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Abstract. Unmanned Aerial Vehicles (UAVs) have been extensively applied to various
applications, such as military aircraft exploration, image transmission for dangerous terrain,
relief of disaster. In general, civil UAVs utilize satellite, Global Positioning System, Wi-Fi or
the third generation of mobile telecommunications (3G) for data transmission. However, the
transmission range of above-mentioned communication technologies limits the flight route of
civil UAVs. In this paper, we utilize 3G communication networks for data transmission of civil
UAVs. We proposed the multi-objective Genetic algorithm (MOGA) to maximize received
signal strength and minimize the path length of flight route. In our simulation-based analysis, the
proposed MOGA is superior to the previous proposed signal-greedy and path-greedy algorithms.
The simulation results show that the proposed MOGA yields the 1.32 and 3.22 times better
signal quality compared to signal-greedy and path-greedy algorithms.

Keywords: 3G, civil unmanned aerial vehicle, genetic algorithm, multi-objective optimization,
path planning

1 Introduction

An Unmanned Aerial Vehicle (UAV) [1] is an aircraft without any pilot in the vehicle. It is simply
controlled by ground crew, control tower and navigation system [2] to pilot vehicle automatically.
According to functionalities and features, the taxonomy of UAV can be roughly classified into 6
categories, which are attacking on target, terrain exploration [3], air battle and combat, logistics, research
and development for civil [4] and commercial purposes. UAV has been widely applied to a great quantity
of applications, such as battlefield, disaster field, and civil usage. In the U.S., the well-developed global
satellites and ground stations benefit the communication capability for civil UAVs. UAVs not only go on
flight missions but also transmit real-time image and data to ground stations. Unlike using the satellite
communication in the U.S., UAV transmits its exploration data based on fixed ground wireless
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transceiver in Taiwan. Therefore, telemetry and exploration are restricted to the communication coverage
of transceiver.

In order to solve the expensive satellite transmission and unsatisfied communication coverage, we
investigate the path planning problem of civil UAV by using the third generation of mobile
communication (3G) networks in this paper. The base stations (BSs) of 3G networks are well constructed
and deployed. Once the flight route is covered by the signal coverage of BS, remote controllers are able
to receive information from UAV. Civil UAVs using 3G networks not only extends flight range but also
economize construction cost without deploying new infrastructures. However, the inherent coverage hole
problem [5] exists in mobile communications. Therefore, we proposed a multi-objective Genetic
algorithm (MOGA) for civil UAV path planning using 3G networks.

The remainder of the paper is organized as follows. In section II, background and related technologies
are introduced, such as UAVs, civil UAVs, 3G communications, and path planning algorithms. Moreover,
the relevant works of civil UAV path planning are also discussed. Section III presents the proposed
mechanism, which includes system architecture, flight scenario, path planning with 3G networks, and the
proposed MOGA. A path planning case and simulation results are illustrated and analyzed in section I'V.
Conclusion and future work are given in section V.

2 Background and Related Works

2.1 UAV and Civil UAV

A UAYV as well as a drone stands for a craft or vehicle without any human pilot. It utilizes ground crew
and station control or navigation system to simply locate and conduct self-flying. Civil UAVs are
different to military UAVs, which are widely applied to some risk and dangerous missions, such as
exploration of volcano mountain, avalanche, mudflow and landslide, observation of meteorology and
monitoring of gas pipelines [6]. Military UAVs are financed by the military and national defense
expenditure. Military UAVs transmit collected information and data by utilizing satellite communication.
Civil UAVs are supported by some companies, enterprises and forums. Civil UAVs usually use radio
frequency transceivers to replace expensive satellite communication. Nevertheless, civil UAVs are
suffered from the communication range of wireless transceivers.

2.2 Third Generation of Mobile Telecommunications

The 3G standard is defined by International Telecommunication Union (ITU) and complied with
International Mobile Telecommunications-2000 (IMT-2000) specifications. The high data rate mobile
communication technologies are provided with voice call, packet data, multimedia applications and
instant messaging services. Several well-known technologies are included in 3G standard, such as
CDMAZ2000 (C2K), Wideband Code Division Multiple Access (W-CDMA), Time Division Synchronous
Code Division Multiple Access (TD-SCDMA) and Worldwide Interoperability for Microwave Access
(WIMAX). IMT-2000 defines that the specification of 3G satisfies 144 and 384 kbps data rate for high
and low speed vehicular environment, and 2Mbps for fixed environment. Soft handover technique
achieves continuous signal when user leaves its serving BS and approaches target BS. The most valuable
improvement is the high-speed data rate in terms of downlink capability.

2.3 Path Planning Algorithms

There are various existing algorithms for path planning, such as Dijkstra’s algorithm [7], geographical
routing algorithm [8], clustering approach [9], particle swarm optimization [10], and A Star search
algorithm [11]. A greedy algorithm always selects the best choice in terms of its object at each step and
leads to its optimal results, but it may fall into local optimum solution which is shown as Fig. 1 (a). In the
example, the value of node represents its payoff. A greedy algorithm chooses the right child in first step
because of the bigger payoff. Then, it will choose the right child at second step. As a result, it does not
acquire the optimal payoff. The correct solution of this example should be operated as Fig. 1 (b). The
global optimum payoff is 100 rather than 24. The node should choose the left child in first step. Then it
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selects the left child whose payoff is 100 at second step. It can be observed that a greedy algorithm may
fall into a local optimum solution.

©
@ (@

(a) Local optimum (b) Global optimum

Fig. 1. Local optimum and global optimum solutions

The A Star (or simply A* throughout this paper) search algorithm improves the Dijkstra’s algorithm
on computation complexity. It adopts the principle of searching optimal solution to form a search tree
diagram. A* algorithm uses heuristic evaluation function to calculate the costs of each neighboring node,
which is evaluated as

F(n)=G(n)+H(n), 1)

where G(n) is the minimum cost from source node S to current node N. The function H(n) is the
minimum cost from current node N to destination node D. It maintains an open list array and a close list
array. The possible intermediate nodes of current node NV are recorded in the open list array, and traveled
nodes are recorded in the close list array. It does not check traveled nodes herein. The operation concept
of an A* algorithm is described as follows. Firstly, the positions of source node S and destination node D
are known. Then, the neighbor nodes of source node § are recorded in the open list array. According to
the equation (1), it calculates the heuristic evaluation function F(n) of its neighbor nodes. Lastly, A*
algorithm selects the minimum F(#n) as next current node N’ from the open list array, until it reaches the
destination node D.

2.4 Related Works of Path Planning for UAV

In order to complete missions faultlessly, UAV needs a well-designed flight route. Path planning is vital
to both of military UAVs and civil UAVs. The existing and relevant works to UAV path planning are
discussed and compared. In [12], UAVs are teamed up to transmit data information with 3G networks.
Authors in [13] utilized the BSs of 3G to communicate with ground crew. Authors in [14] designed an
enhanced A* algorithm to plan the flight route of UAV and to avoid the military equipment of the air
force. Since UAVs are unable to change flight direction sharply under high mobility, the authors shrink
solution space by deleting the impossible flight directions. In addition, the authors consider the fuel of
UAV for path planning. The real flight environment of UAV is a three-dimensional (3D) space.
Therefore, authors in [15] proposed a 3D path planning approach based on A* algorithm. Authors in [16]
proposed a mechanism named Virtual Force (VF) to dynamically avoid obstacles and overcome the static
defect of A* algorithm. Authors in [17] proposed a 3D offline path planning for UAVs based on multi-
objective evolutionary algorithm (MOEA), which is different to the dynamic environment in this work.
Authors in [18] investigated the path planning problem of UAV and proposed the immune GA. The
proposed immune GA integrates immune algorithm and GA. However, we consider multiple objects and
use 3G communication networks for civil UAV in this work. In [19] and [20], the static path planning is
different to the dynamic path planning in this work. Moreover, an additional mobile robot is needed in
their framework. In [21], the path-greedy and signal-greedy algorithms have been proposed to plan the
flight route of civil UAVs. Both of them are able to plan a flight route with 3G communication for civil
UAVs instantly. However, the greedy approaches may result in the longer flight path or the worse signal
strength. In this paper, we proposed MOGA to optimize both of signal strength and path length for civil
UAVs using 3G communication networks. The comparison of existing literatures on UAV path planning
is shown in Table 1.
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Table 1. Comparison of existing literatures.

Papers Communication Path Planning Environment Number of UAVs
[12] 3G None Only 3G BS More than one
[13] 3G None Only 3G BS One
[14] Satellite Enhanced A* algorithm Static 3D One
[15] Satellite A* algorithm Static 3D One
[16] Satellite A* algorithm with VF Dynamic 3D One
[17] Satellite MOEA Dynamic 3D One
[18] Satellite Immune GA Static 3D One

[19]120] None MOGA Static 3D One Robot
[21] 3G A* with greedy approach Dynamic 3D One
Proposed method 3G MOGA Dynamic 3D One

3 Proposed Mechanism

3.1 System Architecture

In this paper, we propose the MOGA for civil UAV path planning using 3G communication networks.
The received signal strength of BS is considered as the planning metric of flight route. The continuous
signal provides uninterrupted data communication for UAVs. The designed system architecture is shown
as Fig. 2. A UAV seeks to find out good signal along its flight path, so that it is able to transmit the
collected data to ground crew. The planned flight path is distant from the BS with bad signal.

,).§ N
E&

Bad signal

) Flight Path
Base Stations

»

Good Signal
@ Good Signal Ltk

Good Signal

Remote Computer

Fig. 2. The designed system architecture of civil UAVs
3.2 Flight Scenario

In order to strengthen and stabilize signal quality, the distance between unmanned aircraft with BSs must
be as close as possible. However, the excessively close distance may cause air crash. Therefore, we
define a safe flight altitude to prevent collisions. The designed flight scenario is capture in Fig. 3. If an
obstacle is higher than the flight plane which means that it exceeds safe flight altitude, UAV must climb
up or bypass the obstacle for preventing collisions. After that, it descends and approaches the safe flight
altitude.

Change of
Flight Altitude
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Fig. 3. The designed flight scenario of civil UAVs
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3.3 Path Planning with 3G Communication Networks

We expect to find out the optimal flight route with the best signal strength and shorter path length.
Without loss generality, the shorter distance between UAV and BS leads to stronger signal strength. We
refer to the link budget definition from the Telecom Technology Center in Taiwan [22][23], and
formulate it to evaluate the link budget of UAV. The free space path loss (FSPL) in dB is shown as
equation (2). The detailed variables are given as follows. The variable A represents wavelength in meter
and the variable f'is frequency in hertz. The variable d represents the distance between UAV and BS, and
the unit is meter herein. The variable c is the velocity of light, and the unit is meters per second.

2
FSPL = 1010g([#) ]

= 20log(ﬂj
n c ,, n ?2)
= ZZOlog(d(i))+Z2Olog(f)+z2010g(4—”j
i=1 i=1 i=1 ¢
n 5 2 2 2 - 4
= ZzOIOg(\/(XUAV _XBS, ) + (YUAV N YBS, ) +(ZUAV - ZBS, ) j"‘ Z20log(f)+ ZZOIOg(Tﬂj
i=l1 i=1 i=1
The distance of flight path is calculated by equation (3).
n-1
Pathzz\/(x[—x;_l)z +(yi —Yia )2+(Zi _Zi—1)2 (3)
i=0

3.4 Multi-Objective Genetic Algorithm

In this paper, the MOGA for civil UAV path planning using 3G communication networks is proposed.
The designed operations of proposed GA include encoding, crossover, and mutation operations. Besides,
the fitness function of GA is also defined and formulated. In order to apply the evolutionary process of
GA to path planning for civil UAV, we formulate a possible flight route as a chromosome. An example
of path planning for civil UAV is captured in Fig. 4. An example of planned network topology is
transformed as Fig. 4 (a). Each point is regarded as a substring of chromosome. A potential flight path of
the example is captured in Fig. 4 (b), where red points present unavailable terrains and dark grey points
stand for flight route. Note that red points are unable to be a substring of chromosome during encoding
operation, because they are unavailable terrains. We formulate dark grey points as a chromosome as well
as a flight route, which is illustrated with Fig. 5.

(a) Planned network (b) Flight route

Fig. 4. An example of flight path planning
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Chromosome

1 2 3 8 12 16

Fig. 5. lllustration of the designed chromosome

Each chromosome has its fitness value for deciding the superiority of an offspring in evolution process.
Herein, the fitness value of chromosome is formulated and explained. In the proposed MOGA, both of
path cost and signal strength of a flight route are considered. The fitness value of a chromosome is
calculated as

Fitness value = & *(Path Cost) + /3 *(Signal Strength). 4)

a+p=1. (5)

However, the weight of path cost and signal strength is different. In order to keep the fairness of these
two objects, we formalize the equation of fitness value as

> W (1)

Z Path,,, (l) —Path_, W .
Fitness value = o *| = +p* : . (6)
Pathmax - Pathmin Wmax - Wmin

The function Path,,, (z) represents the flight distance from point i —1 to point i. The variable Path,_,_
is the maximum distance of flight path, and the variable Path_, is the minimum distance of flight path.

The function W, ,, ( i ) represents the received signal power at point i. The variables W, and W,

min are
the maximum and minimum signal power, which are located in the center and at the edge of a BS. Note
that the communication radius of BS is 3km.

In initial stage, some available flight paths are encoded as chromosomes and put into mating pool.
Then, two chromosomes are selected to crossover for better offspring. In the selection mechanism of
proposed GA, we utilize the tournament selection approach to choose two best chromosomes from
mating pool according to their fitness values. After that, one point crossover operation is executed.
Because each chromosome implies an available flight path, an offspring may be unavailable if there is no
limitation in crossover operation. Therefore, the one point crossover must be executed on the same
substring of two chromosomes. The designed crossover operation is illustrated with Fig. 6. For instance,
chromosomes A and B have the same substring 2, which means that both of these two flight paths pass
through the point 2. Then chromosome A and chromosome B exchange their substrings in front of and in
back of substring 2. The designed crossover operation guarantees that the offspring 1 and offspring 2 are
two available flight routes. After crossover operation, the offspring with better fitness value should be
selected and put into group pool for improving the performance of flight path.

The mutation operation is designed for preventing local optimum solutions and also for increasing the
diversity of offspring. The designed mutation operation is illustrated with Fig. 7. The one point mutation
approach is applied to the designed mutation operation. To avoid acquiring an unavailable flight route,
the mutation operation is restricted to an available path between the previous point and next point. For
example, mutation point is executed at the substring 2 of chromosome A. The mutation result of
offspring is limited to a potential flight route between point 1 and point 3. In this case, the substring 2 of
chromosome A is mutated to point 6 and point 7, which is an available flight route between point 1 and
point 3. After mutation operation, the fitness value of offspring should be examined whether its fitness
value is better than the parent chromosomes or not. If the fitness value is better, it will be put into group
pool as a candidate flight route.
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Offspring 2 I- 3 S i b e

Fig. 6. Illustration of the designed crossover operation

A 1 3 8 12 16

Mutation Operation

Offspring 1 6 i 3 8 12 16

Fig. 7. lllustration of the designed mutation operation.

After encoding, selection, crossover and mutation operations, the designed GA is terminated when it
reaches the pre-defined generation number or the fitness value of offspring is unchanged after several
generations. Then, the offspring with the best fitness value is regarded as the optimal result of path
planning. Therefore, the civil UAV is able to obtain the optimal flight route regarding to the path cost and
signal strength.

4 Simulation and Analysis

4.1 Path Planning Case

Simulation result is performed with MATLAB [24]. The planned map size is the square of 25 kilometers.
The coordinate axis of source point S is (1,1), and the destination point D is in the coordinate position
(20,20). There are 13 BSs and their center coordinate position are (4,4), (5,11), (5,16), (6,6), (10,4),
(13,2), (14,16), (15,6), (16,2), (18,11), (18,16), (19,2) and (19,6) respectively. The planned network
topology is captured in Fig. 8. The communication radius of each BS is 3 km. There are two mountains
where are located at (6,6) and (15,5), and their vertical height are 1.8 and 2.2 km respectively. In the
equation of link budget, the wavelength is 1821.5 (MHz) and the speed of light is 2.99792458x10% (m/s).

Road Map
25 T

20 End Point

Kilometer

0.StartPoint' ] i -‘ ) < |_‘ .- .. —
0 5 10 15 20 25
Kilometer

Fig. 8. Network topology of path planning case
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The proposed MOGA is compared with the path-greedy and signal-greedy approaches in 0. Path
planning results are captured in Fig. 9. It can be observed that the UAV of path-greedy algorithm almost
straight flies from source point to destination point. Therefore, the flight route of path-greedy is the
shortest. However, the UAV of path-greedy algorithm will pass through the middle area of this network
topology, which is not covered by 3G communication signal. On the other hand, it can be observed that
the UAV of signal-greedy flies based on 3G signal quality. Thereby, it results in the longest flight route.
Unlike two greedy-based algorithms, the designed MOGA acquires the optimal flight route through
evolution process. It can be observed that the MOGA not only shortens flight length but also achieves
continuous data transmission compared to path-greedy and signal-greedy respectively.

Road Map

25
Greedy - Path
Greedy - signal
MOGA

20} ‘End Point
4
v

_’,(/

Kilometer

o Start Point | N Y A
0 5 10 15 20 25
Kilometer

Fig. 9. Flight route of three algorithms.

The planning results of two greedy-based algorithms and the proposed MOGA are compared in Table
2. Although the path length of proposed MOGA is slightly longer than the path-greedy algorithm, it
achieves obviously better signal strength. Moreover, the path length of proposed MOGA is significantly
shorter than the signal-greedy algorithm, and also achieves slightly better signal strength. The signal
quality of proposed MOGA is 1.32 and 3.22 times relatively better than signal-greedy and path-greedy.

Table 2. Comparison of path planning results.

Algorithm Path Length Power / Distance
Path-greedy 27.2 (KM) 0.9 (mW)
Signal-greedy 42.6 (KM) 2.2 (mW)
MOGA 32.1 (KM) 2.9 (mW)

4.2 Simulation Results

In simulation results, the performance of flight route is investigated and evaluated. In order to balance
two objects, the weighted ratio of signal strength and path length is studied firstly. The signal cost and
path cost versus weighted ratio of path to signal is captured in Fig. 10. Note that the crossing of signal
curve and path curve represents the minimum cost of two objects. It can be observed that the minimum
total cost is acquired when the weights of path length and signal strength are set to 0.37 and 0.63.
Therefore, we set the variables a and £ of equation 6 to 0.37 and 0.63 in following simulations.
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Fig. 10. Weight of path length and signal strength

The signal strength of three algorithms is captured in Fig. 11. The civil UAV starts its flight route from
the coordinate point (1,1), so that there is no communication signal in the beginning. First of all, the
received signal strength of civil UAV raises and falls because it approaches and leaves 3G BSs. It can be
observed that the path-greedy algorithm achieves the shortest flight length and the signal-greedy
algorithm results in the longest flight route. The proposed MOGA plans the shorter and longer flight
route compared to the signal-greedy and path-greedy algorithms. In addition, the MOGA achieves the
best signal quality during its flight router. It can be observed that the signal strength of three algorithms
increases during flight path 3 to 7 km, because all of them fly the same route with the same signal
strength in this section of flight route. However, the path-greedy algorithm loses communication signal
from 12 km to 18 km of its flight route. It sacrifices signal strength for the shortest flight path. Both of
signal-greedy and proposed MOGA sustain better signal strength around -100 to -40 dB during their
flight routes. Moreover, the proposed MOGA yields the higher signal strength than the signal-greedy
algorithm.

Greedy - Path
Greedy - signal
‘ l — — MOGA

a
=

& La
= =

'
L
=

Signal §trength (dB)
da
=

.
=)
=

myIeLY

-110 F

10 20 30 10 50 60
Flight Path Length (KM)

Fig. 11. Received signal strength during flight route
The average of signal quality during flight route is captured in Fig. 12. In the beginning of their flight
routes, all algorithms achieve the similar average level of signal strength. It is attributed to the well

coverage of 3G BSs from 0 to 5 km. After that, the average of signal quality decreases due to handover
operation. It can be observed that the path-greedy algorithm receives the worst signal quality compared to
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the proposed MOGA and signal-greedy algorithm. On the other hand, the proposed MOGA and signal-
greedy algorithm yield the similar average level of signal quality. However, the proposed MOGA is
superior to signal-greedy algorithm with slightly better average of signal quality and significantly shorter
flight length. In summary, the path planning result of proposed MOGA vyields the best signal quality and
the shorter flight route compared to signal-greedy and path-greedy algorithms.

43
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Fig. 12. Average signal quality of flight route
5 Conclusion and Future Work

In order to economize the expensive satellite communication, existing 3G communication networks are
utilized to accomplish the data transmission of civil UAV in this paper. The proposed path planning
approach with 3G communication networks not only avoids terrain obstacles but also considers
communication quality. In addition, we have proposed a multi-objective Genetic algorithm to optimize
the trade-off problem of path planning. The signal strength of 3G base stations and the path length of
flight route are considered. Simulation results showed that the proposed MOGA yields the best signal
strength and shorter path length compared to the signal-greedy and path-greedy algorithms. It not merely
maximizes signal strength but minimizes the path length of flight route. In the future, we intend to
consider more objects of path planning for civil UAVs and try to realize the proposed approach to
realistic civil UAV environments.
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