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With the widespread application of intelligent unmanned units and the development of wireless energy transmission technology,
it has become an urgent requirement in the field of using wireless power transmission to extend the continuous working time of
unmanned units. To improve the wireless transmission energy efficiency in practical application as much as possible based on the
current development level of wireless transmission technology, this paper first enumerates and analyzes existing wireless energy
supply methods and shows that microwave wireless energy transmission technology is most suitable in this study. %en, the
necessity of power transmission relay in long-distance microwave wireless power transmission is discussed. Based on the idea of
microwave energy relay transmission, the paper constructs a microwave wireless transmission link planning model which
considers power relay and uses the evolutionary algorithm to solve the wireless transmission link planning model with two-layer
optimization. Finally, the results show that, when the wireless transmission distance exceeds a certain threshold, adding relay
nodes to the link can improve the energy transmission efficiency from the power supply node to the power receiving node.

1. Introduction

As a new type of power transmission technology, wireless
energy transmission can be used to provide continuous
energy supply in the working process of the unmanned units
to extend their working time and working range [1, 2].
Roughly speaking, wireless energy transmission technology
can be divided into near-field (nonradiation) and far-field
(radiation) wireless energy transmission technology [3].
Subdivided from the principle of energy transfer, near-field
wireless energy transmission can be divided into electric
field coupling (electromagnetic induction) and magnetic
field coupling (electromagnetic resonance) wireless energy
transmission technologies [3, 4]; far-field wireless energy
transmission includes ultrasonic wireless energy transmis-
sion, microwave wireless energy transmission, and laser
wireless energy transmission [5]. %ese wireless energy
transmission methods are different in energy transmission

principle, effective energy transmission distance, transmis-
sion efficiency, andmaturity. Among them, the more mature
wireless energy transmission methods that can be initially
put into the practical application are electric field coupling
[6, 7], magnetic field coupling [8–10], and microwave
wireless energy transmission [11, 12].

Because the unmanned unit tends to move in a larger
range when performing tasks, the distance between the
control terminal and the unmanned unit is as short as
hundreds of meters, as long as several kilometers or even
tens of kilometers. In this case, various near-field wireless
energy transmissionmethods [13–15] that generally can only
perform wireless energy transmission of the order of 10m
cannot meet the requirements of providing continuous and
reliable energy supply for unmanned units at work. Com-
pared with the electric field and magnetic field coupling
wireless energy transmission method, microwave wireless
energy transmission is also mature and its energy
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transmission distance can reach several kilometers [11],
which can well meet the needs of wireless energy trans-
mission link for unmanned units at work [16, 17].

In a uniform atmosphere, the microwave beam atten-
uates exponentially [18]. In the processof microwave
wireless energy transmission, if only the attenuation caused
by the atmosphere, the microwave excitation efficiency, and
the efficiency of microwave-electric energy conversion are
considered, the microwave wireless energy transmission
relay will increase the loss during excitation and reception.
In this case, theenergy transmission efficiency of the point-
to-point direct microwave energytransmission from the
power supply end to the power receiving end must behigher
than the efficiency of the power supply end forwarding
microwave energy to the power receiving end through the
relay end.

However, the loss of the microwave beam in the at-
mosphere is not only the exponential attenuation through
the atmosphere but also the loss caused by the beam
spreading in space during long-distance transmission
(geometric attenuation) [19]. To minimize the latter loss,
microwave wireless energy transmission generally uses a
directional beam with a small excitation divergence angle for
point-to-point energy transmission and at the same time
modulates the beam so that most of its energy is concen-
trated in the center. Even if the above method is used to
reduce the geometric attenuation since the excitation di-
vergence angle cannot be zero, the directional beam cannot
be regarded as a section of the cylinder from the microwave
excitation node plane to the receiving node plane during
long-distance transmission but should be regarded as a cone
with the microwave excitation point as the apex and the
microwave excitation divergence angle as the apex angle
[20, 21]; the receiving node can only receive the energy
distributed on the effective area of the receiving node an-
tenna (antenna aperture) in the cross section of the beam
cone [18]. Due to the limited receiving area of the receiving
node antenna, when the geometric attenuation ratio of the
point-to-point direct transmission is much greater than the
re-excited relay efficiency after the relay node receives and
conversion, it is very necessary to carry out the relay energy
transmission in the microwave wireless energy transmission
process. Figure 1 is a comparison diagram of geometric
attenuation of energy transmission through two relays and
without relay when the microwave excitation angle is the
same.

Adding relay nodes to the link can reduce the geometric
attenuation in microwave wireless energy transmission and
improve the efficiency of wireless energy transmission from
the power supply node to the power receiving node, but it
will inevitably bring additional costs because of the purchase
and operation of the relay nodes. %erefore, based on the
distance between the power supply node to the power re-
ceiving node, the microwave excitation divergence angle of
the power supply node, and the receiving antenna aperture
of the power receiving node, the number and location of the
relay node in the link and the required energy-receiving
antenna aperture of relay node are needed to be optimized to
achieve higher link wireless energy transmission efficiency

with the lowest relay cost. In the decision-making process of
link construction, it is necessary to increase the number of
relays within a certain range and increase the aperture of the
energy-receiving antenna of the relay node to improve the
efficiency of link wireless energy transmission; this will lead
to an increase in the cost of the link. In the construction, the
requirement of minimizing the relay cost and the require-
ment of maximizing the wireless energy transmission effi-
ciency of the link restricts each other, which constitutes a
typical dual-objective optimization problem.

%is paper is based on the microwave wireless energy
transmission technology to construct the wireless energy
transmission link considering the energy transmission relay.
According to the actual situation of the power supply node
and the power receiving node, the relay nodes are added to
the link to improve the overall link energy transmission
efficiency. Based on the multiobjective evolutionary algo-
rithm, the number and location of the relay nodes in the link
and the microwave energy-receiving antenna aperture of the
relay nodes are optimized. %e main contributions of this
paper are as follows:

(1) %is paper analyzed the principles, advantages, and
disadvantages of current wireless energy transmis-
sion methods, explained that microwave wireless
energy transmission is the most suitable method for
continuous energy supply to unmanned units at
work, and discussed the necessity of microwave
energy transmission relay.

(2) Unit models for the power supply node, energy
receiver node and relay node of the energy trans-
mission link are established, and a microwave
wireless energy transmission link planning model
that considers energy transmission relay based on
the unit model is constructed in this study.

(3) %e evolutionary algorithm (NSGA-II) is used to
solve the planning model of the microwave wireless
energy transmission link considering the energy
transmission relay based on a two-layer iterative
optimization method. %e solution result verifies the
effectiveness of the microwave energy relay trans-
mission proposed in this paper.

2. Literature Review

%e current research on wireless energy transmission links is
mostly based on magnetic field coupling wireless energy
transmission technology. %e team of Professor Sun from
Chongqing University proposed the concept of wireless
power transmission network based on magnetic field cou-
pling wireless energy transmission technology [22]. In this
wireless power transmission network, multiple relay ter-
minals use their resonant coils to form a resonance link and
use the strong coupling between the resonators to form a
“high-efficiency energy transmission channel.” %e relay
process does not involve the conversion of energy forms.
Using this principle, in literature [23], the transmitter
transmits power to the receiver 2 meters away through
multiple relay nodes, which improves the effective distance
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of wireless energy transmission. Literature [24] assumes
that there are multiple relay nodes randomly distributed in
a certain area and uses the ant colony algorithm to realize
the optimal selection of relay nodes in the energy trans-
mission link. Under the same assumption, literature [25]
uses the cross-entropy algorithm to optimize the energy
transmission link, which avoids the problem of ant colony
algorithm that is easy to fall into the local optimum in path
optimization. Based on whether the wireless power
transmission network has a certain transmitting node and
whether the transmitting node can provide unlimited
power, the wireless power transmission network defined in
literature [22] is further divided into active injection
wireless power transmission network and passive injection
wireless power transmission network in literature [26], and
it is proved through experiments that the cellular genetic
algorithm can effectively solve the path optimization of
wireless power transmission network with active injection
and passive injection.

%e related research of microwave wireless energy
transmission is almost entirely focused on improving the
efficiency of DC-microwave conversion, receiving rectifi-
cation and DC synthesis in the process of direct energy
transmission between two points [11, 27]. %ere is no related
research on microwave wireless energy relay transmission.
Starting from the microwave wireless energy transmission
experiment reported by NASA in 1974, which achieved a
DC-to-DC conversion efficiency of 6.7% at a distance of
1.54 km [28], researchers have been committed to improving
the overall transmission efficiency of microwave wireless
energy transmission. In 2009, the C-band microwave
wireless energy transmission system researched by Sichuan
University achieved 70% rectification efficiency under the
conditions of working frequency 5.8GHz and transmitting
power 600W; in 2012, a research team from Kyoto Uni-
versity in Japan built an S-band microwave wireless energy
transmission system using phased array magnetron; the
wireless energy transmission system has a microwave-to-DC
conversion efficiency of 54% when the transmission power is
1.9 kW [11]. Literature [27] designed a high-performance
microwave source for the power supply node of a microwave
wireless power transmission system, using phase-locked
loop-based frequency synthesis technology and a mono-
lithically integrated power chip to simplify the circuit system
structure.

%e idea of relay energy transmission in the wireless
power transmission network based on magnetic field cou-
pling wireless energy transmission technology points out a
good direction for wireless energy link transmission.

However, limited by the technical principle of magnetic
field coupling wireless energy transmission, the wireless
power transmission network based on magnetic field cou-
pling wireless energy transmission technology can only
provide radio for energy-receiving devices within a range of
tens of meters even after multiple relays [23, 26], which is
difficult to meet the energy demand of the unmanned unit in
this paper. Considering that the microwave wireless energy
transmission technology is relatively mature [11], it can
carry out the wireless energy transmission of the kilometer
level with higher efficiency, and this paper is based on the
microwave wireless energy transmission technology to
construct the wireless energy transmission link for the
working unmanned unit. %e position and quantity of the
relay node required by the link and the aperture of the
energetic antenna at the relay node are optimized to min-
imize the geometric attenuation of microwave energy in
wireless energy transmission and improve the overall effi-
ciency of energy transmission.

What needs to be clear is that, compared with the
magnetic field coupling relay energy transmission of Sun
Yue’s team, the microwave energy relay transmission pro-
posed in this paper uses a similar form of wireless energy link
transmission, but whether the energy transmission principle
or the meaning of adding relay nodes is completely different
from it.

3. Model Construction

3.1. Unit Model. In this paper, the microwave wireless en-
ergy transmission link that considers energy relay trans-
mission consists of a fixed energy supply platform (power
supply node) as a wireless power transmission source, a relay
platform (relay node) that functions as an energy relay in the
link, and an unmanned unit (power receiving node) that
receives energy. To simplify the calculation, this paper as-
sumes that the microwave beam used in wireless energy
transmission is a plane wave and the energy density on the
beam section obeys a uniform distribution [20, 21]; the
maximum microwave transmission power of the power
supply node and the maximum receiving and forwarding
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Figure 1: Comparison diagram of geometric attenuation.
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power of microwave energy at the relay node is determined
according to the power requirements and the microwave
energy-receiving capability of the receiving node; this study
does not involve the optimization of the transmitting and
receiving power of each node in the link.

3.1.1. Model of the Power Supply Node. %emain parameters
of the power supply node (fixed energy supply platform) in-
clude the microwave beam excitation angle αpswav, the conver-
sion efficiency (ηpswes) of converting electrical energy into
microwave energy, and the three-dimensional coordinates
(POSps) of themicrowave source.When themicrowave source
at the power supply node emits microwaves in a certain di-
rection in space, the energy distributed on the beam cross
section (Pmwsec(Lwet)) with a distance of Lwetfrom the power
supply node can be calculated by the following formula:

Pmwsec Lwet(  � ηpswes · κ · e
−c·Lwet · P

ps
wes, (1)

where Pps
wes is the actual microwave transmit power at the

power supply node; c is the atmospheric attenuation coef-
ficient, which is related to the atmospheric conditions on the
beam transmission path; and κ is the tracking loss coeffi-
cient. %e values of c and κ are determined based on actual
weather conditions and equipment conditions during
transmission.

3.1.2. Model of the Power Receiving Node. %e unmanned
unit as the power receiving node receives the microwave
energy directly transmitted by the power supply node or
forwarded by the relay node during the process of com-
pleting the predetermined work.

%e parameters of power receiving node include the
receiving antenna aperture Sprwer, the efficiency (ηprwer) of
converting the microwave energy distributed on the effective
area of the receiving antenna into electrical energy, and the
three-dimensional coordinates of the equivalent center point
of the receiving antenna (using this as the power receiving
node coordinate POSpr). When the distance between the
power receiving node and the microwave emitting source is
Lwet, the electric power Ppr

wer converted by microwave energy
is calculated by the following formula:

P
pr
wer � ηprwer · min

S
pr
wer

Swav αwav, Lwet( 
, 1  · Pmwsec Lwet( .

(2)

Under the plane wave assumption, the beam cross-
sectional area Swav(αwav, Lwet) in the formula is related to the
beam cone angle αwav and the transmission distance Lwet:

Swav αwav, Lwet(  � π tan
αwav
2

  · Lwet 
2
, αwav ∈ (0, π).

(3)

3.1.3. Model of the Relay Node. %e relay node plays the role
of energy relay and forwarding in the link. Its main pa-
rameters include the aperture of the receiving antenna Srewer,

the efficiency (ηrewer) of converting the microwave energy
distributed on the receiving antenna into electric energy, the
excitation angle αrewav of the microwave beam, the conversion
efficiency (ηrewes) of converting electric energy into micro-
wave energy, and the three-dimensional coordinates POSre
of the relay node.

When the distance between the relay node and the
microwave emission source is Lwet, the electric power Pre

wer
converted by microwave energy is calculated by the fol-
lowing formula:

P
re
wer � ηrewer · min

S
re
wer

Swav αwav, Lwet( 
, 1  · Pmwsec Lwet( .

(4)

While receiving energy, the relay node begins to forward
microwave energy to the power receiving node or another
relay node, and the loss of the transformer and stabilizing
circuit in the process is merged into the conversion efficiency
(ηrewes) of the electric energy to microwave energy. When the
relay node emits microwaves, the energy distributed on the
beam section at a distance of Lwet from it can be calculated by
the following formula:

Pmwsec Lwet(  � ηrewes · κ · e
−c·Lwet · P

re
wer. (5)

3.2. Modeling of Microwave Wireless Energy Transmission
Link. %e relay node in the wireless energy transmission
link can have various forms according to actual needs, such
as a power relay drone, a relay powered vehicle, or a fixed
relay platform. Figure 2 is a schematic diagram of a mi-
crowave wireless energy transmission link with power relay
drones as relay nodes; the use of power relay drones in the
wireless energy transmission link can avoid the interference
from ground obstacles. In this paper, the planning model
chooses power relay drones as relay nodes to avoid inter-
ference from ground obstacles.

Link transmission efficiency is the most important at-
tribute of a wireless energy transmission link. %e goal of
relaying energy transmission is to reduce the geometric
attenuation of microwave energy during transmission. For
any two nodes (i, j) in the link, the energy transfer efficiency
from node i to node j is calculated by the following formula:

ηi−j � κi−j · c
Li−j · ηi

wes · ηj
wer · min

S
j
wer

S
i
wav

, 1 . (6)

%e cross-sectional area Si
wav of the microwave beam

emitted by node i at node j is calculated by the following
formula:

S
i
wav αi

wav, Li−j  � π · tan
αi
wav
2

  · Li− j 

2

, (7)

where Li−j is the straight-line distance from node i to nodej.

3.3. Optimization Objectives. %e primary goal of wireless
energy transmission link construction is to maximize the
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energy transmission efficiency during the energy trans-
mission process from the power supply node to the power
receiving node, and the additional cost of adding a relay
node must also be considered. %erefore, maximizing link
energy transfer efficiency and minimizing relay cost of the
link are the optimization objectives for constructing wireless
energy transmission links.

3.3.1. Energy Transfer Efficiency of the Link. %e energy relay
transmission in the microwave wireless energy transmission
link is to reduce geometric attenuation and improve the
energy transmission efficiency of the link from the power
supply node to the power receiving node.

When there are n relay nodes in the link, the link
transmission efficiency at a certain moment is calculated as
follows:

ηlink � ηps−re Lps−re  · 
n−1

i�1
ηi
re−re L

i
re−re  · ηre−pr Lre−pr ,

(8)

where ηps−re(Lps−re), ηi
re−re(Li

re−re), and ηre−pr(Lre−pr) are the
transmission efficiency functions from the power supply
node to the nearest relay node, the ith relay node to the next
relay node, and the last relay node to the power receiving
node.

%e specific calculation method of the transmission
efficiency at energy time refers to formulae (7) and (8); A, B,
and C are, respectively, the power supply node to the nearest
relay node, the ith relay node to the next relay node, and the
microwave energy transmission distance from the last relay
node to the power receiving node. %e specific calculation
method of the transmission efficiency when energy is di-
rectly transmitted between two points refers to equations (7)
and (8). Lps−re, Li

re−re, and Lre−pr are the microwave trans-
mission distance from power supply node to the nearest
relay node, the ith relay node to the next relay node, and the
last relay node to the power receiving node, respectively.

3.3.2. Relay Cost of the Link. In energy-related network
planning, the cost of a network unit generally includes three
parts: acquisition cost, maintenance cost, and operating cost
[29]. Since the planning model in this paper is aimed at
verifying the effectiveness of relay energy transmission in the
link, only the purchase cost of the relay nodes is considered

in the optimization.When there are n relay nodes in the link,
for the relay cost Clink, there is

Clink � 
n

i�1
C

i
fmre + C

i
wer S

i
wer  , (9)

where Ci
fmre is the purchase cost of the microwave energy-

receiving equipment at the relay node and Ci
wer(Si

wer) is the
purchase cost of the microwave energy-receiving equipment
related to the energized antenna aperture Si

wer of the ith relay
node.

4. Model Solving

In the microwave wireless energy transmission link plan-
ning, it is necessary to consider the two mutually restrictive
objectives of maximizing the energy transmission efficiency
of the link and minimizing the link relay cost, which is a
typical dual-objective optimization problem. Among the
various existing multiobjective evolutionary algorithms
[30, 31], the fast nondominated sorting genetic algorithm
with elite strategy (NSGA-II) [32], as an excellent algorithm,
has been widely used in many disciplines [33, 34]; its
characteristics also fit for the experiments in this study.
%erefore, this paper uses NSGA-II to solve the wireless
energy transmission link planningmodel considering energy
relay transmission.

To achieve the continuous energy supply of the un-
manned unit at work with the relay energy transmission
link based on microwave wireless energy transmission
technology, while maximizing the transmission efficiency,
the number and location of the relay nodes in the link and
the aperture of the relay node antenna need to be opti-
mized based on the coordinates and the performance
(beam excitation angle, energy-receiving antenna aper-
ture, etc.) of the power supply node and the power re-
ceiving node.

Since the number of relay nodes in the decision variable
determines the number of coordinates of the relay nodes,
encoding the number and the coordinates of relay nodes in
the same individual will cause the chromosome length of
each individual to be different. In evolutionary calculations,
chromosomes of different lengths cannot be crossed.
%erefore, the inner layer optimization of the positions of
the relay nodes is performed separately, and the optimiza-
tion of the number and the antenna aperture of relay nodes

Power supply node

Relay node
Relay node

Receiving node

Figure 2: Schematic diagram of microwave wireless energy transmission link with multiple relays.
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are completed based on the returned optimization results
and other relevant parameters.

Figure 3 shows the solution process of the wireless
energy transmission link planningmodel considering energy
relay transmission: the solution adopts the double-layer
optimization method. %e decision variables of the outer
layer optimization are the number and the aperture of the
energy-receiving antenna of relay nodes. %e optimization
objectives are to maximize the link energy transmission
efficiency and minimize the link relay cost; the decision
variable of the inner optimization is the relay node coor-
dinates, and the optimization objective is to maximize the
link energy transmission efficiency. In solution, first, enter
the number of population individuals and the number of
optimization goals, set the value range of the decision
variables, generate the outer optimized initial population,
and set the maximum evolutionary generation. Before
calculating the objective function value, based on the
number and the antenna aperture of relays in the indi-
vidual, the inner layer optimization calculation is per-
formed on the position of each relay in the link with the
objective of maximizing the energy transmission efficiency
of the link. %en, save the coordinates of each relay node in
the obtained optimization results and use the link energy
transfer efficiency of the inner optimization result as one of
the objective values of the current individual of the outer
layer optimization; the other objective value of the outer
layer optimization (relay cost of the link) is calculated
based on the input parameters and related formulas. After
fast nondominant sorting, crowding calculation, selection,
crossover, mutation, and other operations on the initial
population, a new generation of population is obtained and
double-layer loop iterations are continuously performed
before reaching the maximum number of evolutionary
iteration. When reaching the maximum number of evo-
lutionary iteration, terminate the loop and output the
solution result.

Based on the optimization objectives, decision variables
and constraints that have been determined previously, the
dual-objective planning problem of wireless energy trans-
mission links considering energy relay transmission can be
described as follows:

(a) Outer layer optimization
Objective function:

minFobj � 1 − ηlink, Clink( . (10)

Restrictions:

Nre ≥ 0. (11)

S
re
wermin ≤ S

re
wer ≤ S

re
wermax. (12)

(b) Inner layer optimization
Objective function:

min 1 − ηlink( . (13)

Restrictions:

Xps ≤Xre ≤Xpr. (14)

Yps ≤Yre ≤Ypr. (15)

Zps ≤Zre ≤Zpr. (16)

In the previous formula, Fobj represents the objective
function including two objectives.%e decision variables Nre
and Srewer are the number of relay nodes in the link and the
aperture of the energy-receiving antenna at the relay nodes.
Srewermax and Srewermin are the upper and lower limits of the
aperture of the energy-receiving antenna at the relay nodes;
(Xps, Yps, Zps) and (Xpr, Ypr, Zpr) are the coordinates of the
power supply node and the energy-receiving node, re-
spectively. %e coordinate (Xre, Yre, Zre) of the relay node is
the decision variable for inner optimization, and its value
range must meet formulae (13)–(15).

When using NSGA-II to solve the dual-objective planning
problem of wireless energy transmission link by two-layer
iteration, set the number of individuals in the outer opti-
mization population to 50 and the maximum number of
iterations to 100; set the number of individuals in the inner
optimization population to 25, the maximum number of
iterations is floating according to the actual number of de-
cision-making variables in the inner optimization; the genetic
operators all use simulated binary crossover (SBX) and
polynomial mutation (PM); for specific parameters, refer to
related discussions in [32, 35, 36] and the actual situation in
algorithm debugging. %e coding of the chromosome in the
solution adopts real number coding. In the outer layer op-
timization, each chromosome is composed of 2 genes (de-
cision variables): [Nre | Srewer], and in the inner optimization,
each chromosome is composed of n genes (n � 3 × Nre):
[X1

re | Y1
re | Z1

re | X2
re | Y2

re | Z2
re | . . . | Xn

re | Yn
re | Zn

re].

5. Case Study

5.1. Experimental Data. To verify the effectiveness of energy
relay transmission in microwave wireless energy transmis-
sion, wireless energy transmission link optimization is
performed based on the equipment technical parameters
and cost data sorted out from related literature
[11, 12, 18, 21]. %e actual form of the relay node is an
unmanned aerial vehicle carrying energy relay transmission
equipment. %e optimization process does not consider the
occlusion caused by terrain changes or other reasons and
assumes that the atmospheric environment in the experi-
ment remains uniform and undisturbed.

Ten times of link planning was carried out in the ex-
periment, and the relative distance between the power
supply node and the power receiving node increased linearly
in each time. %e coordinate system is established with the
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power supply node as the origin. %e X-Y plane position of
the power receiving node in the 10 times of planning is
shown in Figure 4.%e related parameter settings required in
the planning are shown in Tables 1 and 2.

5.2. Experimental Results. When using the CCMO and
NSGA-II algorithms to solve the problem of wireless energy
transmission link planning by a two-layer iterative method,
firstly generate an initial population containing 50 individuals
of outer optimization and then perform 100 times of two-layer
iterative evolution. During iteration, each individual in each
generation of the outer layer optimization must complete an
inner layer optimization to calculate the value of objectives.
%e optimal Pareto fronts obtained by solving 10 times in the
experiment are displayed in colors on the same graph, as

shown in Figure 5. In the figure, the ordinate “Objective 1” is
1 − ηlink, and the abscissa “target value 2” is Clink.

It can be seen from Figure 5 that there is an obvious
negative correlation between the relay cost (Clink) and
energy transmission loss rate (1 − ηlink) of the link in the
solution results of the 10 times planning. To reduce the
energy transmission loss rate (that is, to improve the
energy transmission efficiency ηlink) of the link will in-
crease the link relay cost. In other words, a wireless energy
transmission link with higher energy transmission effi-
ciency requires a higher link relay cost; the optimal link
planning scheme will be obtained by weighing these two
optimization objectives. No planning scheme can mini-
mize the relay cost and the energy loss rate of the link at
the same time.

Start

Input parameters required to produce the first-
generation population of the outer optimization; 
set the value range of decision variables and the

maximum Times (ItMax) of evolution

 Generate the first-generation population in 
which each individual corresponds to a wireless 

energy transmission link planning scheme

Number of iterations It = 2

Individual merger of parent 
and child

Inner layer optimization: based on the number 
of relays and the aperture of the relay’s energy-

receiving antennas in the decision variables, 
optimize the position of each relay in the link 
with the objective of maximizing link energy 

transmission efficiency

Reach the 
maximum number of 

iterations ItMax?

No

End

Yes

Output solution result

Has the first generation of 
subpopulations been produced?

No

Yes

Non-dominated sorting

Selection, crossover, mutation

Generate a new parent 
population?

Nondominated sorting

It = It + 1

No

Selection, 
crossover, mutation

Congestion calculation

Choose suitable 
individuals to form a new 

parent population

Yes

Calculate the objective value corresponding to 
each individual in the population

Inner layer 
optimization

Calculate the objective value 
corresponding to each 

individual in the population

Figure 3: %e solution process of the wireless energy transmission link planning model considering energy relay transmission.
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In the optimal Pareto set obtained after 100 iterations,
the number of nondominated candidate solutions is 50, that
is, 50 nondominated dynamic wireless energy transmission
link planning schemes are finally obtained (the same in Link
Planning 1, 50 schemes have been obtained, but many
schemes have similar target values and are not easy to
distinguish on the graph).%ese schemes are all theoretically
optimal schemes, and decision-makers can choose the most
suitable planning scheme according to their preferences. In
terms of scheme selection, many methods can be used to
assist decision-makers in making decisions [37–39]. For
example, when a decision-maker uses the expectation level
method [40] to choose a solution, he can specify that a
certain expectation value needs to be achieved on a certain
objective and then choose the solution that can achieve this
expectation value while performing the best on another
objective.

Besides, Figure 5 shows that, when the distance between
the power supply node and the power receiving node in-
creases linearly, the maximum energy transmission effi-
ciency that the link can achieve decreases exponentially.%is

is because the relay node added to the link can only reduce
the geometric attenuation in the microwave wireless energy
transmission but cannot reduce the atmospheric attenuation
in the energy transmission process, so the highest energy
transmission efficiency that the link can achieve is mainly
affected by the transmission process. %e influence of at-
mospheric attenuation is reflected in the linear increase of
the energy transmission distance, and the maximum energy
transmission efficiency decays exponentially.

Another feature presented in Figure 5 is that the Pareto
front obtained by the solution shows a linear negative cor-
relation when the link relay cost is small and shows a non-
linear negative correlation when the link relay cost is high.

%e Pareto front obtained from the sixth solution is
selected to further analyze this feature. %e Pareto front
obtained by the sixth solution is shown in Figure 6; the 10
schemes uniformly drawn from the Pareto front obtained by
the sixth solution are shown in Table 3. %e target value in
the table has converted the energy transmission loss rate
(1 − ηlink) into the average link energy transmission effi-
ciency ηlink of the link, and the schemes in the table are
arranged in ascending order according to the value of ηlink.

It can be seen from Figure 6 that the objective values
show a linear negative correlation in the x-axis coordinates
(0, 290,000) and (420,000, 550,000). %is is because the
schemes add the same number of relays in the link (Table 3,
schemes 2–4, 5, and 6), and the geometric attenuation
during energy transmission decreases linearly with the in-
crease of the antenna aperture mounted on the relay node.

%e Pareto front has a gap between the intervals (0,
290,000) and (420,000, 550,000). %is is because the scheme
in the (420,000, 550,000) interval adds 1 relay node com-
pared with the scheme in the (0, 290,000) interval, and the
high single unit cost (29999CNY) of the relay node causes
this gap on the front. When the front edge is in (550,000,
830,000), the two objective values show a distinct nonlinear
negative correlation. %is is because there are many relay
nodes in the link on this part of the front, and the geometric
attenuation in the wireless energy transmission process is
already very small; further increasing the aperture of the
energy-receiving antenna of the relay node has a reduced
effect on reducing geometric attenuation. %e sudden
change of the slope in the middle of this part of the front is
because the number of relay nodes on both sides of the slope
sudden change point has changed. In general, the shape of
the Pareto front obtained by the solution is in line with
theoretical expectations and the two-layer iterative solution
has found the optimal Pareto front.

In Table 3, the energy transmission efficiency of the link is
generally low due to the long distance between the power
supply node and the power receiving node (12 kilometers).
Scheme 1 does not add a relay node to the link. At this time,
although the link relay cost is 0, the energy transmission
efficiency of the link is only 0.057%. Wireless energy trans-
mission with such a low energy transmission efficiency will
result in huge energy waste, and this scheme is not feasible in
practical applications. In contrast, scheme 4 only adds a re-
peater to the link (the energy-receiving antenna aperture is
19m2), which makes the energy transfer efficiency increasing
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Figure 4: %e position of the receiving node in the 10 times of
optimization.

Table 1: Experimental equipment parameters.

ηpswes 0.80
ηrewes 0.90
ηprwer 0.95
ηrewer 0.95
αpswav(rad) 9.81× 10−4

αrewav(rad) 9.81× 10−4

c 1.01× 10−3

κ 0.95
Sprwer (m

2) 1
Zps (m) 0
Zpr (m) 500
Srewermax (m2) 30
Srewermin (m2) 0
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by about 15 times compared with scheme 1 (to 0.86%). Of
course, the energy transfer efficiency of 0.86% also has lower
practical feasibility, but the huge improvement of scheme 4
compared with scheme 1 fully shows that adding a suitable
number of relay nodes to the link can effectively improve the
average energy transmission efficiency of the link.

After the previous in-depth analysis of the optimal
Pareto frontier obtained by the solution, the optimal Pareto
solution is generally in line with the expected solution result
based on the input data information and model constraints.
%e solution scheme shows a good optimization effect, and
the effectiveness of the wireless energy transmission link
multiobjective planning model in this paper has been ver-
ified; energy relay transmission in the microwave wireless
energy transmission link in this paper can effectively im-
prove the energy transmission efficiency of the link. Deci-
sion-makers can weigh the energy transfer efficiency
requirements and economic cost budgets to choose a suit-
able scheme on the optimal Pareto frontier.

6. Conclusion

Aiming at the problem of realizing wireless power supply for
unmanned units at work based on the current wireless energy
transmission technology level and improving the energy
transmission efficiency as much as possible, this paper pro-
poses an energy supply method based on microwave wireless
energy transmission technology, which transmits microwave
energy from the power supply node to the power receiving
node through a certain number of relay nodes.

Table 2: Equipment cost parameters.
Relay node purchase cost (CNY) 29999
Cost of the energy-receiving antenna and related rectifier equipment (CNY/m2) 10400
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Figure 5: %e optimal Pareto front obtained by solving 10 times.
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Figure 6: %e Pareto front obtained by link planning 6.

Table 3: %e Pareto solution of link planning 6.

Serial number
Decision variable Objective value
Nre Srewer (m

2) ηlink (%) Clink (CNY)

1 0 0 0.057547 0
2 1 4.5 0.204328 76799
3 1 12 0.544805 154799
4 1 19 0.862794 227599
5 2 17.5 1.123708 423998
6 2 21.5 1.519537 507198
7 5 8 1.811696 565995
8 4 13.5 2.777558 681596
9 3 23.5 4.051886 823197
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First, the paper analyzes the characteristics of several
types of currently more mature wireless energy transmission
technologies and concludes that microwave wireless energy
transmission is the most suitable way in the current ap-
plication context. %en, under the condition that the re-
ceiving antenna aperture of the receiving node is fixed, the
feasibility of effectively reducing the geometric attenuation
in long-distance microwave wireless energy transmission by
relaying microwave energy is discussed; the planning model
of microwave wireless energy transmission link considering
energy relay transmission is established and solved. Finally,
an experiment was designed to verify the important role of
microwave energy relay transmission in reducing the geo-
metric attenuation in the process of microwave wireless
energy transmission.

%e geometric attenuation of microwave wireless
energy transmission increases sharply with the increase of
the energy transmission distance. When the divergence
angle of the microwave excitation at the power supply
node is constant and the antenna aperture of the power
receiving node is limited, adding an appropriate number
of relay nodes between the power supply node and the
power receiving node of long-distance microwave wireless
energy transmission can effectively reduce the geometric
attenuation during transmission. When the number and
the receiving antenna aperture of relay nodes are optimal,
the effect of nearly completely avoiding geometric at-
tenuation during transmission can be achieved at a lower
additional cost, and the transmission efficiency from the
power supply node to the receiving node can be
maximized.

Besides, because the relay nodes can be deployed flexibly,
the power supply node can also use microwave energy relay
transmission to transmit energy to the power receiving node
which is blocked by obstacles during point-to-point linear
transmission. %ese characteristics reflect the feasibility of
providing continuous energy supply to unmanned units in
operation based on the current microwave wireless energy
transmission technology, and the value of microwave energy
relays transmission in practical applications.

%e follow-up research will further enrich the planning
model of microwave wireless energy transmission links
based on the existing microwave wireless energy trans-
mission technology and the idea of relay energy transmis-
sion. %e research results of this paper can provide
theoretical support for the subsequent theoretical research
and engineering design of medium/long-distance wireless
energy transmission links and wireless energy transmission
networks.
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