-angle, polarization-insensitive incident
waves by optimizing the position of the harvesting point, and maintain high efficiency when compared
to the structure described in the reference [6,10-12] only collects single-polarized incident waves.
By changing the value of each parameter of the MS structure (L, W, P, ¢, t), we can flexibly change
the working frequency band, matching the load (R) value, to achieve the performance of effective
energy harvesting. The square-ring MS structure is proposed to replace the traditional antenna as the
front of the rectifier in the energy-harvesting system. It is worth pointing out that the proposed MS
structure can effectively captures the ambient radiofrequency energy and then concentrated on the
load resistance, which can be replaced by the rectifier circuit in the later work.

The power harvesting efficiency of the MS collector can be computed by

n= A x 100% 1)
Py
where Py is the power collected by the load, and the P; is the received total power incident on the
cross-sectional area (A) of the whole MS structure, which can be computed using the surface integral
of a Poynting vector on A.

The simulation results of the reflection coefficient S;; and power harvesting efficiency are shown in
Figure 4. It can be seen that the impedance matching is good at the working frequency of 2.5 GHz. That is
to say, the MS structure has the ability of capturing the electromagnetic wave energy. By calculating the
receiving power in the lumped port, we can see that the MS harvester can collect the energy more than
90% from the incident power at 2.5 GHz. The captured electromagnetic energy by the square-ring MS can
be transferred into the matching load through vias effectively. Figure 5 is the surface current distribution
on the square ring and the back ground of the MS structure at 2.5 GHz. It can be seen that the surface
current flows along the small ring, and the energy is eventually harvested to the port of the resistive load.
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Figure 4. Reflection coefficient S1; and power harvesting efficiency using square-ring MS structure.
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The incident angle and polarization stability of MS structure should be considered from the two
cases of transverse electric (TE) and transverse magnetic (TM) oblique incidences. The TE-polarized
oblique incidence refers to the change of electromagnetic wave incident angles to ensure the electric
field vector is always parallel with the surface of MS structure, while the TM-polarized oblique
incidence refers to the change of the electromagnetic wave incident angles to ensure that the magnetic
field vector is always parallel with the surface of MS structure. Figure 6a shows the power harvesting
efficiency characteristics at oblique incidence with TE polarization in the resonant bands. When the
harvester tilted with angle 6 = 0° and 15°, the maximum harvesting efficiency achieved was 90.5%
at 2.5 GHz and 90.4% at 2.52 GHz. For angle 6 = 30° and 45°, collection efficiency of 89.8% at
2.56 GHz and 88.4% at 2.62 GHz. The last tilted angle is 8 = 60° and a collection efficiency of 85.2%
is achieved at 2.67 GHz. For TM polarization, as shown in Figure 6b, the energy collection efficiency
is 90% (when 0 = 0° at 2.5 GHz), and the maximum efficiency is 91.4% (when 0 = 45° at 2.62 GHz).
When the oblique incidence 6 are 15°, 30°, and 60°, the harvesting efficiency are 91.1% at 2.52 GHz,
91% at 2.56 GHz, and 91.2% at 2.67 GHz. The rate of change of efficiency is very small. As the angle of
incidence waves increases, the working frequency of the maximum efficiency obtained by the MS will
slight shift. The MS have a certain bandwidth. No matter TE or TM oblique incidence from 0° to 60°,
the energy harvesting efficiency using the square-ring MS collector is always stable and the collection
efficiency can reach 90%. Though it has a certain frequency-shift in the incidence of the large angles,
it can be adjusted through backend self-adaptive tuning circuits.
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Figure 5. Surface current distribution on the (a) square ring and (b) back ground of the MS structure at
the resonant frequency (2.5 GHz).

The surface current analysis can be used to gain insight into the polarization and the angle stability of
the MS. The resonant behavior can be described by using the equivalent inductance (L) and the equivalent
capacitance (C) of the MS structure. The small square-ring of each unit and gap between units can be
equivalent to LC resonance circuit. The surface currents induced on the front metallic layer operating at
work frequency of 2.5 GHz are oscillated along the square ring of each element and transferred to the
load through vias. The surface currents in TE and TM polarization of the incident wave at the resonant
frequency (2.5 GHz) and non-resonant frequency (2.2 GHz) for the incidence angle 0° are shown in
Figure 7, respectively. It can be seen that the maximum intensity of the surface induced current to the load
is generated on the metallic ring at operating frequency of 2.5 GHz, and the maximum energy harvesting
efficiency can be obtained. When offsetting the operating frequency, the intensity of the surface induced
current on the metallic ring is reduced, which causes the load absorption decreased. Figure 8 shows the
surface current distribution at the working frequency for different incidence angles in TE polarization.
Maximum energy harvesting efficiency with 8 = 30° and 60° of incident wave at 2.56 GHz and 2.67 GHz,
respectively. Because the square-ring MS is centrosymmetric, no matter whether the incident wave is TE or
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TM polarization with large angle range, it can excite surface currents along the metal ring and translate
into load by vias for efficient energy harvesting.
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Figure 6. Power harvesting efficiency of (a) transverse electric (TE)-polarized oblique incidence and
(b) transverse magnetic (TM)-polarized oblique incidence.
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Figure 7. Simulated surface current distribution on the square-ring at (a) the resonant frequency
of 2.5 GHz with TE polarization; (b) the non-resonant frequency of 2.2 GHz with TE polarization;
(c) 2.5 GHz with TM polarization; and (d) 2.2 GHz with TM polarization.
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Figure 8. Simulated surface current distribution on the square-ring with different incidence angles
(a) =30 (b) 8 =60°.

3. Experimental Verification

In this section, a 9 x 9 MS energy harvesting array has been fabricated to verify the performance,
as shown in Figure 9. The experimental scheme is illustrated in Figure 10. The MS energy harvester
placed in the far field of the horn antenna that excited by a signal generator at the power level
of 14 dBm, to ensure that the electromagnetic wave incident to the MS structure is a plane wave
excitation [11]. The power of the load resistance on the MS structure is tested by using a spectrum
analyzer. Because each cell of the 9 x 9 MS array has a harvesting port to collect energy at the same
time, the power measurement for all of the ports is almost impossible. The central unit can represent
other units in a large array without edge effects. Therefore, a good estimation of the power harvesting
can be measured. Based on the analysis and discussion above, we only test energy harvesting efficiency
of the center element, and the overall efficiency of array can be calculated by multiplying the efficiency
of the center element by the number of array elements [13].

@) (b)

Figure 9. Photograph of the fabricated MS structure array on (a) front view (b) back view.

Spectrum Analyzer

MS Energy Harvester

Signal Generator Standard Gain Horn Antenna

Figure 10. Experimental setup for measuring the power harvesting efficiency of MS structure.
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The energy collection efficiency is given by:

= DRE S 100% @)
Pps
where Prr is the total time-average power harvested by the port of central element (measured by the
spectrum analyzer). Pps is the total time-average power incidence on the center cell of the MS by the
standard gain horn antenna.

Figure 11 shows the measured energy collection efficiency of the fabricated 9 x 9 MS energy
harvesting array in different angles of TE and TM oblique incidence from the same distance. It can
be seen that the collected energy efficiency is more than 80% in the TE normal incidence at 2.58 GHz.
When the incident angle is changed to 8 = 60°, the energy collection efficiency in this case is still
81%, but the operational frequency will shift to 2.7 GHz. In the TM polarization, we can see that the
maximum collection efficiency is 85.1% and the resonant frequency is 2.57 GHz when the incident angle
0 is 0°. When the incident angle changes to 8 = 60°, the resonant frequency of maximum efficiency
shifts to 2.69 GHz, and the collection efficiency is 82.6%. It is verified that the proposed MS structure
has a good performance on the incident electromagnetic wave with arbitrary polarization. The energy
harvesting efficiency and the operational frequency that was obtained from the measurement and
the numerical analysis are different by reason of typical fabrication tolerances and measurement
error. Moreover, the fabricated array is a 9 x 9 array when compared to infinite periodic array in the
simulation. So, the measurement efficiency is lower than the simulation and the operating frequency
have a slight offset, but the energy collection efficiency remains above 80%. The frequency shift can be
adjusted using self-adaptive tuning circuits. The good agreement of the simulation with the experiment
results verifies the practicability and the effectiveness of the proposed MS structure.
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Figure 11. Measured energy harvesting efficiency of the fabricated 9 x 9 MS energy harvesting array
for different polarization and incident angles, (a) TE-polarized oblique incidence and (b) TM-polarized
oblique incidence.

4. Conclusions

In this paper, a new polarization-insensitive MS was designed, fabricated, and experimentally
demonstrated to absorb the electromagnetic power in wide incidence angle. The designed MS is
an electrical small square-ring resonator whose center operating frequency is 2.5 GHz (LTE/WiFi).
No matter whether the incident wave is TE or TM polarization, the proposed MS can keep high RF
power harvesting efficiency. The good performance and accuracy of the proposed MS design are
verified by using simple and effective simulations and measurements. The proposed square-ring MS
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harvester has many advantages, such as miniaturization, polarization insensitivity, wide angle stability,
high efficiency, and easy to conformal, which are suitable for ambient power harvesting.
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