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ABSTRACT A multi-band and polarization-insensitive metamaterial is proposed to harvest electromagnetic
energy efficiently in three frequency bands. Based on a square resonant ring and cross resonant structure,
a metamaterial is designed to achieve high energy harvesting efficiency of 81.2%, 93.3% and 93.5% at
2.45 GHz, 4.0 GHz and 5.8 GHz, respectively. The overall structure consists of an 8 x 8 periodic array
of meta-cells with two vias loaded by two 50 2 resistors, an impedance matching network and a rectifier
circuit. Results show that the simulated rectification efficiency of rectifier circuit reaches 69.2%, 58.8% and
52.1% at 2.45 GHz, 4.0 GHz and 5.8 GHz, respectively, when the incident power is 5 dBm. The measured
harvesting efficiency (RF-DC) is found to be 51.6%, 54.2% and 58.7% with the TE polarization and 50.6%,
53.7% and 58.6% with the TM polarization incidence at the three operating frequency bands, respectively.
Although the incident power is reduced to 0 dBm, the energy harvesting efficiency can still reach more than
42% in both TE and TM polarizations. Therefore, it is shown that the energy harvesting system can maintain
high efficiency under different polarizations in a wide power range.

INDEX TERMS Energy harvesting, polarization-insensitive, resonant structure, dielectric substrate, multi-
band, rectifier circuit.

I. INTRODUCTION
With the commercialization of 5G communication technol-

capture the incident energy has been a challenge for energy
harvesting in low-power applications.

ogy in more countries, the theory and products of intelligent
devices that can collect and process data have received
extensive attention in recent years [1], [2], [3]. Low-power
intelligent terminals such as various types of Internet of
Things (IoT) devices, sensors and implantable medical
devices have begun to be widely used in daily life [4], [5],
[6]. The power consumption of these small devices has been
reduced to the milliwatt level and is widely distributed in
various scenarios in our life [7]. Therefore, how to effectively
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Recently, metasurface absorbers have been exploited for
energy harvesting and wireless energy transformation due
to their excellent characteristics of managing EM waves.
Energy harvesting technology based on metasurface has been
widely studied in low-power range. The performance of meta-
surface is mainly determined by the topological structure
and periodic arrangement of its units. Moreover, most of
the rectifiers are applied in each metasurface cell. There-
fore, the losses of diode used in the rectifier also increases
the difficulty of energy capture [8]. This challenge is later
solved by drilling vias [9]. The vias connecting the meta-
cell to a matching network needs to be located at the area

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

143956

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0009-0002-9810-036X
https://orcid.org/0000-0003-0946-9561

H. Zhang et al.: Polarization-Insensitive Electromagnetic Metamaterial Design

IEEE Access

with the strongest current in the meta-cell to ensure higher
collection efficiency. Furthermore, the unit needs to pursue
central symmetry [10], [11], [15] to ensure that electro-
magnetic waves of different polarizations can be captured.
However, polarization-insensitive metasurface units in pre-
vious research often have four vias and loads [12]. Not
only do four vias increase the complexity and manufacturing
difficulty of the structure, but it also causes the received elec-
tromagnetic energy to be dispersed on multiple loads, which
makes it difficult for subsequent power synthesis. Moreover,
current studies focus on energy harvesting at broadband [13],
[14] and high frequency band [15], but these work bands are
not suitable for daily application. Among the recent related
research, few designs can simultaneously achieve more than
two operating frequency bands, basically working at a single-
band [16], [17], [18] and dual-band [19]. In addition, due to
the high impedance characteristics of structures such as split
ring resonators (SRR) [16], [17], [20], the load resistance
used to match some metasurface design is very large. This
makes the width of the microstrip line corresponding to large
resistance much smaller than the processing precision and
it will be quite difficult to match these metasurfaces to the
rectifier with 50 €2 input impedance [18], [21].

In order to solve the above problems, we have referenced
some existing works [22], [23], a triple-band and insensitive
polarization metasurface with wide incident angle range is
proposed for high effective energy harvesting in this letter.
The number of vias and resistances in each unit is minimized
and 50 2 load resistance is used to match meta-cell. To mea-
sure the performance of the energy harvesting metasurface,
a matching network and a half-wave rectifier circuit are inte-
grated to the metasurface to form an overall energy harvest
system.

The letter is arranged as follows. In section II, we propose
the metasurface structure design and illustrate its energy
harvesting characteristics through simulation. In section III,
we designed a rectifier that is consistent with the three-band
of the metasurface and explain its rectification performance.
In section IV, we tested the energy harvesting system in an
anechoic chamber and verified its performance. In section V,
conclusions are provided.

Il. METASURFACE ANALYSIS AND DESIGN

A. METASURFACE CELL GEOMETRY

The three metasurface units presented in this paper are all
based on a square resonant ring and cross resonant structures,
as shown in Figure 1.

The structure is a typical sandwich structure consisting
of two metal layers and a dielectric layer in between. The
top metal layer is a resonant structure and the bottom layer
is metal ground. In order to minimize the loss of energy,
the dielectric with low loss is selected in this design. Thus,
Rogers RT6006 is selected, its relative dielectric constant is
6.45 and the loss tangent is 0.0027. Furthermore, copper is
used to fabricate the resonant structure, the ground and the
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FIGURE 1. Configuration of the proposed metasurface unit cell: (a) 3D
view of the proposed metasurface unit cell and (b) resistance distribution
on the metal substrate. (Where P is the side length of the unit cell, H is
the height of the dielectric substrate and L is the side length of the metal
resonant structure.)
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FIGURE 2. Metal resonance model: (a) Single-band, (b) Dual-band and
(c) Triple-band. (Unit: mm, P, = 18.3, P, = 38.8, P; = 33.5,L;; = 16.3,
Ly; =36.8,Ly; = 109, L3y =31, L3, = 24.5, L33 = 5.8, Wy; = 2.9, Wy, =
1.9, Wy, = 1.7, Wy, = 4.8, Wx; = 2.2, Wy, = 2.8, Ws3 = 2.2, G; = 0.6,
G3, = 1.05. Particularly, the heights of the three metasurface units are:
hy=37hy=2.1,hs =2)

vias. Its conductivity is 5.8 x 107 S/m and the thickness is
35um.

The resonant structure of the first presented unit cell work-
ing at 2.45 GHz is centrosymmetric, which consists of a
square resonant ring and a cross resonant structure, as shown
in Figure 2(a). Two vias are placed on the two sides of the
square ring and two annular gaps are opened around the vias
at the ground layer to accommodate the load resistance of
50 2. The top mental patch is connected to the load resis-
tance through a via to ensure that the induced current can be
smoothly transmitted to the load when the patch is receiving
different polarized incident waves, in order to realize the
polarization insensitive characteristics of the metasurface.

Considering the complexity and inconsistence of the
ambient electromagnetic environment, multi-band energy
harvesting can effectively broaden the application scenarios
of the metasurface. The first presented meta-cell is improved
to work at 2.45 GHz and 4.0 GHz, so that the metasurface can
work in more frequency bands. The second designed meta-
cell is shown in Figure 2(b). It also has a typical sandwich
structure, but the shape and size of the upper patch were
adjusted an opening was designed in the middle of the cross
structure to introduce new resonance through the gap, as well.

At present, the most commonly neared Wi-Fi bands are
around 2.45 GHz, 4.0 GHz and 5.8 GHz. In order to cap-
ture the electromagnetic energy in these frequency bands,
we adjusted the geometry and size of the meta-cell and
designed a polarization-insensitive metasurface that can work
in three frequency bands. Based on the structure of the second
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FIGURE 3. S;; parameters of single-band, dual-band and triple-band
metasurfaces.

designed meta-cell working in two frequency bands, a square
resonant ring with four-corner gaps is added out of the square
ring with vias, as shown in Figure 2(c). The gap between
the inner and outer square rings can add a new resonance
frequency to achieve three operating frequency bands. Fur-
thermore, due to the four gaps of the outer square ring located
at its four corners, the maximum induced current of the outer
ring appears near the vias of the inner ring. Thus, TE and TM
polarization waves in three frequency bands can be received
simultaneously without adding new vias in this design. There-
fore, the operating frequencies are expanded to three without
increasing the complexity of the structure and the difficulty
of power combination.

B. ENERGY COLLECTION PERFORMANCE OF
METASURFACES
To verify the performance of the proposed metasurface, the
numerical results were all simulated by using the microwave
studio of the commercial simulation software CST. Com-
bined with the periodic boundary conditions and the Floquet
port, the metasurface is simulated with an incident plane
wave along the —z direction. The S1; parameters of the three
designed metasurfaces are calculated respectively as shown
in Figure 3. Since the metasurface unit is a central symmetric
structure and is insensitive to polarization, only the simulation
results of TE polarization were given. From Figure 3, the S1;
parameter of the single-band metasurface can be less than
—18 dB at 2.45 GHz. This indicates that the metasurface is
well matched with the free space and the reflection of the
electromagnetic wave is greatly reduced at 2.45 GHz. The
reflection parameters of the dual-band metasurface are lower
than —20 dB and —13 dB at 2.45 and 4.0 GHz respectively.
Therefore, the values indicate that the metasurface can absorb
the incident electro-magnetic energy in two operating bands.
The reflection coefficient parameters of the triple-band meta-
surface at 2.45 GHz, 4.0 GHz and 5.8 GHz are —25 dB,
—19 dB and —18 dB, respectively. At these three operating
frequencies, the metasurface achieves optimal performance
with free space and the electromagnetic wave is nearly not
reflected.

To study the energy absorption capacity of the proposed
metasurface, the absorption rate can be calculated as follows:

A®) = 1 — R(w) — T(w) 1
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FIGURE 4. Collection efficiency of metasufaces: (a) single-band,
(b) dual-band and (c) triple-band.

where A(w) is the absorptivity of the metasurface, R(w) is
the reflectivity and 7' (w) is the transmittance. Therefore, the
absorptivity can be calculated using the S parameters:

Alw) =1— 181> — |52 ? 2

However, in order to capture and reuse the collection elec-
tromagnetic energy, it is not enough to reduce the reflection
of electromagnetic waves on the metasurface. It is also nec-
essary to transfer the absorbed electromagnetic energy to the
load resistance, so it is better to study the energy transmitting
process from free space to the load on the ground. There-
fore, the collection efficiency nys of the energy harvester is
defined as:

s = 3
PrReceived

P1oag represents the power absorbed at the load and
Preceivea represents the power incident into the metasur-
face. In subsequent studies, the collection efficiency of the
metasurface is used to verify its energy capture capacity.
It is necessary to note that we directly use the post-
processing function of CST to perform formula operations
on the obtained data and obtain various results such as
absorption efficiency, collection efficiency, reflection effi-
ciency and loss.

Since the metasurface ground is mostly metal, the trans-
mission caused by the circular aperture on the ground is
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TABLE 1. Comparison of proposed work with previous ones.

) Unit Operating Load Energy
Ref. Overall Size(AL) . . )
Number Bandwidths (GHz) Resistance(Q) Harvesting (%)
[14] (2021) 0.17x0.17%0.139 384 4.3-11 550 85.7%
[16] (2021) 0.15%0.15%0.015 25 225 100 90%
[17] (2021) 0.50%0.50x0.041 16 3.75 120 94%
[18] (2022) 0.26x0.26%0.009 64 5.8 50 96%
[22] (2018) 0.08%0.08x0.02 81 2.45 200 92%
[19] (2021) 0.13x0.13x0.010 16 2.45/5.8 70 80%/92%
[23] (2018) 0.22x0.22x0.05 81 2.45/6 240 95%/90%
99%/98%/98%
[20] (2022) 0.23x0.23%0.024 25 2.4/5.2/5.8 377 (Without load
resistance)
Proposed 0.27x0.27%0.016 64(8x8) 2.45/4.0/5.8 50 81.2%/93.3%/93.5%

almost negligible. Therefore, the energy incident into the
metasurface can be divided into the reflected energy and the
absorbed energy. The energy absorbed by the metasurface
contains two parts, which are the energy collected by the load
resistance and the energy lost. The former can be rectified
into DC energy and utilized in subsequent work, while the
latter is directly consumed in substrate and metal structures,
resulting in a decrease in collection efficiency. Thus, in order
to ensure the high collection efficiency of the metasurface,
it is necessary to minimize the reflection and reduce the
energy loss in the substrate.

Based on the above theory, the reflectivity, absorptivity,
collection and loss coefficient of incident energy are obtained
as shown in Figure 4. In Figure 4 (a), the absorptivity of the
incident wave on the single-band metasurface reaches 98.2%
at 2.45 GHz from the red curve, the reflected energy is less
than 2% of the incident energy from the black curve and
the metasurface collection efficiency reaches 93.6% from the
green curve. The results indicate that most of the absorbed
energy is transferred to the load resistance. Figure 4(b) shows
that the dual-band metasurface has a collection efficiency
of more than 94% at 2.45 GHz and its collection efficiency
reaches more than 93% at 3.8 GHz. In the two operating
frequency bands, only less than 6% of the energy decays in
the dielectric substrate. The absorption rate of the triple-band
metasurface is 99.2% at 2.45 GHz, 99.4% at 4.0 GHz and
98.8% at 5.8 GHz, as shown in Figure 4(c). At 2.45 GHz, the
collection efficiency of metasurface was reduced to 81.2%
(less than absorptivity) due to part of the energy loss in the
medium. While at 4.0 GHz and 5.8GHz, the loss coefficient
of the metasurface is less than 7%, the collection efficiency
of the metasurfaces is 93.3% and 93.5%, respectively.

The above numerical results show that the metasurface not
only has the ability to absorb the incident wave efficiently,
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but also most of the absorbed energy is transferred to the load
resistance. So, the proposed metasurface has effective energy
harvesting performance.

Table 1 lists the comparison between our proposed energy
harvesting metasurface and the previous work in terms of
overall size, unit number, operating bandwidths, load resis-
tance and energy harvesting. Although, the metasurface unit
proposed is relatively small, it works in the three frequency
bands with high and stable collection efficiency. Moreover,
the load resistance in our design is commonly used in
microwave systems.

C. CHARACTERISTICS OF WIDE INCIDENCE ANGLE AND
POLARIZATION INSENSITIVE

Figure 5 shows the collection performance of the metasurface
when the electromagnetic wave is obliquely incident at differ-
ent angles. The incident angle represents the angle between
the wave incident direction and the -z direction. It can be
observed that when the TE wave is incident, the collection
efficiency gradually decreases with the incident angle from
0° to 60°, from 93% to 69% and a certain frequency offset
occurs. The maximum frequency offset is about 80 MHz.
It can be seen from Figure 5 that the changing trend of the
overall collection efficiency when TM wave is incident is
almost the same as that of TE wave.

It is shown that the proposed metasurface has both polar-
ization stability and angular stability and can be used for
electromagnetic energy harvesting under oblique incidence
of different polarized waves from 0° to 60°.

D. ABSORPTION MECHANISM AND LOAD SELECTION

The working principle of the metasurface is determined by
analyzing the surface current distribution at the resonant
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FIGURE 5. The collection efficiency of metasurface under oblique
incident electromagnetic waves at different angles: (a) TE polarization
and (b) TM polarization.
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FIGURE 6. Surface current distribution at 2.45 GHz: (a) Metal resonant
structure, (b) The metal floor and (c) Metal through-pole.

frequency. The current distribution of the proposed metasur-
face at 2.45 GHz is calculated in CST as shown in Figure 6.

Clearly, a strong induced current is generated on two
square rings and the hollow cross structure at 2.45 GHz. The
current is largest near the via and flows along the via to the
load.

The function of energy harvesting a metasurface is to
achieve matching from free space to terminal equivalent load.
The load impedance value will greatly affect the match-
ing between the load and the meta-cell and thus affect the
energy capture performance of the metasurface. Therefore,
it is necessary to optimize the load resistance value after
determining the size, geometric shape and via position of
the meta-cell. By adjusting the load resistance, both the
collection efficiency and the working frequency band can be
significantly changed. Figure 7 shows that the resistance of
50 Q2 is already the optimal load for obtaining the efficiency
peak for the proposed metasurface working in three frequency
bands. Moreover, the load of 50 Q2 not only ensures high
collection efficiency, but also is a commonly used impedance
in the microwave system. Therefore, 50 2 resistor is selected
for subsequent design of the rectifier circuit.
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FIGURE 8. The schematic diagram of rectifier circuit. (C; = 0.5 pF, C; =
0.4 pF, C3 = 0.3 pF, L; = 7.8 nH, L, = 3.3 nH, L3 = 1.8 nH, Cyy; = 40 pF)

Ill. WIDEBAND RECTIFIER CIRCUIT ANALYSIS AND
DESIGN

In the electromagnetic energy harvesting system, the rectifier
circuit is an important part to determine the energy collection
efficiency.

The function of the rectifier circuit is to convert the input
AC energy of the rectifier circuit into DC energy. With the
aim of obtaining high rectification efficiency under low input
power, a rectifier circuit was designed to work at 2.45 GHz,
4.0 GHz and 5.8 GHz.

As Schottky diodes are widely used in the current appli-
cation, HSMS-2850 is selected as the rectifier diode in our
design due to its small conduction voltage, high operating
frequency, high conversion efficiency and small volume.
Figure 8 shows the schematic diagram of the proposed rec-
tifier circuit.

The key indicator to judge the performance of the rectifier
circuit is the rectification efficiency, which can be defined as:

p Rout
naC = —— @
Pac
V2
Prout = —~ot (5)
Rout

where PRroy is the power of the load resistance of the rectifier
circuit and Pac is the input power of the transmitter.

The change of rectification efficiency with input power is
simulated by using ADS simulation software, as shown in
Figure 9(a). It can be seen that when the load resistance is
1000 €2, the rectification efficiency reaches the maximum of
69.2% with the input power around 5 dBm at 2.45 GHz. Fur-
thermore, the influence of load resistance on the rectification
efficiency is obtained by simulation and the results are shown
in Figure 9(b). It is indicated that the rectification efficiency
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FIGURE 9. The rectification efficiency of the rectifier circuit: (a) Varies
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FIGURE 10. The rectification efficiency changes with frequency under
different input power.

is highest when the resistance reaches around 1000 €2 and the
peak efficiencies are above 50% at three frequency points.

Furthermore, the variation of the rectification efficiency
with frequency under different input powers is simulated as
shown in Figure 10.

We can see that the rectifier circuit has three rectifica-
tion efficiency peaks at 2.45 GHz, 4.0 GHz and 5.8 GHz,
respectively. This is completely consistent with the operating
frequency band of the triple-band metasurface designed in
this paper.

IV. MEASUREMENT AND DISCUSSION

To verify the performance of the designed metasurface, a test
system is built in a microwave anechoic chamber, as shown
in Figure 11. The proposed metasurface with 8 x 8 cells and
the triple-band rectifier circuits were fabricated. Furthermore,
a matching network is designed and fabricated on the back
of the metasurface to connect the meta-cells and rectifier
circuit. Specifically, the energy incident on each meta-cell is
collected by the matching network and then transmitted to the
rectifier circuit for testing.
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To test the sensitivity of the proposed metasurface to input
power degree, two input powers, 0 dBm and 5 dBm, are
selected to excite the metasurface. The measured efficiency
of the energy harvesting system is calculated according to
Equation 6-8 [24], [25] and the results are shown in Figure 11.

Ppc
"IMeasurement = (6)
PN
V2
Ppc = oL )
RRout
G- Gy - P
P A 8
IN R s (®)

where Rroyt is the load resistance at the end of the rectifier,
1000 €2 is selected in this test. V¢ is the DC voltage at both
ends of the load, G is the gain of the standard horn antenna,
G, is the gain of the power amplifier, P is the input power
generated by the signal generator, R is the distance between
the horn antenna and the metasurface and A is the effective
acceptance area of metasurface [26].

Figure 12 shows that the frequency points of the measured
efficiency peaks are 2.48 GHz, 4.08 GHz and 5.09 GHz,
respectively, which have about 0.08 GHz offset from the
simulation results. In this work, the xoz plane is the incident
plane. TE polarization refers to the incident wave with an
electric field that is perpendicular to the incident plane, while
the magnetic field of TM polarization wave is perpendicular
to the incident plane.

When the power of TE incident wave is set to be 5 dBm,
the measured efficiency of the metasurface reaches 51.6%,
54.2% and 58.7% in three frequency bands, respectively.
And the measured efficiency of the metasurface with 5 dBm
TM wave incidence reaches 50.6%, 53.7% and 58.6% in
three frequency bands, respectively. All efficiency peaks are
maintained above 50% under 5 dBm input power. When the
input power is reduced to O dBm, despite a slight decrease
in the measured efficiency, the energy harvesting system can
still work properly. When the metasurface is excited by TE
polarized wave, the measured efficiency at three frequency
points is 42.4%, 45.5% and 47.2%, respectively. Under TM
polarization, the measured efficiencies are 42.5%, 44.8% and
49.0%, respectively. Therefore, the proposed metasurface can
be used for low-power and Arbitrary-polarization electro-
magnetic energy collection.

Based on the similar work studied on the triple-bands,
we compared the measured efficiency (RF-DC) with the
results of [20]. Under TE polarization, the measured effi-
ciency reaches 60% only at 2.45 GHz in [20] and is below
40% at 4.0 and 5.8 GHz. However, the measured efficiency
of our metasurface remains above 50% in all three frequency
bands and can be close to 60% at most. Especially at 4.0 and
5.8 GHz, it can still maintain a high conversion efficiency.
The measured results show that the operating frequency of the
energy harvesting system based on metasurface is consistent
with the simulation results and the high conversion efficiency
can be maintained at low input power regardless of TE wave
or TM wave incidence.
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FIGURE 12. The measured conversion efficiency: (a) TE polarization and
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V. CONCLUSION

A multi-band polarization-insensitive electromagnetic meta-
surface was designed and analyzed for energy harvesting.
The proposed structure adopts a central symmetrical struc-
ture, which can simultaneously capture TE polarized and
TM polarized waves. The simulated results showed that the
collection efficiency peak achieved by the prototype is over
82% at 2.45 GHz and over 93% at 4.0 and 5.8 GHz. More-
over, this structure has high angular stability, regardless of
TE or TM polarization and the designed metasurface unit
only has two vias and loads. The load resistance used in
the metasurface is 50 €2, which is commonly used in RF
circuits. Moreover, a rectifier circuit was designed with three
frequency points. Experimental results show that the energy
harvesting system based on metasurface can achieve high RF-
DC conversion efficiency. The proposed metasurface realizes
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the advantages of multi-band, high efficiency, oblique polar-
ization and wide incidence angle, which is very suitable for
wireless power supply of miniaturized terminal equipment in
IoT applications.
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