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1  Introduction
1.1 � Background and significance

Microwave wireless power transmission is a technology that uses microwave devices to 
convert electrical energy into electromagnetic energy and wirelessly transmit microwave 
electromagnetic energy in space through a transmitting antenna, and converts electro-
magnetic energy into electric energy and supplies it to the electric load after rectifica-
tion, filtering, and other transformations [1, 2]. Microwave wireless power transmission 
technology has the advantages of high transmission power, strong environmental adapt-
ability, and flexible deployment of focus and scattering [3], making it suitable for pow-
ering unmanned equipment over long distances in complex environments to improve 
the endurance and range of such equipment [4, 5]. Microwave wireless power transmis-
sion is also of great significance in the field of the Internet of things [6, 7], which can 
effectively solve the problem of energy supply for devices in the Internet of things [8, 9]. 
As shown in Fig. 1, a vehicle-mounted microwave wireless power transmission system 
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can build an air-ground integrated electrical power transmission network to guaran-
tee an accompanying power supply for unmanned equipment. However, most current 
microwave wireless power transmission systems have a short transmission distance, 
low transmission power level, and a low degree of intelligence and miniaturization [4]. 
Meanwhile, the large size of the system and devices and the lower transmission effi-
ciency and power limit the further development and application of microwave wireless 
power transmission technology [10]. In this study, the focus was on the technical index 
system and test evaluation methods of microwave wireless power transmission to pro-
vide powerful technical means for the development of microwave wireless power trans-
mission systems.

1.2 � Microwave wireless power transmission system topology

The basic topology of the microwave wireless power transmission system is shown sche-
matically in Fig.  2, which depicts the DC energy source, microwave power generator 
(microwave signal generator and power amplifier), transmitting antenna, free space, rec-
tifying antenna (receiving antenna and rectifying circuit), and DC load [11, 12].

The DC energy source provides energy for the microwave power transmission sys-
tem. The signal generator is used to generate low-power microwave signals, and the 
power amplifier amplifies the generated small signals to output high-power microwave 
signals. The transmitting antenna converts the fed high-power microwave energy into 

Fig. 1  Vehicle-mounted microwave wireless power transmission system

Fig. 2  Diagram of microwave wireless power transmission system topology
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electromagnetic waves that radiate into free space. The receiving antenna converts the 
electromagnetic wave of the corresponding frequency band in the area into a microwave 
signal in the circuit and sends it to the rectifier circuit. The receiving antenna and recti-
fier circuit are often combined into a rectifier antenna. The microwave rectifier circuit 
uses the nonlinear effect of the rectifier diode to convert the received radiofrequency 
energy into direct current energy (RF-DC) to power the load.

2 � Methods
2.1 � Signal generator

2.1.1 � Technical index

The technical index of the signal generator mainly includes the operating frequency 
and efficiency. The operating frequency is the nominal frequency value of the frequency 
source under the given operating conditions and is also called the “carrier frequency.” 
The efficiency of a signal generator represents its ability to convert an input DC signal 
into a microwave signal [13]. In terms of mathematical and physical laws, the transmis-
sion process of wireless energy is closely related to the frequency of electromagnetic 
waves - the higher the frequency of the electromagnetic waves, the better their direc-
tivity and the less the spatial attenuation. The frequencies commonly used for energy 
transmission in the microwave band are 2.45, 5.8, and 35 GHz or higher. Therefore, it is 
critical to evaluate whether the signal generated by the generator meets the microwave 
power transmission requirements.

2.1.2 � Test and evaluation methods

The main equipment used for the performance test of the signal generator comprised a 
DC energy source, spectrum analyzer, and DC power meter. The spectrum analyzer is 
the basic tool for observing the signal. It can locate and measure the frequency of the 
signal and display it graphically. The test diagram is shown in Fig. 3.

The steps involved are as follows.

Step 1 Connect the signal generator being tested to the circuit, as shown in Fig. 3, 
and connect the spectrum analyzer to the signal generator through a coaxial cable.
Step 2 Turn on the DC power source and signal generator.
Step 3 Record the DC power meter readings Psin.
Step 4 Use the marker function of the spectrum analyzer to find the maximum 
power point, which is the output power of the signal generator, and record the fre-
quency fs corresponding to the point, which is the working frequency of the signal 
generator.

The efficiency of the signal generator is calculated using

Fig. 3  Signal generator test chart
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where ηs is the efficiency of the signal generator, Psin is the DC input power of the signal 
generator (W), and Psout is the output power of the signal generator (dBm).

2.2 � Power amplifier

2.2.1 � Technical index

The output power, power gain, and efficiency of the power amplifier directly affect the over-
all performance of the system. The main function of the power amplifier is to amplify small 
signals and then output high-power microwave signals. The power gain is the ratio of the 
power amplifier output power to the input power and is used to indicate the signal ampli-
fication capacity. A power amplifier is an important component of a microwave wireless 
power transmission system, and its efficiency affects the system transmission efficiency 
directly.

2.2.2 � Test and evaluation methods

Power amplifier performance testing uses equipment comprising a microwave signal 
source, isolator, directional coupler, power meter, attenuator, and spectrum analyzer. Refer-
ring to GJB 8125-2013, ignoring circuit losses, the test diagram of the power amplifier is 
shown in Fig. 4.

The steps involved in testing are as follows.

Step 1 Connect the instrument to the amplifier being tested using a coaxial connector 
and measurement cable, as shown in Fig. 4.
Step 2 Adjust the frequency of the microwave signal source to a specified value and 
apply a specified bias to the amplifier being tested.
Step 3 Change the output power of the microwave signal source so that the input power 
to the amplifier reaches the specified value.
Step 4 Read and record the reading Pai of microwave power meter 1, the reading Pao of 
microwave power meter 2, and the reading Pad of the DC power meter.

The power gain of the power amplifier is calculated as follows.

(1)ηs =
Psin

10 lg(1000× Psout)

(2)Gp = Pao − Pai

Fig. 4  Power amplifier test chart
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where Gp is the gain of the power amplifier (dB), Pao is the microwave signal power 
amplified by the power amplifier (dBm), and Pai is the microwave signal power before 
amplification (dBm).

The coefficient of the directional coupler is C, and the efficiency of the power amplifier 
is calculated as

where ηp is the efficiency of the power amplifier, and Pad is the input power of the power 
amplifier DC power supply (W).

2.3 � Transceiver antenna

2.3.1 � Technical index

Because the wireless link from the transmitting antenna to the receiving antenna is an 
uncontrollable open loop, the performance depends entirely on the transmitting and 
receiving antenna performance and mutual matching. The technical indices of the trans-
mitting and receiving antennas are mainly impedance characteristics and directional 
characteristics. The impedance characteristics include operating frequency and effi-
ciency. Directional characteristics include directional map and gain [14]. In the micro-
wave wireless power transmission system for moving targets, the transmitting antenna 
must change the transmitting direction of the beam according to the motion state of the 
target to realize the control of the beam direction and beam power [15]. If the energy-
receiving equipment is a moving target with limited weight-bearing capacity, such as 
an unmanned aircraft [16], the lightness of the receiving end also must be considered. 
Therefore, the operating range and power density of the transmitting antenna are among 
the main technical indicators for evaluating performance.

The efficiency of the transmitting and receiving antenna is the ratio of the radiated 
power to the active power input to the antenna, which is closely related to the direc-
tional characteristics. In addition, because of electromagnetic wave propagation losses 
in free space [17], the transmitting and receiving antenna efficiency of a microwave wire-
less energy transmission system is defined as the ratio of the RF energy received by the 
receiving antenna to the energy input to the transmitting antenna. The operating range 
of the transmitting antenna refers to the antenna azimuth and pitch angle range. The 
power density is defined as the ratio of the power received by the receiving antenna to its 
mass and area.

2.3.2 � Test and evaluation methods

The equipment required for transceiver antenna performance testing include a micro-
wave signal source, antenna turn table controller, spectrum analyzer, microwave power 
meter, power sensor, and shaft angle encoder. The layout of the transmitting and receiv-
ing antenna performance test is shown in Fig. 5. Power meters 1 and 2 measure the RF 
power input to the transmitting antenna and the RF power received by the receiving 
antenna, respectively. The horizontal and vertical effective radiation ranges of the trans-
mitting antenna were measured using the shaft angle encoder.

The steps involved are as follows.

(3)ηp =

C × Pao

10 lg(1000× Pad)
× 100%
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Step 1 Connect the transmitting and receiving antennas being tested to the test 
circuit in accordance with Fig. 5.
Step 2 Set the microwave signal source frequency to the specified value.
Step 3 Read the spectrum analyzer frequency, which is the operating frequency 
f of the transmitting and receiving antennas, and set power meters 1 and 2 to 
measure the signal frequency to f.
Step 4 Turn the turntable controller horizontally and record the shaft angle 
encoder readings as well as the power meter 1 and 2 readings.
Step 5 Repeat step 4 until the power meter 2 reading is zero or the rotation angle 
is 180◦.
Step 6 Turn the rotary table controller vertically and record the shaft angle 
encoder reading as well as the power meter 1 and 2 readings.
Step 7 Repeat step 6 until the reading of power meter 2 is zero or the rotation 
angle is 180◦.

The efficiency of the transceiver antenna is calculated as

where ηtr is the transmitting and receiving antenna efficiency, Ptr is the measured input 
RF power of the transmitting antenna (dBm), and Ptt is the measured output RF power 
of the receiving antenna (dBm).

The mass power density of the receiving antenna is ρrm =
C×Ptr
mr

 (dBm/kg), and the 
area power density is ρrs = C×Ptr

sr
 (dBm/m2).

The horizontal and vertical rotation angle and power meter 2 value change rela-
tionship curve (that is, the relationship between the received power and the trans-
mitting antenna rotation angle) is plotted, and then the transmitting antenna 
orientation and pitch working range are determined. The maximum value of 
the shaft angle encoder recorded in step 5 is taken as Ahmax , and the minimum 
value as Ahmin . Then, the horizontal working range of the transmitting antenna is 
Ah = Ahmax − Ahmin . The maximum value of the shaft angle encoder recorded in 
step 7 is taken as Avmax and the minimum value as Avmin . Then, the horizontal work-
ing range of the transmitting antenna is Av = Avmax − Avmin.

(4)ηtr = (Ptr − Ptt)× 100%

Fig. 5  Transceiver antenna test chart
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2.4 � Rectifier circuit

2.4.1 � Technical index

The microwave rectifier circuit uses the nonlinear effect of the rectifier diode to convert 
the received microwave energy into DC energy to power the load. The core technical 
index for rectifier circuits is power conversion efficiency [18]. This efficiency is related 
to the characteristic parameters of the rectifier diode, DC load, and degree of impedance 
matching [19].

2.4.2 � Test and evaluation methods

The equipment required for rectifier circuit performance testing comprise a microwave 
signal source, microwave power meter, load resistor, and DC power meter. The test lay-
out is shown in Fig. 6.

The steps involved in the testing process are as follows.

Step 1 Connect the transmitting and receiving antennas being tested to the test cir-
cuit in accordance with Fig. 6.
Step 2 Set the microwave signal source frequency to a specified value.
Step 3 Read the frequency at the maximum power point of the spectrum analyzer—
the frequency of the power meter measurement signal is set to that value.
Step 4 Record the value of the microwave power meter Pcr , which is the RF power 
input to the rectifier circuit, and record the DC power meter reading Pload.

The efficiency of the rectifier circuit ηre is calculated using

where Pload is the rectified DC power (W), and Pcr is the microwave power before recti-
fication (dBm).

2.5 � Microwave wireless energy transfer system

2.5.1 � Technical index

The technical indicators of the microwave wireless power transfer system are shown in 
Fig. 7, which include power class, efficiency class, and size class indicators [20, 21]. The 
power index includes the power of the main links of the system, such as power of the DC 

(5)ηre =
Pload

C × 10 lg(1000× Pcr)
× 100%

Fig. 6  Rectifier circuit test layout diagram
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power supply, RF power output from the microwave signal source, power radiated to 
free space by the transmitting antenna, microwave power received from free space by the 
receiving antenna, and rectifier circuit output power. Efficiency class indicators include 
the efficiencies of key system components, such as the efficiency of the microwave signal 
source to convert the DC signal into an RF signal, efficiency of the transmitting antenna, 
efficiency of the receiving antenna, and the rectification efficiency. Size class indices are 
mainly used to evaluate the transmission distance, lightness of the receiving antenna, 
etc., where the lightness can be evaluated from the area power density and weight power 
density.

2.5.2 � Test and evaluation methods

A microwave wireless energy transfer system was built, and the test points were laid out 
as in Fig. 8.

The metrics in Fig. 8 are defined as shown in Table 1.
According to the connection test diagram shown in Fig. 8, given the input DC power 

P1 and the measured power P7 after rectification by the rectifier circuit, the overall effi-
ciency of the microwave wireless energy transmission system can be expressed as η =

P7
P1

.
While measuring the system efficiency, the input and output power and efficiency of 

the main components of the system are also given. The purpose is to analyze the sys-
tem energy flow further and visually demonstrate the loss in energy transmission, which 

Fig. 7  Microwave wireless energy transfer system technical index

Fig. 8  Test layout of microwave wireless energy transmission system
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facilitates the analysis of factors affecting the system efficiency and provides guidance 
for improving the system efficiency. The tests include changing the DC power input, the 
distance of the transceiver antenna, and the parameters of a particular component of the 
system while keeping the rest of the components unchanged, and thus enable each of 
these effects to be analyzed individually.

3 � Discussion
Microwave wireless power transmission is one of the important ways of long-distance 
energy transmission and has broad application prospects. Through consulting a large 
number of literature, it is known that although the technology is relatively mature, a per-
fect evaluation index system has not been formed, which is extremely unfavorable to 
its application and development. At present, the evaluation index of microwave wireless 
power transmission focuses on the transmission efficiency of the system, and pays less 
attention to the performance of components and applications. In fact, the performance 
of components directly affects the performance of the system, and the actual application 
performance of the system is often related to many factors, which is far from reaching 
the ideal state.

Microwave wireless power transmission system is mainly composed of signal genera-
tor, power amplifier, transceiver antenna, rectifier circuit and other key components. 
This paper adopts the idea of splitting and reorganization, analyzes the functions of each 
component in the microwave wireless power transmission system, puts forward the 
indicators that may affect the transmission efficiency of the system, and then puts the 
components as the tested object into the microwave wireless power transmission system 
for testing, so as to form a perfect microwave wireless power transmission technology 
index system and test and evaluation method. It can not only evaluate the performance 
of a single component, but also evaluate the impact of components on the system per-
formance and the actual application performance of the system, so as to provide a refer-
ence basis for the development of microwave wireless power transmission technology.

Table 1  Indicator definitions

P1 Input power of microwave signal source

P2 Output power of microwave signal source (input power of power amplifier)

P3 Output power of power amplifier (input power of transmitting antenna)

P4 Output power of transmitting antenna

P5 Input power of receiving antenna

P6 Output power of receiving antenna (input power of rectifier circuit)

P7 Output power of rectifier antenna

η1 Conversion efficiency of microwave signal source

η2 Power amplifier conversion efficiency

η3 Transmitting antenna conversion efficiency

η4 Spatial transmission efficiency

η5 Conversion efficiency of receiving antenna

η6 Conversion efficiency of rectifier circuit

D Transmission distance

ρ Power density, including area power density and weight power density
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4 � Conclusion
To promote the development of microwave wireless energy transfer system technol-
ogy, extensive research has been conducted on the technical indices and test methods 
for microwave wireless energy transfer systems, including analyzing the topology of 
microwave wireless energy transfer systems, establishing the technical indices of key 
components and system performance, and constructing corresponding test and eval-
uation methods. Although many important advances have been made, there are still 
some aspects that require further exploration.

(1)	 Signal generator, power amplifier, transceiver antenna, and other technologies 
should be studied to improve the conversion efficiency of the core components fur-
ther and strengthen the miniaturization, lightness, assignability, electromagnetic 
compatibility, and other types of performance of microwave wireless energy trans-
mission systems.

(2)	 To assess effectiveness, the evaluation index system should be optimized further, 
forming a basis for testing the entire chain of microwave wireless energy transmis-
sion systems. The development of standards for the interface, transmission fre-
quency, communication protocol, interoperability, energy management, etc. should 
be coordinated.

(3)	 Because of the complexity of microwave wireless energy transmission system test-
ing and evaluation, it is necessary to improve the testing instrumentation further, 
determine the corresponding test specifications, and develop a reasonable evalua-
tion method to provide a powerful technical means for the development of micro-
wave wireless energy transmission systems.
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