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Abstract: Microwave wireless power transmission (MWPT) applications have attracted worldwide
interest and attention in recent years. Rectennas are a crucial component of a MWPT system. The
rectenna’s power capacity and output DC power have great significance with regard to the MWPT
system’s performance. In this article, a compact 4 x 4 S-band rectangular patch rectenna array for
MWPT is proposed and experimentally verified. Firstly, an S-band rectifier with better consistency
and lower cost than a traditional output design using parallel capacitors as a filter is achieved. Then,
a rectenna array based on the proposed rectifier and a novel design idea is proposed. The rectenna
can achieve an output DC power of 117.6 mW/cm3 and an efficiency of 47.6%. Finally, a MWPT
verification experiment is conducted. A 12-inch LCD screen powered by the rectenna with a rated
power of 12 W successfully works without any other power supply. This article provides a new
design of a rectenna for MWPT, and the proposed rectenna array demonstrates its good engineering
significance and application prospects.

Keywords: antenna array; compact; high-power; rectifier; rectenna; S-band; wireless power transmission

1. Introduction

Since Nikola Tesla introduced the concept of electromagnetic wireless power trans-
mission in the late 19th century with his attempt to construct the Wardenclyffe Tower [1],
wireless power transmission (WPT) technology has undergone over a century of advance-
ment. Numerous scientists, engineers, and researchers have continually explored methods
to enable device power delivery without the need for physical cables. Reliable WPT tech-
nology offers effective solutions to the limitations of wired connections in complex or harsh
environments. Notable applications include the transmission of power from space-based so-
lar power stations to Earth [2—4], the wireless powering of drones and pipeline robots [5,6],
and providing power to remote or island-based unmanned radar stations [7]. Microwave
wireless power transmission (MWPT) technology, with its resilience to environmental
factors, extended transmission distances, and support for higher power levels, represents a
crucial direction for the future evolution of WPT technology.

As the primary receiving and converting device in MWPT systems, the rectenna sig-
nificantly impacts the system’s overall performance. To ensure effective wireless power
transmission, the rectenna must meet specific size, efficiency, and power capacity require-
ments. Common rectenna systems typically consist of an antenna and a rectifier, where the
efficiency of the rectifier directly affects the rectification efficiency of the rectenna. Conse-
quently, researchers are dedicated to creating better-performing rectifiers. A single diode
rectifier circuit with a series band-stop structure has been proposed [8], which utilizes a
segment of microstrip line to simultaneously achieve impedance matching and harmonic
suppression, ultimately achieving 80.9% rectification efficiency at 20 dBm, while enabling
the miniaturization and high efficiency of the rectifier circuit. Additionally, Roberg et al.
have developed a traditional Class C rectifier operating at 2.45 GHz using a harmonic load
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network method, achieving a maximum efficiency of 72.8% at an input power of 8 dBm [9].
Additionally, multi-frequency [10,11], wideband [12], and large-dynamic-range [13,14]
rectifiers have attracted considerable attention.

Further advancements in compact and high-efficiency rectennas have been achieved
through optimized antenna designs and impedance characteristics. Hu et al. proposed a
dual-beam rectenna based on a short series-coupled traveling wave patch array to allow
power to be received from a wide range of angles [15]. By directly conjugate-matching
the diode with a patch antenna, Liu et al. simplify the impedance-matching network
and avoid additional insertion loss to achieve high-efficiency rectennas [16]. Additionally,
there are also plenty of works that focus on designing high-gain antennas [17] to enhance
the antennas’ ability to receive electromagnetic waves, or on achieving simple matching
network [18,19], multi-frequency [20], wideband [21], and wide-input-range antennas [22]
to meet the demand for power transmission. Additionally, multi-tone rectifiers [23-25] and
rectennas [26] have been explored to meet the needs of different scenarios.

Improving the efficiency of microwave wireless power transmission remains an im-
portant topic. There is still significant room to increase the power capacity of microwave
wireless power transmission systems. Moreover, comprehensive validation of wireless
power transmission systems is still rarely reported. To address these challenges, this paper
proposes a compact, high-power rectenna to improve the efficiency, compactness, and
power capacity of wireless power transmission. In this design, a serpentine microstrip
thin-line output filter, offering better consistency and lower manufacturing costs, is used.
Microstrip lines are employed to match the rectangular microstrip patch antenna with the
rectifier, resulting in a 4 x 4 compact rectenna array. A wireless power transmission system
was built using a magnetron high-power microwave source, successfully powering a 12 W
LCD screen at a distance of 2 m from the proposed rectenna array. This system validated
the wireless power transmission link and demonstrated the effectiveness of the proposed
rectenna array.

2. Design of Rectifier with Serpentine Microstrip-Line Filter

In a microwave wireless power transmission system, the rectenna is located at the
receiving end of the system. A common rectenna mainly comprises a receiving antenna,
a matching circuit, and a rectifier. When designing a rectenna, unlike in conventional
antenna design, it is necessary to consider not only the antenna’s performance parameters,
such as radiation pattern, gain, polarization, and VSWR, but also the rectifier design.
The performance of the rectifier significantly impacts the overall rectification efficiency
and power capacity of the rectenna. This section will focus on the design methods for
the rectifier.

2.1. Principle of Recitfiers

The equivalent circuit model of a Schottky diode is shown in Figure 1. This model
involves both the parasitic and intrinsic parameters of the Schottky diode, as well as
equivalent parameters introduced by the package. In this equivalent model, Ls and Cq
represent the equivalent series inductance and equivalent parallel capacitance caused by
the diode package, respectively. R; is the parasitic series resistance of the Schottky diode,
which is the sum of the resistances of different parts of the Schottky junction. C; is the
junction capacitance composed of the Schottky barrier junction capacitance and diffusion
capacitance [27]. It can be seen that the operating characteristics of the Schottky diode are
mainly determined by the diode’s intrinsic parameters, R; and C;.
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Figure 1. The equivalent circuit model of a Schottky diode.
When the input voltage V; of the Schottky diode is
Vi = —Vpc + Vp cos wt (1)

where V), is the voltage amplitude of the input AC signal and Vpc is the output DC voltage
of the microwave rectifier, which is equivalent to applying a reverse bias to the Schottky
diode, the junction voltage V; can be

()

- {—Vjo + Viicos(wt — @), V; <V

Vbis Vi > Vi

Vi is the forward voltage drop of the diode when the diode is on. According to
Equation (2), under normal operating conditions, the Schottky diode typically oscillates
between conducting and non-conducting states. When the junction voltage of the diode
exceeds the forward conduction voltage, the diode is in the conducting state, and the
conduction angle 6,,, in radian, can be expressed as follows:

TR,
Re(1+ g2)

Vbe

tan6,,;, — 0o =

)

The smaller the conduction angle, the lower the power loss in the Schottky diode [28].
When a Schottky diode operates under a high-power RF signal, due to the nonlinearity
of its junction capacitance C;, the diode not only responds to the fundamental frequency
but also generates higher-order harmonics. Researchers have conducted research on
harmonic models in WPT applications [29]. The nonlinearity of the Schottky diode’s
junction capacitance can be expressed as follows:

C; = Co + Cy cos(wt — @) + Cycos(2wt — 2¢) + - - - (4)

It can be seen that Schottky diodes often generate higher-order harmonics under high
RF signal inputs. Since microwave power is primarily concentrated in the fundamental
frequency, second harmonic, and third harmonic, when creating simulations and designs
that incorporate Schottky diodes, it is necessary to account for the impact of at least the
third harmonic on the circuit. To address the generation of higher-order harmonics, filters
should be employed to eliminate these unwanted signals and recover their power for
reuse. This approach helps mitigate the negative impact of harmonics and enhances the
rectification efficiency of the diode.

In addition, according to Professor Kai Chang’s work [30], in a microwave rectifier,
microwave energy is primarily converted into DC power and losses by the rectifier. The
losses of microwave energy include (1) Py yss 01 rs: lOSses caused by the series resistance Rg
of the Schottky diode when it is in the forward conduction state, as current flows through
the resistance. (2) Pposs junction: 10sses on the Schottky junction of the diode when it is



Energies 2024, 17, 6008

4of 16

in the forward conduction state. (3) PpLyss o rs: losses caused by the series resistance Rg
of the Schottky diode when it is in the reverse cutoff state, due to leakage current. The
losses and the junction capacitance C; of the rectifying diode can be expressed by the
following calculation:

Pross = Pross,on,Rs + PLoss junction + PLoss,off,Rs (5)
Posani. = g [ e e ©
Prossoff,Rs = % / :Tem Wde (7)

P oss, junction = % L 9;; Vi;i:/bi~Vbid9 (8)
Cj=Cjo Vbl‘f’w ©)

Therefore, the rectification efficiency of the microwave rectifier can ultimately be
expressed as follows:

p = Ppc _ _ Ppc (10)
Pyw Ppc + Pross
In the design and simulation of microwave rectifiers, factors such as operating fre-
quency, microwave-to-DC conversion efficiency, power capacity, and Schottky diode losses
are considered. It is essential to select appropriate Schottky diodes, the corresponding
number of diodes, and circuit structures to enhance the performance of the rectifier.

2.2. Design and Analysis of Desired Rectifier

Based on the previous analysis and considering the required output power, the rectifier
designed in this paper adopts a voltage-doubling rectifier configuration. Figure 2 provides
a schematic diagram of the rectifier based on two Schottky diodes. This circuit employs a
voltage-doubling rectification method to increase the power capacity and output voltage of
the circuit.

[ > Output | A
A filter 9
D,
Microwave DCload
input B

Figure 2. Schematic diagram of a common rectifier.

The main components of a voltage-doubling circuit typically consist of two Schottky
diodes, D1 and D,, along with a series capacitor C. The DC output voltage of a microwave
voltage-doubling rectifier is ultimately applied to the series loop of the two Schottky diodes
(connected at points A and B). As a result, the voltage-doubling structure allows the
rectifier’s voltage rating and power capacity to be increased to twice that of a single-diode
microwave rectifier. After careful consideration of the circuit’s input power, frequency, and
other parameters, the diode selected for this rectifier is the HSMS-2700 Schottky diode from
Avago Technologies, San Jose, CA, USA. Its main parameters are shown in Table 1.
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Table 1. Partial parameters of HSMS-2700 Schottky diode.
Reverse Break Voltage Junction Capacitance Series Resistance
Symbol Vbr C] RS
Value 25V 6.7 pF 0.65 Q)

The input section of a microwave-voltage multiple rectifier primarily serves the func-
tions of circuit matching, band-pass filtering, and charging/discharging. The input end
typically uses a filter capacitor as the main component, and an impedance-matching net-
work is achieved through microstrip lines to meet the requirements of the input network
for the proposed rectifier. This capacitor simultaneously performs the functions of voltage
multiplication and filtering.

The output network of the microwave voltage-doubling rectifier primarily consists of
an output DC-pass filter and a matching circuit. The commonly used DC-pass filter at the
output of a microwave rectifier is shown in Figure 3. It is mainly composed of microstrip
stub lines and parallel capacitors.

Output filter and matching
network

Rectification DC
part load

Figure 3. Schematic diagram of a commonly used output DC-pass filter structure for microwave
rectifiers.

This rectifier is proposed to enable reliable wireless power transmission, which re-
quires the integration of a high-power capacity and a larger DC-output power antenna
array. The introduction of the rectenna array increases the number of rectifiers needed,
thereby placing higher demands on circuit consistency. Based on experiences related to
microwave rectifier design and experimental engineering, the main factors affecting rectifier
consistency are as follows: (1) Soldering errors of rectifying diodes and other surface-mount
components; (2) the stability of the dielectric substrate material; (3) precision in the fabrica-
tion of microstrip lines; (4) the manufacturing accuracy of diodes and other surface-mount
components. Therefore, during batch design and experimentation of rectifiers, circuit con-
sistency becomes a crucial factor to consider. Maintaining a high level of circuit consistency
will minimize energy loss in the microwave rectifier.

Based on the above analysis, to improve the consistency of the rectifier, reduce the
impact of surface-mount components on microwave energy loss, and minimize the size
of the filter, this paper adopts a serpentine microstrip thin line as the output filter for the
microwave rectifier. By adjusting the length and width of the parallel microstrip lines, an
output filter with a serpentine thin line width of 0.2 mm is ultimately obtained. The rectifier
structure based on this output filter is shown in Figure 4b. For comparison, Figure 4a also
presents the rectifier structure with a capacitor as the filter.

After the PCB design and manufacturing process, three units of each of the two
rectifier designs shown in Figure 5 were obtained. Figure 5a shows the microwave rectifier
with a surface-mount capacitor as the core of the output filter. The main structure of
this rectifier is as follows: (1) Part A: input filtering and matching circuit, consisting of
a 0.7 pF Murata capacitor and a matching stub line. (2) Part B: the rectification section,
which is composed of a matching stub line and two HSMS-2700 Schottky diodes. The
two diodes form a voltage-doubling structure to increase power capacity and DC output
power. (3) Part C: output DC-pass filter, consisting of a matching stub line and a 70 pF
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Murata capacitor. Figure 5b shows the microwave rectifier with a serpentine microstrip line
as the core of the output filter. Its main structure is as follows: (1) Part A comprises input
filtering and a matching circuit, also composed of a 0.7 pF Murata capacitor and matching
stub line. (2) Part B is the rectification section, with a design similar to that depicted
in Figure 5a, consisting of a matching stub line and two HSMS-2700 Schottky diodes in
a voltage-doubling configuration for increased power capacity and DC output power.
(3) Part C is an output low-pass filter composed of a matching stub line and a high-
impedance serpentine microstrip thin line.

Figure 4. Diagrams of (a) the rectifier with a parallel surface-mount capacitor as the output filter and
(b) the rectifier with a serpentine microstrip line as the output filter.

Figure 5. Photographs of (a) the rectifier with a parallel surface-mount capacitor as the output filter
and (b) the rectifier with a serpentine microstrip line as the output filter.

A microwave rectifier test system was set up to verify the effectiveness of the proposed
circuit, as shown in Figure 6. The test system operates at a frequency of 2.45 GHz, with
the signal source being an Agilent E8267C, which is capable of generating a maximum
microwave power of 24 dBm. Since the tested microwave rectifier has a large power
capacity, a power amplifier is used to amplify the microwave signal generated by the signal
source before testing the rectifier. The DC load consists of two tunable resistor boxes. To
prevent the output DC signal from exceeding the rated power of a single resistor box, the
two resistor boxes are connected in series.

The results for the maximum DC output power and optimal rectification efficiency of
the rectifier with a parallel surface-mount capacitor as the output filter and the serpentine
microstrip line output filter rectifier at various input power levels are shown in Figure 7.
The experiment results show that for the microwave rectifier with a surface-mount capacitor
as the core of the output filter, the rectification efficiency exceeds 50% when the input power
is between 29 dBm and 32 dBm. At an input power of 32 dBm, the rectifier achieves its
highest rectification efficiency of 57.0%. Simultaneously, at this input power, the circuit
delivers a maximum DC output power of 0.89 W. In addition, as shown in Figure 7b, for
the microwave rectifier with a serpentine microstrip line as the core of the output filter, the
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rectification efficiency exceeds 50% when the input power is between 28 dBm and 32 dBm.
The highest rectification efficiency of 57.6% is achieved at an input power of 32 dBm, and
the maximum DC output power of 0.93 W is obtained at an input power of 33 dBm.

Signal
souree DC load
Rectifer 2

Figure 6. Diagram of rectifier measurement system.
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Figure 7. Measurement results of (a) the rectifier with a parallel surface-mount capacitor as the output
filter and (b) the rectifier with a serpentine microstrip line as the output filter.

The final statistics of the maximum DC output power, highest rectification efficiency,
circuit size, and output DC power per unit area for both microwave rectifiers are shown in
Table 2. It is evident that, due to the microwave power losses associated with the surface-
mount capacitor at the output, the rectifier using the capacitor as the output filter achieves
a worse performance in terms of DC output power and rectification efficiency compared
to the rectifier using a serpentine microstrip line as the output filter. The rectifier with a
serpentine microstrip line as the filter achieves nearly 20% higher maximum DC output per
unit area compared the rectifier with a capacitor as the filter.

Table 3 provides a comparison between the proposed rectifier circuit and those from
other studies. It can be seen that the proposed design achieves a higher maximum DC
output and can withstand greater input power, making it suitable for meeting the power
demands of devices in WPT applications. The rectifier with a serpentine microstrip line as
the filter, designed in this chapter, reduces the impact of surface-mount components on
microwave power and offers advantages in terms of DC output power and rectification
efficiency. Additionally, by incorporating the serpentine microstrip line, the manual sol-
dering process for surface-mount capacitors is eliminated during PCB fabrication, which
improves the consistency of the rectifier.
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Table 2. Performance statistics of the two microwave rectifiers.
Maximum DC Maximum Rectification Size Maximum Output DC
Output Power Efficiency Power per Unit Area
Rectifier with a capacitor 0.89 W 57.0% 35.4 x 25.0 mm? 100.6 mW /cm?
as output filter
Proposed rectifier 093 W 57.6% 27.3 x 28.0 mm? 121.7 mW /cm?
Table 3. Comparison of diode-based rectifier’s performance.
Center Frequenc Maximum Rectification Input Power at Maximum DC Consistenc
9 y Efficiency Best Efficiency Output Power y
[31] 2.45 GHz 67.7% 27.5 dBm 0.72W Not Considered
[32] 2.45 GHz 80.2% 25 dBm 0.5W Not Considered
[33] 2.45 GHz 80% 27 dBm 0.76 W Not Considered
This work 2.45 GHz 57.6% 32 dBm 093 W Considered

3. Design of Compact Rectangular Patch Rectenna Array

When designing a rectenna, similar to the procedure when designing a conventional
antenna, the first consideration is the operating frequency band, which corresponds to the
main operating frequency of the rectifier. The design must meet basic parameters such as
radiation pattern, antenna gain, and return loss. Microstrip patch antennas offer advan-
tages such as a simple structure, ease of fabrication and integration, and straightforward
impedance matching, and as a result, they are widely used in microwave communica-
tion, wireless power transmission, and microwave measurement fields. Therefore, to
ensure the reliability of the designed antenna, this design opts for a rectangular patch an-
tenna, which has a well-established theoretical and experimental foundation for simulation
and experimentation.

3.1. Antenna Design
3.1.1. Antenna Unit Design

As shown in Figure 8, the geometric parameters of a rectangular patch antenna include
the width W, length L, feed width W, and the thickness & of the dielectric substrate, where
h =2 mm. When the rectangular microstrip patch antenna operates near its central fre-
quency, the actual operating length L, of the antenna is given as follows:

L= __°¢ (11)
2 2fo\/e
: W |
L Wi
H
Li |
1 Ws
—

Figure 8. Structure of a patch antenna.



Energies 2024, 17, 6008

9of 16

In the equation, A, is the wavelength of the microwave in the dielectric substrate, f is
the operating frequency of the rectangular microstrip patch antenna, and ¢, is the effective
dielectric constant. The expression for the effective dielectric constant ¢, is shown below:

Ee > + > 1"’?

_ el s,—1< 12h>1/2 12

When the antenna operates in a resonant state, it can be considered that each end of
the antenna has a radiation slot with a length of AL. Therefore, the relationship between
the geometric length and the actual operating length L, of the antenna can be expressed
as follows:

L,=L+2AL (13)

The length of the radiation slot AL is given by an empirical formula:

g0 403 (w/h)+0.264
g, — 0258 (w/h)+0.8

AL = 0.412h (14)
Therefore, the geometric length L of the rectangular microstrip patch antenna can be

expressed as follows:
c

2fov/€e

The width W of a rectangular patch antenna is generally determined by the following

formula: 2
c (e +1\"

After calculation, the geometric parameters of the rectangular patch antenna are
determined as follows: the width W is 47.3 mm, the length L is 28.8 mm, and the feed width
Wy is 5.4 mm.

The obtained geometric parameters of the antenna are input into HFSS for preliminary
modeling and simulation optimization. The final result is a rectangular microstrip patch
antenna with a center frequency of 2.45 GHz. The parameters of the antenna obtained
from the simulation optimization and theoretical calculations are shown in Table 4. The
simulation curve of |Sy1 | for the antenna is shown in Figure 9, indicating that the operating
center frequency of the antenna is 2.45 GHz and the bandwidth of the antenna ranges from
2.42 GHz to 2.48 GHz.

—2AL (15)

Table 4. Parameters of the 2.45 GHz rectangular patch antennas.

L w Wy 14%1 Ly
Calculated 28.8 mm 47.3 mm 5.4 mm - -
Slm.ula.hon 28 mm 46 mm 5.4 mm 1 mm 7.5 mm
optimized

2.42GHz 2.48GHz

15+

S},/(dB)

20k

2540

2.0 2t2 2f4 2t6 2t8 310
Frequency(GHz)

Figure 9. Simulated |51 | of the rectangular patch antenna.



Energies 2024, 17, 6008

10 of 16

3.1.2. Antenna Array Design

To increase the power capacity of the receiving system and enhance the DC output
power at the receiving end, the antenna designed in the previous section will be arranged
into an array. This will be combined with rectifiers to complete the rectenna array design.
This paper intends to use the designed rectenna array to power an LCD screen. The LCD
screen has a rated power of 12 W. Based on the results obtained for the designed microwave
rectifiers, a total of 16 rectenna elements are needed for the array. Therefore, a 4 x 4 antenna
array structure is proposed for this design.

Considering manufacturing costs, the area of the rectenna array should be mini-
mized while ensuring that the coupling between antenna elements is sufficiently low
to avoid mutual coupling, allowing for a more compact arrangement of the rectenna
elements. The microstrip grid array antenna has the advantages of high gain, good
directivity, and a simple feed structure that is conducive to integration. The radiating
elements are composed of rectangular patch networks, with each rectangular patch
network functioning as an individual radiating element. These rectangular patch net-
works are arranged in an interleaved manner, ensuring that the radiating edges of
the networks do not interfere with each other while the transmission edges remain
closely spaced.

To achieve a high-performance antenna array, this study proposes a microstrip patch
antenna array with a unit arrangement based on the structural characteristics of the mi-
crostrip grid antenna. A typical schematic of a microstrip grid array antenna structure
is shown in Figure 10a. The radiating elements of the microstrip grid array antenna
are composed of rectangular patch networks, with each rectangular patch network func-
tioning as a patch radiating element. These rectangular patch networks are arranged
in a staggered configuration, ensuring that the radiating edges of adjacent networks do
not interfere with each other, while the transmission edges are placed in close proxim-
ity. The structure of the proposed patch antenna array is shown in Figure 10b, where
the distances between the radiating edges are denoted as wy; and w»3, and the transmis-
sion edge distance is denoted as wy;. Scatter parameter simulations are performed for
each port.

Wy

W

(a) (b)

Figure 10. Diagram of the (a) microstrip grid rectenna and (b) compact rectenna array’s local structure.

After determining the positions between each antenna, the output serpentine mi-
crostrip lines are adjusted to fit the optimized rectenna array structure. Additionally,
considering the heating issue in the output branch lines, the output is designed to have
four paths. This design increases the number of branches in the output DC circuit, reducing
the DC energy per branch and thereby decreasing energy loss and potential experimental
risks in the DC output circuit.
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The final configuration is determined with radiating edge distance wy; = 37.5 mm,
w3 = 15 mm, and transmission edge distance wy; = 15 mm. This distance between adjacent
elements is significantly reduced compared to the half-wavelength (=60 mm at 2.45 GHz)
in traditional patch antenna arrays, achieving antenna array miniaturization. The simulated
results for the scattering parameters | S, | (Where m # nand m, n =1, 2, 3, 4) are shown in
Figure 11. It can be observed that the scattering parameters |5, | are all less than —15 dB,
indicating low coupling between the radiating patch units.

10 — Syl ——I8

13| 14|

P Il (P

IS [N )
S S S
T T

S-parameters (dB)

&
o
T

-60 1 1 1
2.0 2.2 24 2.6 2.8 3.0

Frequency (GHz)

Figure 11. Simulation result of rectangular patch antenna’s S-parameters.

3.2. Experiment and Analysis of the Proposed Compact Rectenna Array

To complete the design of the rectenna, the feeding ports of the rectangular patch
antennas are connected to the microwave rectifier designed in the Section 2 and the corners
of the serpentine microstrip line are adjusted. The final design and fabrication process of
the 4 x 4 rectenna array are shown in Figure 12. In this design, the serpentine microstrip
line functions both as the output filter for the rectifier and as the DC connection circuit
between the rectenna units, allowing for a parallel connection between the DC outputs
from the 16 rectenna units. The area of the rectenna array is 21.7 x 27.5 cm?.

Output
Output Outp

Figure 12. Photograph of the proposed rectenna array.
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The experiment system for the rectenna array is shown in Figure 13. The testing
uses an HMC-T2220 signal source (from Analog Devices Inc., Wilmington, NC, USA), a
solid-state amplifier, a 16 dBi standard horn antenna, a multimeter, and a high-power load.
The maximum output power of the microwave power source is 79.9 W. By adjusting the
output power of the microwave source, the DC output power and rectification efficiency of
the rectenna array are measured.

Signal
source

G
Coupler

Isolator
DC bias

Figure 13. Diagram of experiment system.

The power density p; of the microwave power that the rectenna array can receive at

the test point is given as follows:
e
Pd= yra2
where P; is the microwave transmission power, G; is the gain of the transmitting an-
tenna, and d is the distance between the transmitting antenna and the receiving antenna.
Therefore, the rectification efficiency # of the rectenna array can be calculated using the

following equation:

(17)

_ VoutZ/ Rpoad
by PiG;/4md? x Avectenna—array

(18)

where Py, is the DC output power, P, is the power that the rectenna array can receive, Vo
is the DC output voltage, Ry is the value of the DC load, and Ayectenna-array is the area of
the rectenna array.

The far-field region of the transmitting antenna is R = 0.5m. The tested rectenna
array is located within the far-field region of the transmitting antenna. The final test
results of the rectenna array are shown in Figure 14. Figure 14a shows that the curve of
the rectenna array’s DC output power varies with the distance between the transmitting
and receiving antennas when the microwave transmission power is 39.3 W, 66.6 W, and
79.9 W, respectively. From this figure, it can be seen that the optimized compact patch
antenna array has a maximum DC output energy of 14.03 W. Figure 14b shows the rectenna
array’s rectification efficiency curve under different microwave transmission powers. The
optimized compact patch antenna array achieves a maximum rectification efficiency of
47.6%. The maximum DC output of a single rectifier is 0.93 W. Therefore, according to
the experiment results, the relative error between the measured power and the theoretical
maximum output power of the rectenna array consisting of 16 rectifiers is 5.7%, which is
closer to the theoretical value.
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Figure 14. Experimental results of the rectenna array. (a) Output DC power; (b) rectification efficiency.
Table 5 presents a comparison between our proposed rectenna and previous works.
Although it does not stand out in terms of peak efficiency, our rectenna achieves a notably
higher DC output power. Compared to other designs, even with the same number of
elements, it maintains a significant advantage in terms of output power. This rectenna
meets the requirements for wirelessly powering an LCD screen.
Table 5. Performance comparison of S-band rectennas.
Center Frequenc Maximum Rectification =~ Power Density at Maximum DC Number of
1 y Efficiency Best Efficiency Output Power Elements
[34] 2.45 GHz 77.7% 0.5 mW /cm? 0.097 W 2x2
[35] 2.45 GHz 60% 0.20 mW/cm? NM Single
[36] 2.45 GHz 61% 0.29 mW /cm? NM Single
This work 2.45 GHz 47.6% 49.28 mW /cm? 14.03 W 4 x4

NM: not mentioned.

4. Wireless Power Transmission Experiments and Results

Based on the two designed compact patch antenna arrays, in this section, we describe
the implementation of a wireless power transmission and communication system. A
diagram of the experimental system is shown in Figure 15. At the end of the transmission,
microwaves are generated by a magnetron and emitted into free space by the transmitting
antenna; this process is monitored by a microwave power meter. The communication signal
generated by the signal source is also transmitted through the transmitting antenna. At
the receiving end, the rectenna array collects and converts the microwave power into DC
power to supply a 12-inch LCD screen, allowing the display to receive the communication
signal and operate normally, producing an image.

The final wireless power transfer experiment test results are shown in Figure 16. As
can be seen from the figure, in the wireless power transfer experiment, the compact rectenna
array was able to power a 12-inch LCD screen with a rated power of 12 W at a transmission
distance of 2 m. The LCD screen does not have any other power supply. This wireless

power transmission experiment demonstrates the value of the compact rectenna array
designed in this paper for MWPT systems.
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Figure 15. (a) Diagram and (b) photograph of wireless power transmission experimental system.
(1. DC power supply, 2. magnetron cooling fan, 3. magnetron switch-mode power supply,
4. magnetron, 5. microwave power meter, 6. transmitting antenna, 7. proposed rectenna arrays,
8. 12-inch display screen).

Figure 16. Wireless power transfer experiment result.

5. Conclusions

MWPT technology, as an emerging power transmission method, holds significant
research value and promising development prospects. This technology can be applied to
areas such as space solar power stations (SPSs), wireless charging ZigBee wireless sensors,
and space microwave power recovery, making it highly valuable for development.

This paper studies and discusses the application of compact rectenna arrays in wire-
less power transmission systems and proposes a microwave rectifier using a serpentine
microstrip line as the output filter. Compared to traditional microwave rectifiers that use
patch capacitors as the output filter, this rectifier offers better consistency, easier array
assembly, and a more compact structure. The research conducted in this paper led to the
development of a compact rectenna array for wireless power transmission systems, which
achieved an output of 117.6 mW /cm? in terms of DC power per unit volume.

Finally, this paper designed a wireless power transmission experimental system,
successfully using the designed rectenna array as the receiving end to power a 12 W
LCD screen. This experiment verified the feasibility of the proposed solution, demon-
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strating its significant engineering value and application prospects in wireless power
transmission systems.
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