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Abstract

Microwave wireless power transfer (MWPT) technology has the advantages of long distance
and high transmission efficiency; therefore, MWPT has many applications in aerospace,
space solar power stations (SSPSs), and so on. The receiving and fixing subsystem is
the core component for gathering and converting power and it is the main part of the
system. If this step is both efficient and possible, the whole system will also be efficient
and its success possible. This paper mainly introduces a systematic review of the key
technologies, research status, and development trends of the receiving-end part in MWPT.
High-performance rectifying devices are analyzed in detail, with the use of GaN Schottky
barrier diodes (GaN SBDs), in addition to rectification circuits that have good rectification
and impedance matching. Additionally, it compares the advantages and disadvantages
of three power synthesis architectures, including RF synthesis, DC synthesis, and hybrid
subarray synthesis, and proposes a strategy for optimizing power distribution through
intelligent subarray partitioning. Finally, this paper looks at future development trends in
receiving-end technology, including miniaturized monolithic microwave integrated circuits
(MMICs) and efficient broadband reconfigurable rectification. The research presented
herein offers a systematic technical reference and theoretical foundation for enhancing the
performance of the receiving ends in microwave wireless power transfer systems.

Keywords: microwave wireless power transfer; receiver; rectifier; power synthesis; GaN
Schottky barrier diode

1. Introduction
In recent years, with continuous societal development, modern electronic devices have

been demanding increasingly higher energy levels. Traditional cable-based energy trans-
mission methods suffer from high costs, challenging line construction, and inconvenient
maintenance, among other issues [1]. The emergence of wireless power transfer technology
effectively addresses these challenges [2]. Currently, wireless power transfer technolo-
gies primarily include electromagnetic induction, electromagnetic resonance, electric field
coupling, MWPT, and laser wireless power transfer [3–5].

MWPT excels in high-power, long-distance wireless power transfer due to its con-
trollable beam intensity and direction, high transmission efficiency, and reduced suscep-
tibility to atmospheric interference compared to LWPT [6]. Its application prospects are
vast [7]. MWPT technology holds immense value across daily life, aerospace, military, and
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biomedical fields. In daily life, MWPT can replace traditional transmission cables to power
remote areas where constructing transportation and power infrastructure is impractical. In
aerospace, MWPT enables aircraft to break free from conventional fuel constraints, signifi-
cantly extending their endurance while reducing their overall size and mass. In military
applications, high-power microwave weapons remain a key focus of defense programs
worldwide. In biomedicine, MWPT enables the wireless charging of auxiliary electronic
devices in artificial organs, substantially extending equipment lifespan. In addition, as the
core technology of the SSPS project, MWPT can provide humanity with inexhaustible clean
energy and reduce dependence on non-renewable resources [8].

An MWPT system comprises a microwave transmission subsystem and a reception–
rectification subsystem. The conversion efficiency of the rectification circuit within the
reception subsystem is particularly critical, making performance enhancement a current
research focus. To meet the requirements for long-distance transmission and high efficiency,
both transmit and receive antennas feature large apertures [9]. Currently, receiving rectifier
antennas predominantly adopt array configurations [10]. Their overall efficiency depends
on both antenna receiving efficiency and rectifier circuit conversion efficiency. A critical
factor in research on receiving rectifying antennas is the requirement for highly efficient
rectifier circuits because the whole point of an amplifier is to remove nonlinearity in a
circuit. Small changes in terms of power going in and load performance can have huge
effects. However, on the other hand, irradiation power density from the transmitting
antenna to the receiving antenna area is often non-uniform. If such unequal power is sent
to the rectifier circuit, the resulting power unbalance will yield poor conversion efficiency
at many points of the rectifier circuit. Contrary to this, if the load cannot match the rectifier
circuit, then the rectification rate is also low [11,12].

In a word, the receiver rectifier subsystem’s performance mainly depends on the
rectification circuit system and rectification antenna group it owns. Rectifier circuits are
very susceptible to fluctuations in input power (i.e., the power captured by the antenna
from the waves) and changes in the load’s resistance, so we cannot obtain optimal efficiency
at any point. And because the receiving antenna and rectifying circuit are used in an array,
but integrated together, there is no change in power efficiency; sharing a ground plane
means the only way to conduct DC synthesis is in a parallel configuration. So, we can
see that research on key MWPT receiver technologies is very important in theory and
practice. It is important to carry out full checks and studies on advanced technologies
like phased array antenna design, high-efficiency rectification conversion, and intelligent
control algorithms, which can create a strong theoretical foundation and skill background
for improving MWPT systems. From a theoretical point of view, the current work will enrich
the theoretical system for MWPT and promote people’s understanding of the interaction
between microwaves and materials, providing a reference for subsequent works. In practice,
it can effectively improve the receiver’s ability to receive energy, resist interference and
adapt to environmental changes and encourage more people from different fields to use
MWPT technology, thereby achieving effective energy transmission and reception.

The following paper mainly introduces the key technologies of MWPT receivers.
Section 2 provides an overview of the current research status of MWPT receiver technology.
It lists the problems that exist in current research and then solutions to these problems.
Section 3 details high-efficiency rectifier circuit technology, focusing on critical aspects
such as rectifier diodes, load impedance matching design, and power synthesis. Section 4
summarizes and projects future development trends for MWPT receivers.
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2. Current State of MWPT Receiver Technology Research
2.1. Typical MWPT Systems

A typical ground-to-air MWPT system, as shown in Figure 1, transmits microwave en-
ergy from the ground to near-surface aircraft such as unmanned aerial vehicles (UAVs). The
ground serves as the microwave wireless energy transmission device, while the underside
of the UAV is equipped with a microwave-receiving rectifier device. Long-endurance UAVs
can hover within a designated area. A guidance device continuously acquires the UAV’s
spatial coordinates in real time and transmits them to the ground transmitter. Through
beam steering control, the system adjusts the microwave transmission direction to ensure
that microwave energy is always directed toward the UAV. With continuous ground-based
energy supply, the UAV requires only minimal backup batteries, significantly increasing its
payload capacity compared to solar-powered drones. Additionally, it eliminates the need
for large-aspect-ratio wings to accommodate solar panels, offering greater aerodynamic
design flexibility and simpler control strategies. Thus, MWPT technology enables truly
uninterrupted mission flights for UAVs.

 
Figure 1. A typical ground-to-air MWPT system.

The efficiency of a rectifying antenna depends on two components: receiving antenna
efficiency and rectifier circuit efficiency. Since antenna reception efficiency is determined by
antenna performance, a well-matched antenna’s efficiency is primarily affected by dielectric
loss and metal conductivity, not by the received power level. During power fluctuations,
the rectifier circuit becomes the primary factor influencing efficiency.

An MWPT system is a system that allows a transmitter to provide power wirelessly
to multiple nodes within a specific distance, and there are large differences in the power
received by the rectifying antenna and the electromagnetic wave in MWPT systems due
to the different distances, path losses, and multipath reflections between the transmitter
and receiver. An antenna’s efficiency does not change for any received power. But the
rectifier circuit has a diode in it, which makes it nonlinear, and so it will vary with input
power. Regular rectifying circuits are only suitable for an impedance at one power point.
When a change in power changes the impedance, it is called impedance mismatching, and
it does not permit efficient rectification. Likewise, when we make changes in the operating
frequency and load output, we see some nonlinearity changes, causing an impedance
mismatch in the rectifier. This reduces efficiency. Therefore, increasing the input power,
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frequency and output load of a rectifier circuit will increase the efficiency of the whole
wireless power transfer system.

2.2. Research Status at Home and Abroad

In recent years, domestic and foreign countries have conducted a lot of research on the
receiver technology of MWPT, and a lot of work has been carried out in this field. There are
many research teams and organizations that constantly study and research all aspects of
this field. In doing so, they are always pushing the boundaries of tech.

Professor Mingyu Lu’s group of West Virginia University significantly influenced
research worldwide. They conducted near-field wireless power delivery with phased
array tech, proposed a comprehensive application framework and, after a lot of hard work,
provided exact, closed-form expressions for electromagnetic radiation and the efficiency
of powers [13]. This is a big deal. In terms of theory and practice, their study can provide
a good basis for obtaining a deep understanding of the physical process during a near-
field wireless power transmission and increase our awareness of the natural relationship
between the aperture of the antenna and the borderline of the near-field region. It can be
seen from their study that at 2.45 GHz, when they used phased array antennas, with a focus
on 30 ◦FOV, they increased the power transfer by more than 25% compared to conventional
single antennas. This means that at an equal transmission power, the receiver obtains more
energy, thus greatly improving the performance of MWPT systems. For instance, industrial
application scenarios require that the robot, machine, etc., have high energy transferring
efficiency, and it is better to use phased array antenna techniques to let wireless powered
robots and automated robots run forever and steadily. This reduces downtime caused by a
lack of energy and enhances the production rate.

Domestically speaking, JFSLAB Hubei has dedicated a great amount of effort to the
research of MWPT receiver technology and achieved considerable results. The lab used a
GaN Schottky diode that they made themselves to build a 20 m long dynamic microwave
power transfer system. GaN is a wide-bandgap semiconductor material that has high
electron mobility, a very high breakdown electric field and excellent thermal conductivity.
It is suitable for high-frequency and high-power applications. Utilizing these strengths,
JFS LAB showed that wide-bandgap semiconductor devices performed better in terms of
high-frequency rectification, so JFSLAB decided to charge drones at ±30-degree deflection,
providing a whole new kind of wireless power to the drones. You can even use them as
power banks, and they can fly and be charged, which means you can spend more time
enjoying them. For example, logistic delivery drones can recharge in the air by using this
kind of dynamic microwave power transfer, meaning that there is no need for frequent
landings to change the batteries. This improves the speed of delivery and the operation
cost is reduced. And it is also impressive that JFSLAB made a 16-unit microstrip array
receiving antenna that shows good performance, capable of receiving −20 dBm in the ISM
band. It can receive weak microwave signals and can also deliver power to more than one
device at the same time. And this sort of function offers expansive utility to the recipient
because it could be used to energize an IoT terminal, gather energy from multiple sensors
and smart gadgets to enable the use of lots of devices together, and develop IoT technology.

Although MWPT receiver technology has achieved some improvements, there are
still quite a lot of fundamental technical obstacles for MWPT’s practical application. This
restricts the use and promotion of MWPT on a large scale.

Energy capture efficiency is an important problem. Traditional silicon-based rectifier
diodes exhibit a conversion efficiency below 70% for low-input power < 10 dBm. That is
to say, quite a lot of microwave energy is lost due to the poor conversion rate of power.
The most fundamental issues are caused by material and structure problems of silicon
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materials and the diodes themselves. Moreover, the accuracy of correctly matching the
receiving antenna’s impedance value has a significant effect on harvesting efficiency. When
an antenna’s impedance does not match the transmission line’s impedance, this increases
the reflection factor. So, some of the microwaves bounce back instead of being picked up by
the antenna, which means we do not receive as much energy. For example, in a long-range
wireless power transfer, there is very little microwave power at the receiver because of
the range. When this happens, the silicon-type diode’s poor conversion efficiency and the
impedance-matching problem render it difficult to collect energy, which is very bad for the
whole system.

Additionally, inadequate adaptability to a complicated environment is a current con-
cern. MWPT receivers are susceptible to interference in practical application environments.
The most frequent form of interference is multipath fading, along with obstruction caused
by objects. When microwave signals reflect, refract, scatter, etc., on obstacles before being
sent, this is called multipath fading. These signals arrive at the receiver via lots of different
routes. Once they get there, they begin to interfere with each other. This ends up creating a
sort of irregular pattern, which has a big impact on how much power is received. Through
research and testing in the field, we know that multipath fading and obstacles cause a
change in the receiving power of more than 30%. It is not easy for devices that require
constant energy. Let us use cities with lots of skyscrapers as an example, where microwaves
encounter many reflections and blocks. This makes it difficult for the signal at the receiver
to have a steady strength and phase, so it is tough to keep a steady flow of power. And
on the industrial side, electromagnetic interference from sources like motors and welding
machines can create, like static on your radio, electromagnetic noise that disrupts the
microwave signals, meaning that the receiver does not work correctly. This means we
must improve the receiving end’s dynamic response and ability to resist interference in
complicated situations if we wish to use MWPT technology and make it dependable.

System integration complexity is one of the other main obstacles for existing receiver
technology. Due to the development of the miniaturization and portability of electronic
equipment, the demand for small MWPT receivers has become more urgent. But the
major contradiction is between the need for miniaturization and the large size of high-gain
antennas. In general, high-gain antennas have to be quite big to ensure they work well
and point accurately at something, but there is just no room for such big antennas in little
devices. For a UAV that is a very tiny size, the receiver has to capture maximum power
within minimum space, and the antennas need to meet those demands, which is why we
are putting so much stress on the design and installation of them. Furthermore, system
integration requires parts like antennas, rectifier circuits, etc., to be connected together
within a small area. With the need to ensure that they communicate well and work well
together, putting these parts in place is still a huge problem. The opposite is true. The
tighter its integration, the more careful we have to be about temperature. If the temperature
is too hot, electronic parts will not work well and will not work as long, so we need to
ensure they give off heat to keep everything working properly.

3. Key Technologies for the Receiving End
3.1. Key Technologies for Efficient Rectifier Circuits

Rectifiers are circuits that take input RF energy and change it to DC energy. It is
an important component of the MWPT receiver and is closely related to the efficiency of
energy conversion [14]. The configuration of a rectifier circuit is shown in Figure 2, mainly
including the input matching circuit, rectifying circuit, and output circuit [15].
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Figure 2. Rectifier circuit and its components.

The input matching circuit performs impedance transformation between the receiving
antenna and the rectifier circuit to maximize RF power transfer to the rectifier. Simultane-
ously, it functions as a low-pass/band-pass filter to suppress higher-order (n ≥ 2) harmonic
components generated by the rectifier, preventing these harmonic signals from being ra-
diated by the antenna and degrading rectification efficiency. Furthermore, DC-blocking
capacitors in the input matching circuit effectively transmit fundamental signals while
preventing DC energy loss.

The output filter matching network typically consists of parallel capacitors or harmonic
suppression networks (open-circuit or short-circuit branches). This configuration filters out
fundamental and higher-order (n ≥ 2) harmonics while efficiently transferring DC energy
to the load.

Table 1 compares different rectifier circuit topologies, and in practical applications,
corresponding topologies can be selected according to requirements [16–19].

Table 1. Comparison of rectifier topology structures.

Rectifier
Topologies

Number
of Diodes

Rectification
Method

Output Voltage
Characteristics Efficiency Power

Capacity Application

Single in
series 1 half-wave Low, big

fluctuation Low Small Micro low-power
devices

Single parallel 1 half-wave Low, big
fluctuation Extremely low Small

Load requiring
reverse voltage

protection

Voltage
doubler

rectifier circuit
2

Full wave
(voltage-

doubling)

High, significant
fluctuation medium medium

High-voltage and
low-current
equipment

Bridge
rectifier circuit 4 Full wave Medium to high,

small fluctuation High Big

Medium to
high power,
stable power

supply scenario

3.1.1. Rectifier Diodes

Rectifier diodes are a critical component of rectifier circuits, significantly determining
rectification efficiency. Input power also significantly impacts rectification efficiency [20].
Insufficient input power prevents diode conduction, while excessive input power causes
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reverse breakdown. Therefore, rectifier diodes are typically desired to feature low forward
voltage and high reverse breakdown voltage. Diodes possessing these characteristics offer
a wide input power range, enabling operation at low voltages without easy breakdown
under high voltages [21].

Currently, commonly used rectifier diodes employ Si and GaAs materials, belonging
to first- and second-generation semiconductor materials. Due to their narrow bandgap
properties, the breakdown voltage and saturation current of these devices are limited. The
rectification power of a single diode is only in the range of 10–100 mW. To meet rectification
needs, multiple rectifying devices are needed and they need to be arranged in parallel
within a composite circuit, so the circuit has to be very large and is costly. And power
combining is inevitable, resulting in the loss of some power. We need diode devices with
low turn-on voltage, low junction capacitance, high current density and high breakdown
voltage to overcome the problems of the high-power, high-efficiency microwave rectification
of SSPSs and other high-power microwave devices. Wide-bandgap semiconductor GaN
is expected to be used in the production line of microwave diodes, which may instigate a
breakthrough in this field [22,23].

The GaN Schottky diode has a very small turn-on voltage of 0.3 V, so it can more easily
conduct at a lower input power, and thus conduction loss is reduced. At the same time, it
has a very small junction capacitance of only 0.87 pF, which means the circuit can be made
as small as possible, even at a high frequency. The capacitive loss of the circuit means it
can work at the highest frequency and convert energy with the highest efficiency. Taking
advantage of its large band gap and high breakdown field, GaN facilitates high-power
rectifier Schottky diodes. For the same power requirements, it reduces the amount of
modules needed compared to GaAs and Si-based processes. It decreases cost by quite
a bit [24].

Table 2 shows GaN’s energy band gap, which is over 3.1 and higher than that of Si.
The electron saturation velocity of GaN is approximately 2.5 and greater than that of Si.
These results enable its use in RF and power conversion [22]. GaN SBDs are regarded as
the best material for improving microwave rectifier performance as they show lower losses
and higher power [23].

Table 2. Comparison of performance parameters for common semiconductor materials.

Parameters Si GaAs 4H-SiC GaN

Band gap (eV) 1.1 1.42 3.26 3.39

Intrinsic carrier concentration (cm−3) 1.15 × 1010 1.5 × 106 8 × 10−9 1.9 × 10−10

Relative permittivity 11.8 13.1 10 9

Electron mobility (cm2/(V·s)) 1350 8500 700 2000

Electron saturation velocity (107 cm/s) 1.0 1.0 2.0 2.5

Breakdown field Strength (MV/cm) 0.3 0.4 3.0 3.3

Coefficient of thermal conductivity (W/(cm·K)) 1.5 0.43 3.3–4.5 1.3

Table 3 lists the technical specifications of rectifier diodes that have been used for
wireless power transmission over the past five years. The data in Table 3 are experimentally
measured results from corresponding references. It can be seen that Si SBD has lower
power and a narrower bandwidth, while GaN SBD has higher power and an improved
bandwidth. At the same time, it can also be seen that the rectification circuit is indeed a
key factor restricting the performance of microwave wireless transmission and reception
terminals, and improving its efficiency and high-efficiency power range is crucial.
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Table 3. GaN SBD specifications.

Refs. Freq
(GHz) Diode Peak

Efficiency
Pin

(dBm)
High-Efficiency

Power Range Year

[24] 5.8 GaN SBD 77.4% 39 70% (31–40 dBm) 2025

[25] 5.8 GaN SBD 75.5% 34 60% (26–37 dBm) 2020

[26] 2.45 Si SBD 82.7% 25 70% (16–26 dBm) 2020

[27] 5.8 GaN SBD 70% 33 60% (27–33 dBm) 2021

[28] 5.8 GaN SBD 74% 33 60% (28.8–36 dBm) 2021

[29] 5.8 Si SBD 77% 22.3 Not Available 2022

[30] 5.8 GaN SBD 72.4% 33.4 60% (25–35 dBm) 2023

[31] 2.4 Si SBD 82.8% 15 70% (4–13 dBm) 2023

[32] 5.8 GaN SBD 78.9% 31 70% (25–35 dBm) 2024

[33] 5.8 GaN SBD 81.9% 29 70% (19–33 dBm) 2024

[34]
5.8 GaN SBD

(10 nm) 80.2 25.4 60% (17–28.5 dBm) 2025

5.8 GaN SBD
(20 nm) 74.4 23 60% (17–28.5 dBm) 2025

However, from a cost perspective, GaN SBDs are far more expensive than Si SBDs. The
cost of a single Si SBD typically ranges from a few cents to several US dollars, whereas the
cost of a single GaN SBD can be as high as several hundred to several thousand US dollars.
This is mainly because Si SBDs benefit from mature technologies and manufacturing
processes, with large-scale mass production already achieved. In contrast, GaN SBDs
face two key cost drivers: on the one hand, the substrate itself is costly, and on the other
hand, production processes such as packaging are highly complex, and large-scale mass
production has not yet been realized, which further increases costs. The substrate types
commonly used for GaN SBDs in the RF field include GaN on SiC, GaN on Si, and GaN on
GaN, with their costs roughly ranked as GaN on Si < GaN on SiC < GaN on GaN. Therefore,
GaN SBDs are primarily applied in scenarios that are insensitive to cost but demand high
performance, such as high-power microwave rectennas.

3.1.2. Matching Circuit

Impedance mismatch leads to energy loss. The primary reason is that when the input
impedance of the rectenna is inconsistent with the load impedance, microwave signals
cannot be fully transmitted to the load; instead, part of the signals are reflected back to the
antenna, resulting in reflection loss. Impedance matching at the receiving end of MWPT
is mainly achieved through an RF matching network, which enables conjugate matching
between the input impedance of the rectenna and the load impedance, ensuring that RF
energy is converted into DC energy in the rectifier circuit as much as possible. DC-DC
conversion is a DC regulation stage after rectification, which can indirectly adjust the
equivalent DC load impedance at the rectification end.

According to the characteristics of matching networks, they can be divided into three
categories: passive fixed matching, active tunable matching, and intelligent adaptive
matching. Passive fixed matching is suitable for scenarios with fixed loads and stable
transmission environments; it achieves one-time matching by designing a fixed impedance
transformation network with passive components. Common techniques include lumped-
parameter matching network technology, distributed-parameter matching technology, and
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antenna structure optimization. Among these, the lumped-parameter matching network is
one of the most commonly used matching methods in RF circuits. It is mainly composed of
lumped components such as inductors (L) and capacitors (C), and matching for different
impedances can be achieved through a reasonable selection and combination of these
components. It has advantages such as a simple structure, low cost, and ease of design and
debugging. In lumped-parameter matching networks, L-type, π-type, and T-type networks
are the most basic topological structures [35,36].

As the operating frequency increases, the parasitic effects of lumped-parameter com-
ponents become increasingly significant, greatly affecting their performance. Distributed-
parameter matching technology mainly utilizes the characteristic impedance and length
of transmission lines to achieve impedance transformation, which can effectively avoid
the parasitic effects of lumped components and improve the performance of the matching
network. Common techniques include quarter-wavelength transformers and single-stub
and multi-stub matching technologies.

Optimizing the antenna structure can also make the input impedance of the antenna
match the characteristic impedance of the system, reducing the loss of additional matching
networks. This can be carried out, for example, by optimizing antenna dimensions and
implementing feeding methods [37].

When the load changes dynamically or the transmission environment fluctuates,
active tunable impedance matching must be adopted. Its principle is to adjust the network
matching parameters through active components to maintain impedance matching, such
as using variable reactance devices and active impedance transformation circuits.

Intelligent adaptive impedance matching technology is a future development trend.
It combines sensors, algorithms, and tunable matching networks to achieve fully auto-
matic and high-precision impedance matching, which can be realized through algorithm-
based adaptive matching, conjugate matching tracking technology, distributed matching
technology, etc.

A comparison of different impedance matching methods is shown in Table 4.

Table 4. Comparison of impedance matching methods.

Matching Type Feature Application Advantage Disadvantage

Passive fixed Simple structure, low
cost, static

Fixed load, short
distance, static
MWPT system

Low loss and
high reliability

Unable to adapt to
changes in

load/environment

Active tunable Dynamic adjustment,
fast response

Dynamic load,
medium distance

MWPT system

Strong adaptability
and good real-time

performance

High insertion loss
and limited

power capacity

Intelligent adaptive
Automatic, high
precision, closed

loop

Long distance, multi
node, dynamic
MWPT system

Wide adaptability
and stable efficiency

Complex structure,
high cost, and

complex algorithm

While impedance matching can significantly reduce reflection loss caused by
impedance mismatch, it inevitably introduces new losses. The losses of passive fixed
matching mainly stem from the inherent losses of components, and such losses are typically
small. Active tunable matching networks rely on variable reactance devices and active
control circuits to achieve dynamic adjustment, resulting in losses that are significantly
greater than those of passive fixed matching. Their losses originate partly from the compo-
nents themselves and partly from the additional electrical energy consumed by the active
control circuits.
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The losses of intelligent adaptive matching fall between the two aforementioned types.
These losses primarily arise from three aspects: first, the insertion loss of the underlying
tunable matching network; second, the operating loss of the impedance detection module;
and third, the energy consumption of algorithm operations and the controller. Overall,
the losses are relatively small, and particularly with the development of low-power chip
technology, energy consumption has been further reduced.

A comparison of the losses of the three matching types is presented in Table 5. It should
be pointed out that the energy loss is only a relative comparison of the three matching types.

Table 5. A comparison of the losses of the three matching types.

Matching Type Energy Loss Causes of Loss

Passive fixed Low
Ohmic and dielectric losses of passive
components, conductor and dielectric

losses of transmission lines

Active tunable Large
Insertion loss of variable reactance

devices and additional energy
consumption of active control circuits

Intelligent adaptive Medium

Adjustable network insertion loss,
detection module energy consumption,
controller and algorithm computation

energy consumption

In summary, compared with the benefits brought by impedance matching, the losses
introduced by impedance matching technology can be ignored.

3.2. Key Technologies for Power Synthesis

To enhance power levels in MWPT, single rectifying antenna units are insufficient,
and arraying is necessary. For instance, in 2021, researchers at Kyoto University developed
lightweight rectifying antenna arrays for aerial vehicles like UAVs and HAPSs (High
Altitude Platform Stations). Operating at 5.8 GHz, this rectifying antenna array achieved a
conversion efficiency of 34.5% in its rectifying circuit. During a 1.08 m power transmission
experiment, it supplied 1.48 W of DC power to a drone battery.

The primary array configurations encompass individual rectifier combinations, subar-
ray combinations, and rectenna arrays, as illustrated in Figure 3. For the individual rectifier
combinations, since rectifier diodes typically exhibit higher rectification efficiency at higher
input powers, this scheme can harvest more energy near the main beam. For the rectenna
arrays, as each rectifier circuit is in one-to-one correspondence with an antenna element, it
is less sensitive to the incident wave angle. However, the individual rectifier combinations
exhibit significant losses, while the rectenna arrays require a greater number of RF-DC
conversion components, which increases the overall cost. Therefore, sub-array combining
schemes that balance the advantages and disadvantages of the two aforementioned power
combining approaches have been proposed, further optimizing the performance of the
rectenna array.
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Figure 3. Architectures of MWPT receiver. (a) Individual rectifier combinations; (b) subarray
combinations; (c) rectenna arrays.

RF synthesis technology first combines microwave signals received by all antenna
elements via RF synthesis before unified rectification [38], as shown in Figure 3a. The
advantages of this layout include fewer rectifier circuits, lower engineering complexity, and
the ability to more easily match rectifier circuit power to the load. However, this layout is
only suitable for low-power, small-scale receiving rectifying antenna systems. For large
antenna arrays, the power divider network used for RF combining is massive, and its
power loss significantly reduces the receiving efficiency of the antenna array.

The DC-combined approach involves rectifying the microwaves received by each
antenna unit individually, followed by combining the DC power, as shown in Figure 3c. This
method offers the advantages of eliminating power-splitting loss concerns and featuring
smaller received power per antenna unit, which facilitates rectifier circuit design. However,
this approach also has drawbacks. The semiconductor device that we use in microwave
rectification shows quite a bit of nonlinearity, and this can be seen when the load of
microwave power applied to the semiconductors changes, and the impedance also changes
accordingly. This nonlinearity mostly affects the relationship between rectification efficiency
and the variation in power and load, which are considered in rectifier circuit design [39]. A
working rectifier circuit is most efficient at a particular power and load value. But in terms
of power, the irradiation density at different parts of the receiving antenna power is not the
same; generally speaking, it is stronger at the center and weaker at the edge. It is unlikely
that the same amount of power will be received by every antenna at different locations if
the same kind of rectifier circuit is used. Some rectifier circuits will have to function non-
optimally, meaning that the receiving rectification system will have low efficiency. Using
different types of rectifier circuits involves a greater variety of circuit types, increasing
system complexity and design difficulty.

The antenna array is divided into several zones based on varying irradiance power
densities. Within each zone, antenna elements undergo small-scale RF power combining to
form subarrays of differing scales. The received power from all subarrays is then rectified
individually to obtain DC power, which is finally combined, as shown in Figure 3b. By
deploying smaller subarrays in high-power-density zones and larger subarrays in low-
density zones, the received power across subarrays becomes balanced. This stabilizes the
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rectifier circuit’s input power. Combined with efficient rectifier circuit design, this approach
achieves high overall efficiency for the rectifying antenna.

The array layout and subarray partitioning techniques of rectifying antennas critically
influence receiver performance. Through subarray partitioning, issues such as uneven
power distribution in the array and power mismatch with the rectifier circuit can be
resolved, thereby improving overall rectification efficiency. In recent years, the layout
technology of receiving array antennas has evolved from uniform array deployment to
non-uniform array deployment and even reconfigurable intelligent surfaces (RISs). Tradi-
tional uniform subarray partitioning mostly adopts geometrically symmetric equal division
methods, such as the rectangular grid equal division method, annular/circular array equal
division method, etc. [40]. Non-uniform subarray partitioning is transformed into a math-
ematical problem of seeking the optimal solution: first, a subarray partitioning model is
constructed; then, the objective function and constraint conditions are established; and
finally, the optimal partitioning scheme is solved step by step through clustering and
iteration. Common clustering methods include K-means clustering, Particle Swarm Opti-
mization (PSO), and weighted clustering algorithms [41–44]. RISs regulate electromagnetic
waves through low-cost controllable units, replacing traditional active arrays.

Subarray partitioning technology optimizes subarray layout and element excitation
grouping to achieve equivalent radiation performance while reducing feed network com-
plexity and antenna deployment costs. This cost-effective approach has become an effective
tool for addressing phased array deployment challenges. Collective intelligence meth-
ods like matrix beamforming algorithms, genetic algorithms, and differential evolution
algorithms are widely applied for element positioning and excitation optimization.

In summary, to enhance the power and efficiency of the receiving rectifier end in
MWPT systems while maintaining high performance and stability, the following three
approaches can be adopted.

• Implementing load impedance matching design for rectifier circuits resolves the issue
of fluctuating conversion efficiency due to load impedance variations.

• Implementing MPPT design for the rectifier circuit can resolve the issue of conversion
efficiency being affected by input power.

• Implementing electrical isolation design for rectifying antenna arrays can address the
issue of limited series-parallel configurations.

4. Research and Development Trend
This paper primarily analyzes the structural composition, principles, current status,

and key technologies of the receiving end in MWPT systems. As shown in Figure 4, research
subjects for the receiving end are rectifying antennas and rectifying antenna arrays. A
rectifying antenna mainly consists of a receiving antenna and a rectifying circuit, while
a rectifying antenna array comprises multiple rectifying antennas. After our discussion,
we can see that rectifier circuits are important for the receiver side. Currently the problem
that causes difficulty in rectifier circuits lies in changes in the current and fluctuations in
the input power. Rectifier antenna arrays with a single series-parallel configuration have
limitations; they cannot reach the demands of high power and high efficiency. According
to the above, this paper studies the main technologies that face existing issues and con-
siders further developments such as miniature monolithic rectifier ICs and more efficient
broadband rectification, which are required based on evolving needs.
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Figure 4. Future trends (receiving end).

1. Miniaturized Rectifier Monolithic Microwave Integrated Circuit (MMIC) Design

For some specialized applications, there is a requirement that all modules and systems
are reduced to meet specific size requirements. Therefore, investigating rectifier MMICs
is quite beneficial. MMICs are the primary technology for converting RF/microwaves
energy into DC energy, aiming to design an extremely high-efficient, small-sized and low-
power-consuming energy harvesting system that can be applied at a high frequency. They
have wide applications in wireless power transfer and the power transfer of IoT sensors,
implantable medical devices, energy in space, etc.

2. High-Efficiency Broadband Rectification

To catch a broader range of RF energy, we shall seek to procure rectifiers that feature
multichannels and are adjustable for more coverage. In future work, we will increase the
operational bandwidth and try switches and tunable components that allow us to switch
and use different energy sources if we want to. Researching new smart algorithms, new
structures, and more advanced materials will improve rectifier circuit power and efficiency
and bandwidth.

5. Conclusions
MWPT has become a solution to the world’s energy problem, and its use also applies to

space solar power, remote power supply, aerospace, and biomedicine. As it predominately
determines the efficiency and stability of MWPT systems, the receiver is really key to the
transition of MWPT systems from lab study to real-world use. This article explores MWPT
research, concentrating on rectifier efficiency constraints and power synthesis consistency,
which are two key snags. In a static case, the nonlinearity of standard Si/GaAs diodes is
very bad, and it becomes even worse under dynamic and non-uniform antenna irradiance.
But still, progress has been made: improvements in GaN-based Schottky diodes enhance
the high-frequency, high-power rectification of sun power, and there are new ways to
conduct activities like subarray synthesis and impedance matching, enabling MPPT to
perform more efficiently with lower losses. Other challenges include the poor capture rate
of low-power rectifiers, poor adaptability to the environment and the compromise between
the need for miniaturization and the large size of high-gain antennas. Future work will
be conducted on making Miniaturized Rectifier MMICs for smaller devices to improve
reconfigurable high-efficiency broadband rectification. These advancements will enrich
MWPT’s theoretical framework, facilitate its engineering and large-scale application, and
advance the efficient utilization of clean energy.
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