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ABSTRACT: In this paper, an integrated rectifying metasurface harvester with small dimensions, wide-angle incidence, and polarization
insensitive characteristics is proposed. The proposed structure is assembled from a periodic unit cell, diodes, and loads, which makes the
structure simple and less expensive to manufacture. The centrosymmetric design concept of the unit cell structure enables the proposed
metasurface harvester to capture incident waves with arbitrary polarization angles and over a wide incident angle range of 60◦. A 5× 5
metasurface array was fabricated for real measurements. The results show that the measured efficiency is 62.07% near the operating
band 5.8GHz when the incident power is 15 dBm. When the polarization angle of the incident wave is changed, the efficiency remains
essentially constant. As the angle of incidence changes, the efficiency shows a certain decrease, but it can still maintain an efficiency
close to 50% near the operating frequency band. The proposed harvester can supply energy to low power devices as well as sensor nodes
in IoT.

1. INTRODUCTION

Nowadays, the advancements in Artificial Intelligence (AI)
and 5G technology are propelling the Internet of Every-

thing (IOE) to the forefront of technological trends. Across the
globe, a vast array of low-power, compact smart terminal de-
vices and wireless sensor nodes are being deployed, reaching
every nook and cranny of the world [1–5]. The ability of these
devices to work continuously in various complex environments
for long periods of time has attracted much attention. Com-
pared with the traditional manual battery replacement, which is
used to increase the operating time of the devices, Ambient En-
ergy Harvesting (AEH) allows devices to actively capture the
electromagnetic energy present in the environment and convert
the collected energy into direct current (DC) to power them [6].
The concept of electromagneticmetasurface (MS)was first pro-
posed in [7], which consists of two-dimensional or quasi-two-
dimensional sub-wavelength metamaterials in a planar surface
arranged in a specific pattern. Metasurfaces’ various unique
properties, such as polarization rotational transformation and
perfect absorption, have led to a wide range of applications in
wireless energy transmission as well as energy harvesting, e.g.,
magnetically coupled systems [8, 9], medically implantable de-
vices [10, 11], and rectifier antennas [12–14], among others.
Energy harvesting mostly uses a rectifier antenna as a har-

vester, which consists of a receiving antenna, a matching net-
work, a rectifier circuit, and a load [15, 16]. In order to improve
the energy harvesting efficiency, common strategies in current
research encompass co-planar integration of the antenna with
the rectifier circuit [17, 18], the use of metallized through-holes
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for energy pooling [19, 20], and multilayer coupling [21–23].
Co-planar integration of the antenna and rectifier is done by
designing the energy transmission channel as the energy output
port, which requires the design of a matching network along
with limited design freedom [24, 25]. The use of metallized
through-holes and multilayer coupling also requires the design
of a matching network, which increases design complexity and
manufacturing costs, which is not conducive to large-scale dif-
fusion.
The input impedance of the rectifier circuit will mostly

present a high impedance state, and metasurface antennas
more readily exhibit high impedance characteristics than
conventional antennas. Thus, eliminating the matching
network through reasonable cooperation can simplify the
structure [26, 27].
While considering high efficiency, polarization insensitivity

and wide-angle incidence are also indispensable technical in-
dexes in the collection process, and polarization-insensitive and
wide-angle metasurface energy harvesters are better adapted to
energy harvesting in real electromagnetic environments.
This paper proposes an integrated metasurface harvester,

addressing the aforementioned issues, with polarization-
insensitive and wide-angle characteristics. The matching
network is eliminated by choosing suitable diodes and unit
cell structure, which simplifies the structure and improves the
collection efficiency of the device. The three-layer, sandwich-
like structure takes into account both structural complexity
and manufacturing cost, which is conducive to large-scale
promotion and use.
The paper is organized as follows. In Section 2, the designed

metasurface unit cell structure is presented, and its performance
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FIGURE 1. Schematic of the metasurface unit cell: (a) 3D view; (b) top view.

is analyzed from multiple perspectives. In Section 3, based on
the proposed metasurface structure, the fabrication of the meta-
surface arrays and the soldering of the devices are carried out
for experiments to verify their practical performance and com-
pared with prior literature. In Section 4, the work of this paper
is summarized.

2. METASURFACE UNIT CELL DESIGNANDANALYSIS
The metasurface absorber proposed in this paper consists of a
combination of four square patches, two orthogonal dipoles,
and a square resonant ring, with a feed gap created by remov-
ing two square patches from the orthogonal dipoles to enable
easy energy harvesting. The unit cell of the structure is char-
acterized by a standard three-layer configuration, featuring a
central dielectric layer made from F4B material (relative per-
mittivity 2.2, dielectric loss tangent 0.0009) with a thickness of
t = 2mm, with the top resonant structure and bottom ground
being etched from 0.035mm thick copper, as shown in Fig. 1.
Resistive loads are placed at the two feed gaps of the orthog-
onal dipoles to collect the electromagnetic energy captured by
the metasurface unit cell. When the resistive loads are replaced
with rectifier diodes, DC conversion of the electromagnetic en-
ergy can be achieved. The size of the metasurface unit cell is
17mm × 17mm, which gives the unit cell perfect energy ab-
sorption in theWI-FI band at 5.8GHz. The length of the square
patch is L3 = 4.5mm, the widthD2 = 1mm, the width of the
dipoleW1 = 1mm, the length of the feed-through gap for en-
ergy harvesting W3 = 1mm, the length of the shorter part of
the dipole exposed to the square ring D1 = 0.5mm, the outer
length of the square ring constituting the unit cellL1 = 11mm,
the inner length L2 = 9mm, and the width of the square ring
W2 = 1mm. The metasurface unit cell exhibits a symmet-
ric and centrosymmetric structure. The overall size of the res-
onant unit cell is 16mm × 16mm, with a distance from the
surrounding boundary D3 = 0.5mm, derived from the dis-
tance between neighboring unit cells being 1mm, facilitating
uniform coupling between the metasurface unit cells.
The metasurface harvester proposed in this paper is sim-

ulated and optimized in the electromagnetic simulation soft-

ware Ansys HFSS. Two impedances are placed at the two feed
gaps of the metasurface harvester to replace the conjugate input
impedance of the diode. A Schottky diode HSMS-2860 is used
as a rectifier for the metasurface harvester due to its low on-
state voltage of 0.28V and fast switching speed at 5.8GHz. The
metasurface unit cell’s geometrical parameters have been care-
fully tuned for impedance conjugation, ensuring that the output
impedance at the feed gap corresponds to the input impedance
of the rectifier diode. This optimization is essential for the ef-
fective capture and conversion of energy by the metasurface
unit cell. Since the input impedance of the diode HSMS-2860
terminated with a 100Ω load at 5.8GHz is Z = 160 − j28Ω,
the load at the feed gap of the metasurface unit cell is chosen to
be a lumped resistor of Zd = 160 + j28Ω, which ensures that
the load at the port is conjugate-matched to the input impedance
of the diode. Fig. 2 shows the S11 and absorption efficiency
(RF-AC) of the metasurface unit cell both with and without re-
sistance loading. It is evident that the S11 of the metasurface
unit cell with resistance loading is significantly reduced, and the
absorption efficiency is substantially higher than the unloaded
condition. Specifically, the absorption efficiency at 5.8GHz for
the metasurface unit cell without resistance loading is 58.27%,
whereas with resistance loading, it reaches 99.87%. In the fre-
quency range of 5.54–6.05GHz, the S11 of the resistor-loaded

FIGURE 2. S11 and absorption efficiency of metasurface unit cell.
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FIGURE 3. Normalized impedance of metasurface unit cell. FIGURE 4. Absorption efficiency of metasurface unit cell at different
polarization angles.

(a) (b)

(c) (d)

FIGURE 5. The distribution of the electric field within the metasurface
unit cell at a frequency of 5.8GHz is depicted across different polariza-
tion angles: (a) φ = 0◦; (b) φ = 30◦; (c) φ = 60◦; (d) φ = 90◦.

(a) (b)

(c) (d)

FIGURE 6. The distribution of power loss across the metasurface unit
cell at a frequency of 5.8GHz is characterized for various polarization
angles: (a) φ = 0◦; (b) φ = 30◦; (c) φ = 60◦; (d) φ = 90◦.

metasurface unit cell remains below −10 dB, and the range
of the S11 below −10 dB demonstrates that the metasurface
unit cell exhibits excellent impedance matching with the spatial
wave impedance, resulting in an absorption efficiency exceed-
ing 90%.
Figure 3 shows the normalized impedance curve of the meta-

surface unit cell loaded with Zd = 160+ j28Ω. It can be seen
that the normalized impedance of the metasurface unit cell at
5.8GHz is close to 1 in the real part and 0 in the imaginary
part, indicating that the input impedance of the unit cell matches
the free space, and the incident electromagnetic wave is almost
completely absorbed, with no reflections or scattering present.
In addition, the energy harvesting performance of the meta-

surface unit cell was analyzed at different polarization angles.
Fig. 4 shows the energy absorption efficiency of the metasur-
face unit cell across various polarization angles, specifically at
φ = 0◦, φ = 30◦, φ = 60◦, and φ = 90◦. The electro-
magnetic energy collected on the metasurface unit cell is the
sum of the energy collected by the load in the X and Y di-

rections. The simulation outcomes reveal that the metasurface
unit cell maintains a stable and uniformly high energy collec-
tion efficiency across different polarization angles, specifically
at φ = 0◦, φ = 30◦, φ = 60◦, and φ = 90◦. Notably, at a
frequency of 5.8GHz, the unit cell achieves an energy collec-
tion efficiency of 99.8%. The simulation results demonstrate
the polarization-insensitive nature of the metasurface unit cell.
To gain a more explicit comprehension of the energy absorp-

tion dynamics within the metasurface unit cell, an analysis of
the electric field and power loss distributions at 5.8GHz was
conducted for the metasurface unit cell under various polariza-
tions of the incident electromagnetic wave. Fig. 5 shows the
distribution of the electric field within the metasurface unit cell
when it is exposed to incident electromagnetic waves with po-
larization angles of φ = 0◦, φ = 30◦, φ = 60◦, and φ = 90◦.
From Fig. 5(a) and Fig. 5(d), it can be seen that the electric
field of the metasurface unit cell under the polarization of the
incident electric field at φ = 0◦ and φ = 90◦ is mainly con-
centrated in the part along the direction of the incident electric
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FIGURE 7. Absorption efficiency of metasurface unit cell at different
incidence angles.

FIGURE 8. Effect of rectangular patch length L3 on absorption perfor-
mance.

field. For polarized incidence at other angles, the incident elec-
tric field can be split into vertical and horizontal incident elec-
tric field components, and thus the electric field at the surface
of the cell is distributed at both feed gaps, as shown in Fig. 5(b)
and Fig. 5(c).
Figure 6 shows the distribution of power loss within the

metasurface unit cell for incident electromagnetic waves with
polarization angles of φ = 0◦, φ = 30◦, φ = 60◦, and
φ = 90◦. Upon observation, it is evident that the power loss
within the metasurface unit cell, when the incident electric field
is polarized at φ = 0◦, is predominantly concentrated along the
X-axis feed, aligning with the direction of the electric field.
As the polarization angle increases, the power loss along the
X-axis feed begins to decrease, while the power loss along the
Y -axis feed begins to increase. When the polarization angle in-
creases to 90◦, the power loss along the X-axis feed is nearly
zero, and at this time, the power loss is completely distributed
along the Y -axis feed. This is due to the incident wave’s elec-
tric field initially having only a vertical component. As the po-
larization angle changes, the electric field gains both vertical
and horizontal components. It is known that only the horizon-
tal component contributes to the power loss.
In actual complex electromagnetic environments, incident

waves do not consistently impact the metasurface harvester’s
surface perpendicularly. Consequently, the absorption perfor-
mance of the metasurface at various incidence angles, denoted
as θ, becomes a critical parameter for assessing the effective-
ness of energy harvesting. Fig. 7 shows the absorption effi-
ciency of the metasurface unit cell under TE polarization at
varying angles of incidence. Upon examination, it is observed
that the metasurface unit cell’s absorption at 5.8GHz experi-
ences a modest decline with an increase in the incidence an-
gle under TE polarization. This is because the intensity of the
vertical component of the electromagnetic wave decreases with
oblique illumination of the electromagnetic wave to the surface
of the structure, which leads to a decrease in the electromag-
netic resonance intensity and a slight decrease in the absorp-
tion performance. However, when the angle of incidence is in-
creased to 60◦, the absorption rate of the metasurface unit cell
can still reach more than 80%, which indicates that the metasur-

face unit cell can maintain good absorption performance under
large angle of electromagnetic wave incidence.
To enhance the comprehension of the metasurface har-

vester’s absorption capabilities, an analysis of the structural
unit cell’s dimensional parameters was conducted. Fig. 8
shows how changes in the length L3 of the square patch affect
the absorption performance of the metasurface unit cell. It
is evident that an increase in L3 results in a nearly constant
absorption efficiency. However, there is a gradual decrease
in the resonant frequency. Fig. 9 depicts the change in the
absorption performance of the metasurface unit cell when the
thickness t is varied. When t increases, the absorption effi-
ciency changes significantly; the resonant frequency gradually
decreases; and the absorption bandwidth gradually becomes
wider. Therefore, a suitable L3 and t can be selected according
to the actual requirements to achieve the perfect absorption of
electromagnetic energy at different resonant frequencies of the
structural unit cell.

FIGURE 9. Effect of medium thickness t on absorption performance.

3. EXPERIMENTATION AND VERIFICATION
The simulation results indicate that conjugate matching the in-
put impedance of the rectifier diode to the output impedance
of the quadrature dipole allows for the elimination of the
impedance matching network. Consequently, the direct con-
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FIGURE 10. Schematic of the DC topology of a 5× 5 metasurface har-
vester.

FIGURE 11. Physical metasurface harvester array with integrated diode.

version of radio frequency (RF) energy to direct current (DC)
can occur within the metasurface unit cell itself. Next, the
matching load at the quadrature dipole feed gap is replaced with
a rectifier diode HSMS-2860, and the positive and negative di-
rections of the rectifier diodes are the same in each row and
column. On this basis, the neighboring metasurface unit cells
are connected by inductors, which not only act as AC filters
but also construct DC channels. Therefore, the integrated de-
sign of the integrated rectifier diode of the metasurface energy
harvester can be realized, and the structural layout of the meta-
surface energy harvester can be simplified.
Figure 10 shows a schematic topology of the integrated recti-

fied metasurface energy harvester. A 5×5 array of cells is used
as an example in the figure, with neighbouring cells connected
via inductors. Microstrip lines are used to connect at the end
of each row and column to achieve the transmission and aggre-
gation of DC energy in each row and column. As can be seen
in Fig. 10, each orthogonal dipole cell rectifies the AC signal
by the diode along the X-axis direction when the polarization
angle φ = 0◦ of the incident electric field. The cell on each
column is connected inductively so that current flows between
the cells along theX-axis and is transmitted via microstrip lines
at the end of the array to loads at the positive and negative ends
of the array. Correspondingly, the power received on the cells
on each column is also transferred and pooled at the loads at the
end of the array. The diodes along the Y -axis rectify the AC
signal with the polarization angle φ = 90◦ of the incident elec-
tric field. Similarly, the current on each row circulates between
the cells along the Y -axis and is pooled at the end of the array,
and the power received on each cell is also pooled along the
Y -axis direction to the load at the end of the array. For electric
field polarization in the other direction, the two diodes in the
orthogonal dipole cell are jointly rectified. The current on the

array cells is finally pooled at the end load of the array through
the inductors on the X and Y axes, and the power received on
the cell is aggregated at the end load of the array. Thus, the de-
sign of the integrated diodes in the metasurface array allows for
good flow and pooling of energy in each cell, and is not affected
by the polarization of the electric field.
A 5×5metasurface energy harvester was fabricated based on

the designed rectified metasurface energy harvester integrated
topology, as shown in Fig. 11. The metasurface array was fabri-
cated on a 2mm thick F4B dielectric substrate, and both the top
patch array and bottom metal ground were etched from 35µm
copper. The dimensions of both the top array and bottom metal
ground are 85mm × 85mm, and the dimensions of the inter-
mediate dielectric layer, F4B, are 99mm × 99mm, which are
larger than the size of the patch array to accommodate the metal
wires connecting the structural unit cell in each row and col-
umn. Cell gaps in the array are terminated by Schottky diodes
Avago HSMS-2860. Adjacent cells are connected by low loss
43 nH inductors to block alternating current and create a direct
current path.
Figure 12 shows a schematic diagram of the testing of the

metasurface harvester. First, an RF signal was generated by a
Keysight signal generator (model E8267D PSG) and transmit-
ted through a power amplifier with a gain of 20 dB to a broad-
band horn antenna (model JXTXLB-10180-SF) with a gain of
11 dB. Then, the incident wave was irradiated from the horn an-
tenna to the metasurface harvester, which was 50 cm away from
the horn antenna. Finally, a multimeter was used to measure the
DC voltage across the 100Ω load. The tests were conducted in
laboratory.
The efficiency (η) of the metasurface energy harvester can

be determined using the formula that represents the ratio of the
harvested direct current (DC) power to the incident radio fre-
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Signal generators Power amplifier Horn antenna Metasurface harvester Multimeter

FIGURE 12. Test schematic.

FIGURE 13. Measured efficiency of the harvester at different input pow-
ers.

FIGURE 14. Measured efficiency of the harvester at different polariza-
tion angles (φ).

quency (RF) power, expressed as:

ηmeas =
Pdc

Pin
× 100% (1)

where Pdc is the tributary energy consumed at the load resis-
tance, which can be expressed as:

Pdc =
V 2
out

R
(2)

where Vout is the voltage across the load resistor in the rectifier
circuit, and R is the load size. Pin is the total power incident
on the metasurface harvester, denoted as,

Pin =
Gh ·Gp · Ps

4πD2
·Aeff (3)

whereGh is the horn antenna gain,Gp the power amplifier gain,
Ps the power emitted by the signal generator, D the distance
from the horn antenna to the metasurface array, and Aeff the
effective receiving area of the metarsurface harvester, which is
85mm × 85mm in this paper.
To confirm the accuracy of the simulation outcomes, the ac-

tual object underwent testing with respect to several parame-
ters: the power of the incident energy, the angle of polariza-
tion, and the angle at which the energy was incident. Firstly,
the efficiency of the harvester at 5.8GHz was tested at differ-
ent powers, and the results are shown in Fig. 13. It can be seen

that the highest energy collection efficiency is achieved at an
incident power of 15 dBm. As the power of the incident radia-
tion increases, the efficiency begins to decrease, resulting from
the diminishing impedance matching between the metasurface
and the diode.
Then, the curves of the efficiency of the metasurface har-

vester versus polarization angle (φ) were tested at the optimum
input power of 15 dBm, and the results are shown in Fig. 14. It
can be seen that the curves of the energy collection efficiency
of the metasurface versus polarization angle and frequency ba-
sically keep the same trend, with only minor fluctuations in ef-
ficiency, and the maximum efficiency is about 62.07%. This
result has the same characteristics as that of Fig. 4, which veri-
fies that the structure has a polarization-insensitive characteris-
tic. The measured efficiency is lower than the simulated one in
Fig. 4. One of the reasons is that the simulated efficiency is the
RF to AC efficiency, defined as the ratio of the energy absorbed
by the impedance load at the feed gap to the energy irradiated
onto the effective area of the metasurface harvester. The mea-
sured efficiency is the RF to DC efficiency, defined as the ratio
of the energy absorbed by the end resistor after diode rectifica-
tion to the energy incident on the effective area irradiated to the
metasurface harvester. In addition, an infinite periodic array
was used for the simulation, whereas a finite 5 × 5 array was
used for the measurement. In conclusion, the designed meta-
surface harvester is polarization-insensitive and therefore has a
wider range of application scenarios.
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TABLE 1. Performance comparison of proposed design and related works.

References Frequency
(GHz)

Structure
size (mm)

Use of
Matching
Network

Complexity
Maximum
Efficiency
(RF-DC)

Polarization
Mode

[16] 2.43 26× 26× 3.07 NA Complex
(with through-via)

not applicable Linear & Wide Angle

[17] 5.3 15.7× 15.7× 1.542 Yes Complex
(with through-via)

not applicable Linear

[19] 3.4 18.7× 38.4× 6.35 No Simple
(single layer)

76% Linear

[20] 2.75 50× 50× 3.175 No Simple
(single layer)

60% Linear

[22] 2.45 67× 74× 5.524 Yes Complex
(three layer)

61% Linear

This Work 5.8 17× 17× 2.07 No Simple
(single layer)

62.07% Polarization Insensitive
& Wide Angle

FIGURE 15. Measured efficiency of the harvester at different angles of
incidence (θ).

Figure 15 shows the test efficiency of the metasurface har-
vester as a function of the angle of incidence (θ) when the polar-
ization angle of the incident wave is fixed at 0◦. Observably, as
the angle of incidence incrementally rises, the efficiency of the
harvester experiences a corresponding decline. When the inci-
dent wave strikes to the metasurface harvester at a tilt of 60◦,
the efficiency is still more than 50% at the resonant frequency
of 5.8GHz.
Finally, we compare the metasurface harvester proposed in

this paper with previous work. As shown in Table 1, it can be
seen that the metasurface harvester proposed in this paper uses
only one layer of dielectric substrate, while no through-hole is
used. The matching network is eliminated, which reduces the
complexity of the structure, and the cell size is smaller, which
is favorable for the use in small devices. In addition, while hav-
ing high efficiency, it also possesses polarization insensitivity
and wide-angle characteristics, making it adaptable to varying
environmental conditions.

4. CONCLUSIONS
In this paper, a structurally novel and simple integrated recti-
fied metasurface array with polarization-insensitive properties
as well as wide-angle characteristics is presented. The com-
plexity of the structure is simplified through extensive analy-
sis, simulation, and testing by using diodes loaded at the open-
ings to eliminate the matching network. In addition, high RF-
DC conversion efficiencies can be achieved in the operating
frequency band when polarized waves of different polarization
modes are incident at different incidence angles. The proposed
metasurface harvester has the advantages of small size and low
fabrication cost.
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