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ABSTRACT Simplicity and higher DC efficiency are essential factors to be considered to enhance the
overall performance of a rectenna system for microwave electromagnetic energy harvesting and Wireless
Power Transfer. To that extent, this letter presents a novel and simple design of a rectenna having high
radiation to DC efficiency. The proposed planar rectenna system consists of an 8 x 8 planar metasurface
array with a rectification circuit occupying a supercell of 2 x 2 while the other cells are terminated with the
optimal load resistance. On account of its wide input impedance response, the diode is mounted right at the
feed of the metasurface cell, avoiding the use of a matching network between the metasurface cell and the
diode. The output DC power of the 4 unit cells within the rectified 2 x 2 supercell was connected in both
series and parallel to study the ability of the rectenna to configure the total output current and voltage. The
numerical and experimental results show that the proposed metasurface is capable of capturing the incident
electromagnetic waves with radiation to dc conversion efficiencies exceeding 80%.

INDEX TERMS Rectifier circuit, rectenna, metasurface, energy harvesting, dc conversion efficiency.

I. INTRODUCTION

Microwave energy harvesting and Wireless Power Trans-
mission (WPT) has received much attention in many
applications, such as health care and biomedical sys-
tems, sensors, internet of things applications, and wireless
communications [1]-[7]. Metamaterials are artificial mate-
rials having electromagnetic properties that show a highly
sensitive response to dielectric media [8]. Metamaterials
can be made by tightly assembling a large number of sub-
wavelength unit cells where each unit cell having certain
shape pattern. By changing the subwavelength unit cell shape
and size, the media’s permeability and permittivity can be
tuned to values such that the impedance of the medium is
matched to free space resulting in a reflection coefficient
that is zero. If in addition a loss in the medium is intro-
duced, a metamaterial absorber can be designed and utilized
for energy harvesting/ scavenging. Metasurface (MSs), how-
ever; are two-dimensional (2D) metamaterial planar surfaces
consisting of few layers with sub-wavelength thickness to
provide excellent abilities to achieve a control over the ampli-
tude, phase, and polarization of electromagnetic wave [9].
The use of metasurfaces to develop energy harvesting and
WPT systems is of great interest due to the high absorption
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capabilities of electromagnetic energy that such surfaces can
offer [10].

The overall performance of a WPT system is evaluated
based on both its capability of collecting incident electro-
magnetic radiated power and converting it to AC (antenna),
and the ability to convert the collected AC power to DC by
the (rectifier) [6]. A rectenna can be designed in a single
cell [11]-[13] or in an array form [14]-[16] depending on the
requirements of the targeted application. Since the amount
of the collected power of a single rectenna is relatively
low, an aggregate of rectenna elements can be combined to
increase the total collected power level. Different from a
single rectenna, an array requires a power combining circuit,
which can be before the rectification (AC combining) or post
rectification (DC combining), to combine and channel the
power to a single load. Such combining circuit adds complex-
ity to the design of a rectenna array and it effects the total
efficiency of the rectenna array. In addition, a rectenna can
be designed in multiport antenna configuration for increasing
the collect RF power at the antenna part of the system with
the same overall compact size [17]-[22]. The main objective
of using the multiport rectenna is for harvesting the ambient
RF using dual-Ports [17] or triple-port and multiple ports [20]
with single or multiband of frequencies.

Some pervious published work [23]-[26] concentrated
on improving the antenna array efficiency by using array
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metasurfaces, having high radiation to AC efficiency reaching
up to 97%. However, those studies did not incorporate a
rectification circuit to convert the collected AC power to
DC, in addition to the use of vias utilizing an additional
layer for mounting the resistors where the collected energy
is consumed. The work in [8], [9], [27]-[29] combined the
collected AC power from each metasurface unit cell prior
to rectification and then fed it to a single rectifier circuit.
Because the metasurface cells are tightly coupled, the use of
an additional layer to host the combining circuit is inevitable.
Moreover, the AC combining circuit will add losses and effect
the overall frequency bandwidth response.

Other studies in [30]-[34], developed rectenna arrays with
DC combining circuits making the collecting surface a planar
one, occupying both the collectors and the rectifiers within
the same layer. However such rectenna arrays were limited to
a total radiation to DC efficiency of lower than 70%.

In this study, a novel design of a rectenna array made of
an ensemble of metasurface unit cells for higher radiation to
DC efficiency is introduced. The proposed metasurface array
has the capability of collecting electromagnetic energy over
a wide impedance response, avoiding the use of a matching
network which enables incorporating the rectifier and the
collector cells within the same planar layer.

Top
Layer
[} Air Wis
Plastic Reflector

2d
(b)

FIGURE 1. Geometry of the proposed planar metasurface showing (a) the
unit cell, (b) the supercell consisting of identical 2x2 unit cells, (c) side
view of the 8x8 array, and (d) perspective view of 8x8 array.

Il. SIMULATION AND DESIGN OF THE UNIT CELL

The single unit cell of the proposed metasurface harvester
consists of a loop with an embedded dipole in the middle,
a dielectric substrate, an air spacer and a reflector as shown
in Fig.1(a). The cell dimensions of the proposed unit cell is
designed such that it operates at 2 GHz with d = 25 mm,
t = 0.5 mm and copper thickness = 35 um. The unit cell
is designed on top of a Rogers RO4003C dielectric substrate
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having a tand = 0.0027 and a dielectric constant of €, = 3.38
with a thickness of 1.524 mm. The loop comprises six iden-
tical gaps of ¢ = 0.5 mm. The electromagnetic energy is
received and concentrated within the feed gap of the dipole
having a gap length of g = 0.5 mm. A terminated variable
resistive load is placed across the feed gap to simulate the
ability of the metasurface unit cell to receive and consume
the collected energy. A ground plane reflector is located at
a distance of S = 15 mm away from the metasurface as
shown in Fig.1(c). The unit cell was simulated using CST
Microwave Studio [35]. The proposed supercell consists of
identical 2x?2 unit cells as shown in Fig.1(b), where the
separation between adjacent cells is sep. The dimensions of
the proposed dual polarized supercell is designed such that it
operates at 2 GHz with a side of 2d = 50 mm. The purpose
of using a supercell is that when using a finite array, the input
impedance of the middle unit cells should be similar to the
once obtained from the unit cell simulations with periodic
boundary condition. However, as we deviate from the middle
cells, the input impedance is changed due to the finite array
effect. Here, therefore, a supercell is considered so that later
in the measurement, the collected energy is tapped from the
middle supercell only while all other cells are terminated with
optimal load resistances. This is to ensure that the middle
supercell experience the required coupling effect from the
periodicity of the surrounding cells and the input impedance
is as expected from the simulated one. In addition, when using
a supercell that contains multiple cells, the output DC power
of each subcell can be connected with other subcells in series
or parallel to boost either the current or the voltage depending
on the type of the connected load.

The S-parameters specifically, the reflection coefficient
(S11) and the transmission coefficient (S21) were used to
calculate the absorption, reflection, and transmissions of the
unit cell. The absorption of the unit cell is obtained by the
following equation (1):

A=1-(S1)?— )™ (1)

Figure2 shows the absorption, reflection, and transmis-
sions of the proposed unit cell as a function of frequency.
From the results, it is evident that the unit cell can absorb at
least 90% of the incident electromagnetic energy over a wide-
band of frequencies from 1.7-4 GHz. Due to the existence of
the reflector, the transmission coefficient is zero since all the
energy is blocked from leaving the unit cell by the reflector.

In the simulation, first, the distance off between the pro-
posed unit cell and the ground plane reflector was varied
from S =5mm, S = 10 mm, S = 15 mm, S = 20 mm,
and § = 25 mm (please refer to Fig. 1(c) for the separation
distance (S) values of the proposed structure). In all the five
cases of varies distance (S), the resistive loads are swept
over the range from R = 100 Q to R = 300 2. Then
the efficiency of the unit cell is computed. Numerical results
showing the efficiency of the proposed unit cell with various
separation values of § =5 mm, to S = 25 mm, are presented
in Fig. 3. From the results, the efficiency peaks when the unit
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FIGURE 2. Simulation results of the proposed unit cell showing the
absorption, reflection and transmission coefficients.

cell is terminated by a load resistance of R = 150 @ and a
separation distance (S), between the top layer of the unit cell
and the ground plane reflector, of § = 15 Q with maximum
efficiency of 98% as shown in Fig. 3 (c). Here, the optimal S
value is selected such that it provides the highest efficiency
and widest frequency and impedance bandwidth for all the
considered load resistances.

In the next simulation setup, the proposed unit cell is
carefully studied to ensure that all the dimensions are optimal
to produce a surface that maximizes the conversion efficiency.
In the simulation study, the unit cell variables of gap g, cuts
¢ and trace width # were varied and the efficiency is analysed
for a scan of points. To demonstrate this, a numerical simula-
tion study is carried out with different sizes of the gap varying
from g = 0.15 mm to g¢ = 1.15 mm with the optimal
resistive load of 150  and optimal distance S = 15 mm
between the surface and the reflector. In all six different gap
values, the efficiency is recorded over a range of frequencies.
Figure 4 shows the numerical results of the efficiency with
varies gap values. From the results, we can see that although
the highest efficiency can be achieved with a gap size of
g3 = 0.5 mm, the efficiency is not sensitive to varies gap
values. However, a slight frequency shift is observed due to
the variation in the gap capacitance which results in a shift of
the overall resonance frequency of the unit cell.

Next, a numerical simulation is extended to study the
effect of different cut sizes on the unit cell’s conversion
efficiency. The cut values were varied from c¢; = 0.25 mm to
c7 = 1.25 mm with a gap value fixed at the optimal obtained
value of g3 = 0.5 mm, optimal resistive load of 150 €2, and
optimal separation of § = 15 mm. In all seven different
values of the cuts, the efficiency is recorded over a range
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of frequencies. Figure. 5 shows the numerical results of the
efficiency with varied cuts where the highest efficiency can
be achieved at the optimal value of cut size of c3 = 0.5 mm.

In the next simulation of the proposed unit cell, we inves-
tigated the effect of the trace width on the efficiency as a
function of frequency of the proposed unit cell and at the
optimal obtained values of ¢3 = 0.5 mm, gz = 0.5 mm,
resistive load of 150 €2, and S = 15 mm. Figure. 6 shows the
numerical results of efficiency with varied trace width ¢ from
1 = 1 mm to ts = 3.25 mm, where the higher efficiency
can be achieved at the optimal trace value of #4 = 2.5 mm.
Note here that for all the numerical studies performed above,
the conversion efficiency experience negligible effect by the
changes of the gap, the cut and the trace width sizes. This is
very critical as any tolerances due to fabrication error can lead
to a slight frequency shift but without degrading the overall
efficiency of the metasurface.

In the last simulation of the proposed unit cell as showing
in Fig. 1(a), the unit cell was simulated and updated for the
optimal parameters of resistive load of 150 2, § = 15 mm,
g3 = 0.5 mm, c3 = 0.5 mm and t4 = 2.5 mm. Figure. 7
shows the numerical results of efficiency with the optimal
parameters of the proposed unit cell.

The wide impedance response can be attributed to the six
cuts introduced in the proposed unit cell resonator design.
To illustrate the effect of the added cut gaps, a simula-
tion study was performed using four scenarios as follows:
case (a) the unit cell has only one main gap in the middle of
the dipole, case (b) the unit cell has two gaps in addition to the
one main gap in the middle of the dipole, (c) the unit cell has
four gaps in addition to the one main gap in the middle of the
dipole, and (d) the unit cell has six gaps in addition to the main
gap in the middle of the dipole as shown in the Fig. 8. We can
observe that as the number of cut gaps increases, the electric
field is developed and distributed along the introduced gaps
equally, creating more degree of freedom of the proposed
design. Such increased cut gaps resulted in wider impedance
response and frequency response as shown in Fig. 8(d) as
compared to Figs. 8 (a), (b) and (c). Such increased number
of gaps is analogous to the order number in resonators and
filter design where the higher number of elements can result
in higher degree of freedom to achieve a wider bandwidth
response.

Ill. SIMULATION AND DESIGN OF 8 x8 METASURFACE
ABSORBER

The proposed metasurface harvester consists of a periodic
array of identical 8 x 8 unit cells with dimensions as explained
above and as shown in Fig. 1(d). The overall array size is
L = 210 mm x W=210 mm. In the numerical simulation,
all unit cells were terminated by variable resistive loads,
placed across the feed gap of each unit cell. The resistive
load will next be changed by a diode to measure the DC
conversion efficiency of the metasurface and to analyse how
the metasurface behaves to various load resistances. The
proposed metasurface was simulated in the receiving mode
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FIGURE 3. Simulation results of the presented unit cell, demonstrating the efficiency with varied resistive
loads from 100 @ to 300 2 with a separation distance between the top layer and the reflector of:
(@) S=5mm, (b) S =10 mm, (c) S = 15 mm,(d) S =20 mm, and (e) S = 25 mm.
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FIGURE 4. Numerical results of the presented unit cell, demonstrating the
efficiency with various gap values from g; = 0.15 mm to gg = 1.15 mm
with optimum stand off distance between the top layer and reflector of

S = 15 mm and resistive load R = 150 .

with a planewave excitation having polarization as illustrated
in Fig. 1(a). The efficiency of the metasurface is computed by
the following equation (2):

. @

)’]:
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FIGURE 5. Numerical results of the introduced unit cell, demonstrating
the efficiency with various cut c values from ¢; = 0.25 mm to

¢z = 1.15 mm with optimum stand off distance between the top layer
and reflector of S = 15 mm and resistive load R = 150 .

where the input power, P;,, is the real power available on the
footprint of the harvester in Watts. Note here that P;;, can be
obtained by multiplying the footprint area of the metasurface
by the poynting vector above the surface of the harvester.
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FIGURE 6. Simulation results of the proposed unit cell, demonstrating the
efficiency with various trace width ¢ values from t; = 1 mm to

ts = 3.25 mm with optimum stand off distance between the top layer and
reflector of S = 15 mm and resistive load R = 150 .
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FIGURE 7. Simulation results of the proposed unit cell, demonstrating the
efficiency with optimal parameters of resistive load of 150 2, S = 15 mm,
gz = 0.5 mm, ¢z = 0.5 mm and t; = 2.5 mm.

The developed power, P4, can be calculated by summing all
the developed power across all the load resistors of each unit
cell. Such power can be either AC or DC depending on the
type of harvester and the existence of diodes.

Furthermore, the metasurface has the capability to capture
microwave energy with a wide range of terminated load
resistances in range from 100 2 to 300 © with efficien-
cies exceeding 85% as shown in Fig. 9. Because the input
impedance of most diodes are within this resistance range,
a diode can be mounted right across the metasurface feed gap
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without a matching network. Thus, the rectenna design can be
simplified and the total size of the harvester can be reduced.

Figures 10 and 11 show the magnitude of surface cur-
rent and the E-field respectively across the surface of the
8x 8 metasurface at a frequency of 2 GHz. From the figure,
the strength of the surface current and E-field are illustrated
across the 8x 8 cells by blue color and red color which cor-
responds to the lowest and highest magnitude, respectively.
From the results, it is interesting to note that here both the
surface current and electric field variations experience high
magnitudes across the gap of the dipole of each unit cells
which is the location of the port where the energy is con-
sumed. This is due to the fact that the energy of each unit cell
is captured, channeled and confined across the load resistance
where the diode will be placed for radiation to DC conversion.

IV. FABRICATION AND MEASUREMENT RESULTS

The developed metasurface is fabricated and measured as
shown in Fig. 12. Figure 12(b) shows the 8x8 unit cells
hosted on a Rogers RO4003C dielectric substrate. In the fabri-
cated metasurface, the 4 middle cells forming a 2 x2 supercell
were terminated by a Schottky diode at the feed gap of each
subcell. The rest of the surrounding cells were terminated by
the optimal resistor load obtained in the simulation, 150 €.

In the measurement, the fabricated 8 x8 unit cells were
terminated at the feed location by either a Schottky diode
or a resistor. The middle cells were terminated by an
SMS7621 Schottky diodes, while the other 60 surrounding
cells were terminated by the optimal resistors as shown
in Fig. 13.

Since the metasurface cell has a wide impedance band-
width response seen from the feed gap point of view,
the SMS7621 Skyworks Schottky diode is connected across
the feed gap of the cells, avoiding the use of a matching
circuitry between the metasurface cell and the diode which
in turn minimizes the size of the metasurface in addition to
reducing the losses that could have been introduced by the
matching network. A pair of 100 nH SMT L-14CR10JV4T
inductors were placed at the two sides of each diode to filter
out the RF signal and pass the DC rectified power, then
channel it to the load as illustrated in Fig. 14.

In the experiment, the fabricated rectenna system was posi-
tioned a distance of 1 m away from a high gain transmitting
array antenna. The antenna was connected to a signal gen-
erator through a 36 dB gain high power amplifier to allow
for a wide sweeping range of the input power as shown
in Fig. 15.The incident power was carefully obtained by tak-
ing the power gain and power loss of all the devices used in the
experiment. First the power is generated by a signal generator,
then the output power of the generator is amplified by a high
power amplifier. The output of the amplifier is then fed to
the transmitting log-periodic antenna. Friis’s equation was
then used to calculate the received power by the metasurface.
In addition, all the cables and connectors were characterized,
and the losses were considered to calculate the incident power
accurately.
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FIGURE 8. Geometry, electric field distribution and simulation results of the efficiency
comparing the proposed unit cell with the other three studied cases, demonstrating the
novelty of the proposed wide impedance bandwidth unit cell. (a) case a, (b) case b,

(c) case c and (d) case d as described within the manuscript.
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FIGURE 9. Simulation results of the presented metasurface,
demonstrating the efficiency with varied resistive loads from 100 @ to
300 2 with optimum stand off distance between the top layer and
reflector of S = 15 mm.

In the experimental setup, the DC outputs of the 2 x 2 super-
cell were connected in parallel and series to study the possible
configurations and the flexibility in varying the total DC
current and voltage across the load resistance as outlined
in Fig. 9.

To ensure that the harvester is operating at the optimal
settings, three different tests were conducted. A resistance
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FIGURE 10. Numerical results showing the magnitude of the surface
current across the surface of the 8 x8 metasurface at a frequency
of 2 GHz. From the figure, the blue and red colors corresponds to the
lowest and highest magnitude of the surface current, respectively.

sweep was first examined at a fixed frequency and power
level for both series and parallel connections as shown
in Fig. 16 (a) and (b) for series and parallel connections,
respectively. The efficiency peaks at a load resistance of
Rs = 1000 2 for series and Rp = 250 Q for parallel
connection.

The input power level was then varied at the optimal load
resistance and frequency as a function of the DC efficiency.
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FIGURE 11. Numerical results showing the magnitude of E field across
the surface of the 8x8 metasurface at frequency 2 GHz.From the figure,
the blue and red colors corresponds to the lowest and highest magnitude
of the E-field, respectively.
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FIGURE 12. A photograph illustrating the fabricated rectenna system:
(a) top view, and (b) perspective view.

Figure 17 shows experimental results of the DC efficiency
as a function of the input power sweep for both parallel and
series connections, with radiation to DC efficiency reaching
82% for series and 79% for parallel connections. For both
connections, the efficiency is maximum at an optimal power
level of —5 dBm. Here the power level is calculated by taking
the product of the poyinting vector and the footprint area of
the harvester under test.
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FIGURE 13. schematic illustrating the termination at the feed location of
each unit cell by either a Schottky diode or a resistor of the fabricated
8x 8 rectenna system.
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FIGURE 14. A schematic showing an equivalent circuit for the proposed
rectenna system when the 2x2 unit cells are combined in (a) series and
(b) parallel.

Transmitting Stage
Log periodic
Antenna

Receiving Stage

Metasurface

Signal
Generator

FIGURE 15. Schematic showing experimental setup for measuring the DC
power harvesting efficiency of the fabricated rectenna system.

Finally, the experimental test demonstrating the DC effi-
ciency with frequency sweep was performed while fixing the
optimal power level and the optimal load resistance for the
two cases of the series and parallel connections. Figure 18
shows the experimental results of the DC efficiency as a
function of the frequency sweep for both parallel and series
connections.

The results in Fig. 18 show that the DC efficiency reached
amaximum of 81% when the operating frequency is 1.9 GHz.
The obtained high radiation to DC efficiency can be attributed
to the careful design of the metasurface unit cell having a high
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absorption efficiency in addition to the wide input impedance
response, eliminating any losses associated with a matching
network.

To illustrate how the connections among the 4 middle unit
cells were performed and the benefit of each connection type,
the following analysis is outlined. The proposed super unit
cell consisting of 4 sub cells located in the middle of the array
were connected in series and parallel as far as the DC power is
concerned. From Fig. 9, cells 1 and 2 are connected in series
through an RF choke inductor. Similarly, cells 3 and 4 are also
connected in series through an inductor and the output of cell
combination (1-2) and cell combination (3-4) were connected
in series or parallel. At a fixed frequency of 1.85 GHz and
input power of —5 dBm and when cell combination (1-2) and
(3-4) were connected in series, the obtained measured output
voltage was 878 mV and a current of 0.82 mA through an opti-
mal load resistance of 1000 2. However, a parallel connection
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FIGURE 18. Experimental validation of the proposed metasurface
showing the radiation to DC efficiency with frequency sweep for both
connection types.

returned a voltage of 419 mV and a current of 1.56 mA
through an optimal load resistance of 250 2. From the results,
we can observe that the current can be doubled when using
the parallel connection type as compared to the series one.
In the contrary, the voltage can be doubled when using the
series connection as compared to the parallel one which is
expected from the basic laws of circuit theory and given the
fact that we are dealing with DC voltages and currents here
due to the use of RF choke inductors before and after the
cells, ensuring the flow of only the DC current. Table 1 sum-
marizes the measured results obtained in the experiment for
parallel and series connections at a fixed frequency and input
power.
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TABLE 1. A summary of the measured results obtained in the experiment for parallel and series connections at a fixed frequency and input power.

Connection type  Frequency (GHz) Voltage (mV) Current (mA) Load (2)
Parallel 1.85 419 1.56 250
Series 1.85 878 0.82 1000

TABLE 2. A comparative study of the proposed dual polarized rectenna array with various state of the art published Papers.

Reference  Footprint area  Frequency Simplicity - Use of matching network Rad to (AC) or  Efficiency
(GH?z) Using Via Rad. to (DC) %

[37] 0.57X x 0.65)\ 5.9 Planar-Yes No AC 80%
[26] A X A 3 Planar-Yes No AC 93%
[38] 0.6\ x 0.6\ 2.45 Planar-Yes No AC 97.3%
[27] 0.9\ x 0.9 2.45 Planar-Yes-Dual layer Yes DC 67%
[8] 0.8\ x 0.8\ 2.82 Planar-Yes-Dual layer Yes DC 40%
[9] 19X x 1.9\ 2.72 Planar-Yes-Dual layer Yes DC 55%
[29] A XA 2.45 Planar-Yes-Dual layer Yes DC 66.9%
[28] 0.8\ x 0.8\ 2.4 Planar-Yes-Dual layer Yes DC 70%
[32] A X 1.2) 2.45 Planar-Yes Yes DC 44.5%
[31] 0.3\ x 0.3\ 6.75 Planar-NO No DC 50%
[34] 0.5\ x 0.5\ 2.84 Planar-NO No DC 60%
[30] 0.9X x 0.8\ 34 Planar-NO No DC 76%
[33] 2\ X 2 2.1 Planar-NO No DC 50%

This work 0.7\ x 0.7\ 1.9 Planar-NO No DC 81%

To understand the effect of each sub system on the total
efficiency, the efficiency of each sub system can be carefully
studied and analyzed. The overall efficiency of the rectenna
system can be obtained by multiplying the efficiency of the
sub systems which are the radiation to AC efficiency due to
the electromagnetic collector and the AC to DC efficiency
due to the rectifier. Therefore, the overall efficiency can be
calculated by:

N = Mradroac )X(MACoDC) 3)

where the simulated 1,44:04c 15 98% as obtained in Fig. 6. The
simulated nascrpc can be obtained through the diode model
presented in [36]. From the diode model, the efficiency of
the rectifier as a function of load resistance at the resonance
frequency is shown in Fig. 19. The load resistance of each
cell combination used in the experiment is around 500 2.
This load resistance can be deduced from the tabulated results
shown in Table 1. When the cell combinations (1-2) and (3-4)
where connected in series the total optimal load resistance
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was 1000 €2, which shows that each combination has an
optimal resistance of (1000 ©2)+2 = 500 2. This also can
be obtained from the parallel combination since the parallel
connection resulted in 250 2 which indicates that each cell
combination has an optimal load resistance of 250 2 x 2 =
500 Q2. From Fig. 19, since the optimal load resistance is
500 €2, this corresponds to an AC to DC efficiency of 81%.
Therefore, the total radiation to DC efficiency at the reso-
nance frequency can be estimated using quation (3) to be
n = 0.98 x 0.81 = 0.80 or 80%. This simulated radiation
to DC efficiency agrees well with the one obtained through
measurement in Fig. 18.

Table 2 compares the novelty and advantages of the pro-
posed rectenna array introduced in this letter with a number
of state of the art rectenna arrays presented in the literature.
While the studies in [26], [37], [38] provided high efficiency
levels, they did not measure the radiation to DC efficiency
and were limited to only radiation to AC efficiency without
the use of rectifiers.
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FIGURE 19. Numerical results showing the simulated radiation to DC
efficiency.

The introduced studies in [27]-[29] utilize dual layers with
vias and matching network between the diode and antenna
which adds to the design complexity of the rectenna array
compared with the proposed rectenna array in this study.

The developed rectenna array in this work achieves
significantly higher DC efficiency (81%) compared with
other developed rectenna arrays presented in the literature
[30]- [34].

In addition, the proposed design allows for simple connec-
tion of tightly placed unit cells where integrating a match-
ing network between the diode and the antenna within the
same layer is infeasible due to the limited space between
two adjacent cells. Furthermore, the input impedance of the
metasurface supercell provided a wide impedance response,
enabling the use of diodes right at the feed gap of the cells
without the use of matching networks.

V. CONCLUSION

A planer rectenna array design with relatively higher radia-
tion to DC efficiency is presented. The demonstrated planer
rectenna array is fabricated in a finite array of 8x8 unit
cells where all the cells are terminated with the optimal
load resistance of 150 2 with the exception of the mid-
dle supercell of 2x2 that integrates a rectification circuit.
The performance of the fabricated planer rectenna array is
demonstrated through both simplicity and achieving a higher
DC efficiency compared to previously published metasurface
arrays. The simplicity of the fabricated planer rectenna array
is exhibited by eliminating the use of matching networks due
to the wide impedance response of the 2x2 supercell which
allows for placing diodes directly at the feed gap of the cells,
whereas achieving a higher output efficiency is expressed by
measuring the output DC power of the rectified 2x 2 supercell
in both series and parallel connection, reaching higher than
80% of radiation to DC efficiency.
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