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;:;?:;ﬁnogf ?j;gr:my Long-distance wireless power transmission can reduce the dependence of unmanned
of Military Science, systems on energy storage systems, which is especially advantageous for unmanned
Beijing 100300, China aerial vehicles. This approach is key for building an integrated and uninterrupted air-
.Fsua”v';ffa%ﬁsZEQEL'QZ%@?E&“ to-ground power supply network. This paper introduces the technical characteristics
article of long-distance wireless power transmission systems, reports the development of

such systems at home and abroad, and proposes technical indices and methods for
performance evaluation of these systems. A test was conducted using a testing device,
and the key parameters of the system performance were obtained. This work provides
a solid foundation for the performance evaluation studies of long-distance wireless
power transmission systems.
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1 Introduction

Wireless power transmission technology refers to a brand-new mode of power supply,
whereby power can be transmitted without cables. Using lasers and microwaves as vec-
tors, long-distance wireless power transmission technology can be applied to terres-
trial power distribution systems, space energy utilization, unmanned networking, and
unmanned clusters. Wireless transfer of power between subsystems and “unlimited”
power supply for weapons equipment can be achieved in principle. This paper mainly
analyzes the technical characteristics of laser wireless power transmission and micro-
wave wireless power transmission systems, and proposes two types of methods for test-
ing the performance of such wireless power transmission systems. Compared with the
existing methods, our methods has the following advantages: (1) The components and
systems are tested respectively, and the size, power and efficiency evaluation indexes are
put forward; (2) According to the evaluation index, the specific measuring point posi-
tion, testing instrument and testing process are put forward; (3) The wireless energy
transmission system has greater power and longer transmission distance, which has
more practical reference significance. In addition, a performance test that uses a testing
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device is carried out, some key parameters such as power and efficiency are obtained,
which provides the basis for the subsequent development of relevant work.

2 Related work

The long-distance wireless power transmission technology mainly considers laser wire-
less power transmission and microwave wireless power transmission systems. The prin-
ciple of laser wireless power transmission is the transmitting end converts the electrical
energy into a laser beam using a photoelectric device, and the receiving end converts the
laser beam energy back into electrical energy. Its merits are long transmission distance,
strong directivity, small transceiver antenna aperture, concentrated energy. Its short-
comings are high energy consumption, sensitivity to clouds and obstacles, low trans-
mission efficiency. Laser wireless power transmission is commonly used for unmanned
aerial vehicles, microsatellites, space probes, wireless sensor networks. Microwave
wireless power transmission’s transmitter uses a vacuum device to convert the electri-
cal energy to microwaves, and the receiver uses a rectifier to convert the microwaves
to direct current. Its merits are large transmission power, small transmission loss in the
atmosphere, one-to-many transmission. Its shortcomings are large scattering loss, jam-
ming communication equipment, low efficiency, large antenna aperture. Microwave
wireless power transmission is commonly used for distributed satellite platforms, solar
power stations, deep space exploration.

2.1 Laser wireless power transmission

In the laser-based wireless power transmission process, the electrical energy in a power
grid or energy storage unit is converted by a laser power source and is provided to a
laser. The laser converts the electrical energy into a laser beam, which is captured by
a photovoltaic array. The laser output is converted into electrical energy at the receiv-
ing end after free-space transmission [1]. The laser-based wireless power transmission
technology is advantageous owing to its high energy density, strong energy convergence,
strong directivity, long transmission distances, and small transmission/reception aper-
ture (only 10% of that of a typical microwave wireless power transmission system). After
long-distance transmission, the laser beam is still concentrated and suitable for power-
ing long-distance mobile devices [2]. Therefore, laser-based energy transmission can be
used for ground electric energy distribution, spatial scientific research, spatial energy
utilization, and concealed spatial communications. It provides energy for mobile elec-
tric equipment such as mobile base stations, unmanned aerial vehicles (UAVs), airships,
robots, deep-space probes, and module spacecraft.

In 2004, inspired by concentration cells, Howell [3] designed a receiver for laser-based
power transmission signals. On the front surface of a GaAs photovoltaic cell (diameter, 4
mm), a lens (diameter, 3.7 cm) was used for collecting light. In the experiment, the laser
wavelength was 830 nm and the power was 0.52 W. The optimized photoelectric conver-
sion efficiency of the laser-receiving system was above 56%. In 2010, the US Naval Labo-
ratory [4] simulated the effects of different laser power densities on the characteristics of
InGaP/GaAs/Ge triple-junction solar cells, which were irradiated by three laser systems
(wavelengths at 555 nm, 860 nm, and 1510 nm). The objective was to optimize the laser
wavelength and power density through calculations. In 2013, He [5] reported a laser power
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transmission ground system for studying the energy transmission efficiency. Using this sys-
tem, the effects of the laser wavelength and different photovoltaic device materials on the
energy transmission efficiency were quantified. In 2014, Qiao and co-workers [6] studied
the effects of the laser wavelength and laser power density on the energy conversion effi-
ciency of GaAs photovoltaic cells. In their experiment, lasers with the wavelengths of 532
nm, 671 nm, 808 nm, and 980 nm irradiated GaAs batteries at 2 m, and the photoelectric
conversion efficiency of the irradiated GaAs batteries exhibited a single-peak characteristic
as a function of the laser power density.

2.2 Microwave wireless power transmission

In the microwave-based wireless power transmission (MWPT) process, the city power sys-
tem completes the conversion of high-voltage direct current (DC) through a power supply.
Alternating current (AC) is converted into microwaves by a vacuum device, and the result-
ing waves are emitted using a transmitting antenna. Using a rectifying device, the receiving
antenna receives and converts the microwave energy into DC power output [7]. The output
power range is 10—100 kW; the transmission distance range is 1-20 km. The microwave-
based wireless power transmission technology is advantageous owing to its high trans-
mission power, strong environmental adaptability, flexible focusing and scattering, high
conversion and transmission efficiency, low atmospheric loss, and strong penetration. This
technology can be used for high-precision controlled beam pointing. With high security, it
is suitable for powering long-distance unmanned equipment and for information exchange
in complex environments. It can also be used for ground power distribution, space energy
utilization, and microsensor-based energy communications, providing fast and convenient
energy requirements for mobile electrical equipment such as microsensors, drones, and
distributed satellites [8].

In 1984, Brown applied the plane technology to designing a rectifier antenna for micro-
wave wireless power transmission systems [9], in which the receiving antenna was a planar
dipole and the rectifier diode was directly connected to two metal strip lines (the so-called
CPS transmission line). Later, Chang and co-workers applied a CPS-feeding dual rhombic
loop to the receiving antenna. This loop had high gain, broadband, and circular polariza-
tion characteristics. In 2014, Yang and co-workers [10] published a review on the two types
of rectifier antenna elements and arrays. AC-band MWPT system was designed for meet-
ing the requirements of high beam capture efficiency to the distribution of the transmit-
ting antenna aperture. Japanese Mitsubishi researchers converted 10 kW of electricity into
microwaves and used wireless power transmission to successfully power light-emitting
diodes (LEDs) on the receiving device, from a distance of 500 m. From 2008 to 2011, tech-
nical research has been performed in the US about the ground microwave wireless power
transmission tests at a distance of 100 km, an airship energy supply test for a height of 20
km, a space solar power station platform ground test for 100 kW, and a microwave driven
lunar rover ground test for 20 kW [11].
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3 Methods

3.1 Methods for testing the laser wireless power transmission systems

3.1.1 Testing index

Technical indexing can be divided into transmitter, space transmission, and receiver
indices, according to the system composition, and it can also be divided into size, power,
and efficiency indexing, according to the index type. The technical indexing system is
shown in Fig. 1. In practical applications, a laser-based wireless power transmission sys-
tem needs to focus on the miniaturization and weight reduction of the receiving end.
The transmitting aperture, the size of the receiving photovoltaic cell array, and the trans-
mission distance are typically used as size indicators, and then the power at each node of
the transmitting/receiving system is measured. The transmission efficiency of the system
can be obtained from calculations.

3.1.2 Testing methods

The experiment adopted a fiber-coupled semiconductor laser with adjustable power.
The laser wavelength was 808 nm. The laser was connected to a collimated beam
expansion system through an optical fiber; then, the laser beam was irradiated on a 43
x 43 cm? photovoltaic cell array, and the power was supplied to the load after passing
through a photoelectric converter and a rectifier regulator. During the test, an infra-
red viewer was used for observing the laser beam and the light spot on the photocells
array. A digital multimeter measured the DC power supply at the input end of the
semiconductor laser. An optical power meter measured the optical power of the laser
output through the fiber. The output current and output voltage were measured using
an electronic load. The test process was conducted as follows. First, the laser power
supply was started and the temperature of the semiconductor laser was stabilized at
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Fig. 1 Indexing system of the laser-based technology
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Fig. 3 Indexing system of the microwave-based technology

25 °C using a cool-water machine. Next, the system input AC power was adjusted,
and the light spot in the center of the probe was determined using an infrared viewer,
allowing to point the optical power meter to the fiber. The output power of the laser
was measured for different input power values, and the current and voltage at the
output end of the rectifier regulator were measured for obtaining DC output power.

The test procedure is shown in Fig. 2.

3.2 Methods for testing the microwave wireless power transmission systems

3.2.1 Testing index

The microwave technical indexing system can be divided into transmitter, space
transmission, and receiver types, according to the system composition. It can further
be divided into size, power, and efficiency indexing, according to the index type. The

technical indexing system is shown in Fig. 3.
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Fig. 4 Flowchart of the microwave-based wireless power transmission system evaluation experiment

Table 1 Test conditions

Parameter Value
1 Transmission distance 50m
2 Cell array size 430%430 mm?
3 Beam aperture 44 mm
4 Wavelength 808 nm

3.2.2 Testing methods
A vacuum device (klystron) converted the alternating current into microwaves. The
microwaves were efficiently transmitted after being focused by a Cassegrain transmit-
ting antenna (aperture, 1.6 m). The receiving end used a 2 x 2 m? antenna, to connect
a rectifier device (cyclotron-wave rectifier), and converted the microwave power into
the DC output power [12]. During the test, a digital multimeter was used for measur-
ing the power input to the microwave power generator, and an electronic load was
used for determining the output current and output voltage of the rectifier circuit.
The test process was conducted as follows. First, the system input power was
adjusted and recorded. Next, the output current and voltage were measured for dif-
ferent input power values. From the obtained power data, the power conversion effi-
ciency of the system for different input power values was calculated. The workflow of
the test procedure is shown in Fig. 4.

4 Results and discussion

4.1 Testing examples and analysis of laser wireless power transmission systems
According to the test conditions in Table 1, both the laser performance and the sys-
tem performance were tested.

4.1.1 Performance tests of lasers
The output characteristics and conversion efficiency of the laser, for different input
powers, are shown in Table 2. According to the data in the table, the relationship
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Table 2 Test results of the laser-based wireless power transmission system

Parameter Measured values

Group1 Group2 Group3 Group4 Group5

1 System input AC power (W) 1392 2394 3413 4532 579.5
2 DC power of laser (W) 735 152.1 235.8 32346 41495
3 Laser power (W) 23.17 66.01 107.7 148.7 185.3
4 Electro-optical conversion efficiency of laser ~ 31.52% 43.40% 45.67% 45.97% 44.66%
5 AC-optical power conversion efficiency 16.6% 27.6% 31.6% 32.8% 32.0%
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Fig. 5 Input-output relationship for the semiconductor laser-based system

between the output power of the semiconductor laser and the power supply was
obtained, and the conversion efficiency waveform was obtained.

Figure 5 shows the output power versus the power supply, for the semiconductor
laser. The lasers optical power increases linearly with increasing the DC power sup-
ply, and the electro-optical conversion efficiency reaches 46%. The internal loss, series
resistance, and threshold current of the semiconductor laser reduce its photoelectric
conversion efficiency. Among these, the internal loss is mainly caused by the free car-
rier loss in the confinement layer and in the quantum well; the resistance of the laser
p-type waveguide layer and the free carrier loss in the highly doped p-type confine-
ment layer lead to the high series resistance and high overall loss for this laser [13].

As is shown in Fig. 6, the electro-optical conversion efficiency of the semiconduc-
tor laser increases linearly with increasing the power supply, then slowly increases
to a peak value, and finally gradually decreases. Assuming that the laser output opti-
cal power is P, the laser DC supply power is Pi, the AC to optical power conversion
efficiency is 11, and the rectifier circuit AC-DC conversion efficiency is 13, it follows
that the electro-optical conversion efficiency of the laser is Melectro-optical = P/P1, and
the AC-optical power conversion efficiency is 71 = 7electro-optical X 712- As the power
supply increased from 73.5 to 323 W, the electro-optical conversion efficiency of
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Fig. 7 Laser emission beam and receiving end

the laser increased from 31.5% to 46%. Subsequently, as the power supply increased
to 415 W, the conversion efficiency slowly decreased to 44.6%. The efficiency of the
AC-optical power conversion was reduced by 10%, and the waveform was consistent
with the trend of the electro-optical conversion efficiency. The energy loss in semi-
conductor lasers can occur via five routes: (1) Joule heating, (2) carrier leakage, (3)
subthreshold spontaneous emission, (4) voltage loss, and 5) photon scattering and
carrier absorption loss [14]. As the power supply of the laser increases, the carriers
are injected into the active region, and the non-radiative recombination loss and pho-
ton scattering loss also increase. The structural parameters of the laser make these
mutually restrictive. When an optimal working point is reached, the balance is bro-
ken; past the optimal working point, the efficiency starts to decrease slowly [15]. The
AC-optical power conversion efficiency exhibits similar trends. The addition of a rec-
tifier module induces a power loss, lowering the efficiency by 10% compared with the
DC electro-optical conversion efficiency. The test results provide a good foundation
for optimization studies of high-efficiency laser line arrays and laser-based wireless

energy transmission systems.

Page 8 of 13
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Fig. 8 Diagram of the laser-based wireless power transmission system

Table 3 Microwave test conditions

Parameter Measured values
1 Transmission distance 70 m
2 Working band 10 GHz
3 Antenna aperture 1.6m
3 Size of rectenna 2x2m?

4.1.2 Performance test of the entire system
The laser beam and the spot on the cell panel were observed using an infrared viewer,
and the spot falling on the center of the probe was calibrated, as shown in Fig. 7.

The measured data in the experiment are shown in Fig. 8. The transmission distance of
the laser wireless power transmission system was 50 m, the laser beam aperture was 4.4
cm, the size of the photovoltaic cell array was 43 x 43 cm?, the system input AC power
was 579.2 W, the laser DC power supply was 414.2 W, and the load could stably receive
the DC power of 45.86 W; the conversion efficiency of the entire system (AC input to
DC output) reached 7.9%.

By performing the experiment at different input power levels, the power response
characteristics of the laser and the energy conversion efficiency trends were obtained.
The analysis of these trends revealed that under the irradiation using the 808-nm laser,
the output power increased linearly with the input power, and then the increasing trend
became weaker; the energy conversion efficiency firstly increased up to the optimal
point and then decreased.

4.2 Testing examples and analysis of microwave wireless power transmission systems
According to the test conditions in Table 3, a test site was arranged for testing the per-
formance of the microwave wireless power transmission system. The physical device is
shown in Figs. 9 and 10.

Table 4 to control sequence lists the output characteristics and conversion efficiency of
the system, for different input power values. According to the data in the table, the rela-
tionship between the DC output power and the input power was obtained, and the oscil-
logram plots of the microwave power conversion were generated, as shown in Figs. 11
and 12 respectively.
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Fig. 9 X band microwave transmission system

Transmitting Antenna

Fig. 10 Rectifier antenna of the receiving end

Table 4 Test data

Parameter Measured values
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
1 Input power (W) 1500 2008 3060 4100 4520 4580
DC output power (W) 1222 167.6 2735 381.0 456.6 4405
Transmission efficiency 8.15% 8.35% 8.94% 9.29% 10.10% 9.62%

Page 10 of 13
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Fig. 12 Diagram of the microwave-based power transmission system

As shown in Fig. 11, the DC output power of the rectenna increased with increas-
ing the system input power. After the input power reached 4500 W, the output power
started to decrease. The conversion efficiency waveform trend was similar, reaching a
maximal efficiency of 10.4% at 4500 W, and then decreasing as the input power fur-
ther increased. The optimal working power of the power transmission system was
determined as 4500 W.

The systems efficiency first increased linearly and then decreased. This occurred
because the power amplifier in the microwave power generator responded non-
linearly for strong signals, and its nonlinearity increased with increasing the input
power, probably yielding nonlinear indices such as gain compression, intermodula-
tion distortion, and harmonic distortion. In addition, the power consumed by the
power amplifier accounts for half or more of the energy consumed by the system, and
the dissipated power increases the temperature of the power tube and the cavity. The
increasing temperature affects the performance of the power amplifiers gain, gain
flatness, and linearity; thus, affecting the systems transmission efficiency [16].

The partial data measured in the experiment are shown in Fig. 12.
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The transmission frequency of the high-power microwave transmission system was 10
GHz, the transmission distance was 100 m, the transmitting antenna aperture area was 2
m?, the receiving antenna area was 4 m?, and the input power was 4500 W. The stable DC
power output of the system was 468 W, and the system efficiency reached 10.4%.

5 Conclusions

1 According to long-distance wireless power transmission systems and their constitu-
ent units (including the transmitting antenna, space transmission, and the receiving
end), performance evaluation indicators including size, power, and efficiency are
proposed. Methods for testing the systems and components performance are con-
structed. An evaluation system for completely testing long-distance wireless power
transmission systems was put forward.

2 Using a testing device, the laser-based and microwave-based systems were tested
using the proposed testing methods. The optical power of the laser-based wire-
less power transmission system reached 185 W, and the conversion efficiency of
the system reached 7.9% for the transmission distance of 50 m. The power of the
microwave-based wireless power transmission system was 4500 W, and the electric-
electric conversion efficiency reached 10.4% for the transmission distance of 70 m.
The key parameters of the components and systems were obtained from these test-
ing experiments, proving the feasibility of the proposed testing methods. The results
provide a solid framework for the performance evaluation of long-distance wireless

power transmission systems.
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