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Abstract—At present, the development and exploration of the
ocean are blossoming, but the maritime communication coverage
still remains limited. By deploying unmanned aerial vehicle (UAV)
mounted relay nodes between shore base stations and vessel
users, the off-shore communication coverage and transmission
efficiency can be substantially enhanced. Considering the specific
transmission characteristics of air-sea and of air-shore channels
and time-varying traffic of maritime information services, we
formulate a minimum-maximization optimization problem of link
capacity, where both the deployment of UAV-mounted relay node
and the configuration of communication resources are optimized.
To address this non-convex problem, we propose a particle
swarm based algorithm, which is capable of three-dimensional
position, antenna direction and time slot allocation scheme
joint optimization. The simulation results demonstrate the high
efficiency and reliability of our proposed algorithm in diverse off-
shore relay scenarios with different coastal environments, vessel
distributions and network traffic.

Index Terms—UAY, off-shore relay communications, optimal
deployment, resource configuration, particle swarm optimization.

I. INTRODUCTION

In recent years, the development and exploration have
attracted increasing attention from the world. A wide-area and
high-rate maritime information coverage undoubtedly becomes
a critical supporting condition for marine industries. According
to statistics, most vessels sail within 50 kilometers from the
coast. However, the terrestrial mobile communication base
stations only cover a few kilometers, making most of the off-
shore vessel users cannot access the terrestrial network directly
[1]. At present, the airborne relay base stations represented by
UAVs are widely applied for flexible deployment, low cost and
wide coverage [2]. On the one hand, the UAVs can be freely
deployed in three-dimensional (3D) space, which can adapt to
the mobility of users and improve the flexibility of network
configuration. On the other hand, the communication link from
air to ground or sea surface is conducive to avoiding obstacles
and establishing the line-of-sight (LoS) communication link,
reducing the loss and achieving higher capacity and lower
power consumption. Therefore, deploying the UAV relay node
between the shore base station and vessel users and estab-
lishing an off-shore relay communication system becomes a
feasible way to provide high-rate and low-cost information
service for a majority of off-shore vessel users.

Nowadays, growing attention has been paid to the deploy-
ment and configuration problem of relay nodes. The main

research fields include energy, reliability and delay aware dy-
namic resource allocation and optimization. Specifically, Fang
et al. [3] investigated a multi-AUV assisted heterogeneous
underwater information collection scheme for the optimization
of age of information (Aol). Hou et al. [4] introduced both
partial computation offloading and reliable task allocation
with a reprocessing mechanism to Internet of Vehicles (IoV).
Xue et al. [5] studied the joint 3D position and transmission
power optimization problem to maximize the network capac-
ity. Wang et al. [6] investigated the secure communication rate
maximization problem under interference and eavesdropping.
Moreover, a pair of joint trajectory planning and transmission
power control methods are proposed by Zeng et al. [7] and
Zhang et al. [8] to maximize the throughput and reliability of
the relay system, respectively. In [9], Chen et al. investigated
the optimal height of UAV relay nodes under different network
reliability metrics.

However, these works are mainly focused on terrestrial
relay systems, while the designing of off-shore relay system
faces more challenges [10]. Firstly, due to the complicated
off-shore environment, wireless communication is interfered
by obstacles on the shore as well as the reflection of sea
surface. Hence, we have to discuss and model the air-ground
and air-surface links respectively and ensure the reliability of
two links. In addition, the position of vessels always changes
and their distributions are also diverse, so it is necessary to
consider the efficiency of UAV deployment and the fairness
of the users’ quality of service (QoS). Finally, the uplink
and downlink traffic of maritime communication is time-
varying. For example, the multimedia service often needs a
lot of communication resources allocated to the downlink,
while the monitoring video needs many uplink communication
resources. Hence, the channel resources need to be flexibly
allocated on demand. Therefore, we aim to improve the
transmission capacity based QoS of the relay system, by
optimizing both the on-demand UAV relay node deployment
and communication resource configuration [11]. The original
contributions of this paper can be summarized as follows:

¢ An on-demand UAV deployment and configuration model
is constituted for off-shore relay communications. Based
on this model, we formulate a minimum-maximization
optimization problem of link capacity to strike a balance
between the transmission efficiency and service fairness.



« To solve the non-convex problem formulated, we conceive
a particle swarm based algorithm for UAV 3D position,
antenna direction and time slot allocation joint optimization
for adapting the time-varying locations of vessels and the
fluctuating network traffic.

o We evaluate our proposed algorithm in diverse off-shore
relay scenarios associated with different coastal environ-
ments, vessel distributions and network traffic. Extensive
simulation results verify its high efficiency and reliability.

The remaining content is arranged as follows. We introduce
our off-shore relay system model and the problem formulation
in Section II. Section III provides the heuristic joint optimiza-
tion algorithm to realize efficient on-demand deployment and
configuration of the UAV relay node. Simulation results based
on different off-shore relay scenarios are shown in Section IV,
followed by our conclusions in Section V.

II. SYSTEM MODEL
A. Overview

As shown in Fig. 1, we consider an off-shore relay system
associated with a shore base station (BS), a UAV relay node,
and N vessels. The coordinate of the BS and N maritime vessel
users are (0,0), (xp1,Ym1),- .-, (Xpn,Yun), Where we ignore
the height of the base station and ship-borne antennas. While
the 3D coordinate of the UAV is (xy,yy,hy). The relay system
operates in a time division duplex (TDD) forwarding mode.
Concretely, it only supports one-way forwarding transmission
for one single user at each time slot, and the uplink and down-
link transmission of a link share the same frequency resource.
The carrier frequency and bandwidth of the BS-UAV link
and the UAV-vessel links are fi, By and f,, By, respectively,
where all the transmission between the UAV and N vessels
also share the same frequency resource. Moreover, the UAV
is equipped with two independent directional antennas for the
communication with the BS and the vessels, respectively. For
the UAV-vessel links, we use 6; to represent the deflection
angle between the UAV antenna direction and the ray from
UAV to vessel i, while (x4,ys) is the intersection of UAV
antenna direction and sea surface. The antenna transmitting
power of BS, UAV to BS, UAV to vessels, and vessels are pp,
pul, puz and pu,..., pun, respectively. Besides, since the
uplink and downlink traffic of vessel users are unbalanced, we
use &; € [0,1] to denote the ratio between uplink traffic and
all traffic of vessel user 7, and let { = [{],...,{y]. Similarly,
A=[A,...,Ay] and Y= [¥1,..., ] are used to represent the
time slot allocation scheme in this TDD system. Specifically,
A; represents the ratio between the time slots allocated to vessel
i and all time slots, and Y | A; = 1. While % € [0,1] is the
ratio between the uplink time slots and all time slots allocated
to vessel i.

B. Channel Model

Let us continue by elaborating on the channel model from
the perspectives of BS-UAV and UAV-vessel links respectively.
Firstly, for the communication between the BS and the UAYV,
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Fig. 1. UAV aided oft-shore relay system.

considering the terrestrial obstacles around the shore BS, we
adopt a Bernoulli model [12] to describe the path loss. The
probability of constructing a LoS link is:

1
" ltaexp{-b(y—a)}’
where a and b are environment parameters. Y (°) is the
elevation angle between the link and ground surface, i.e.,

vy = arcsin (hy /dy) . (2)

PLos(v) (1)

where d; = 4 /x%, + y%] + h%, is the Euclidean distance between

the BS and the UAV, and the probability of non-line-of-sight
(NLoS) link equals Pnpos (W) =1 —PLos (). The path loss of
the LoS and NLoS links are expressed by:

PL1os(d1, fi) =FSPL(d1, f1) + NLos, (3)
PLNLos(d1, f1) = FSPL(d\1, f1) + NNLos 4)

respectively, where FSPL(d, f) is the free space path loss (dB)
under distance d (km) and frequency f (MHz), i.e.,

FSPL(d, f) = 20log,gd +20log,o f +32.44,  (5)

while M o5 and 7MNLos are the extra loss of LoS link and NLoS
link respectively related to shore environments [13]. Hence the
expected loss of the UAV-BS link is represented by:

PL,(d1, fi) = FSPL(d1, f1) + PLos (W) TLos + PNLos (W) TINLos -

(6)
Therefore, the channel capacity (bits/s) of BS-to-UAV and
UAV-to-BS links are:

Cpu = Bilogy(1+g1p5/0?), (7)

Cug = Bilogy(1+g1pu1/0?), (3)
respectively, where the channel gain g; = 107 Li/10 and 62 is
the variance of additive white Gaussian noise (AWGN).

Then, for the communication between the UAV and ves-
sels, there are some empirical path loss models that can be



adopted [14]. The path loss of the transmission between air
and sea surface can be described by:

PLy; = 10nlogo(d2i) + Mm (f2) +Ma(6:). )

Specifically, the first two items of (9) are the empirical air-sea
path loss [15], which is usually close to free space path loss.
n is the path loss factor which is usually in [1,3], and 1y is
the empirical extra loss corresponding to the carrier frequency.
Then, the last item of (9) is the directivity loss caused by the
antenna direction deflection [16] and equals:
na(6;) = min{lZ(Gi/ISO)z, 20dB}. (10)

Hence, the channel capacity (bits/s) of UAV-to-vessel-i and
vessel-i-to-UAV links are:

(1)
12)

Cumi = B2logy (1 + g2i pu2/62),
Cwmui = B2log, (1+ g2i pui/ 07),
respectively, where the channel gain go; = 107F L2i/10 More-
over, in this TDD system, the actual link capacity is scaled by
the time slots allocated. For example, the actual capacity of
the uplink transmission from vessel i to UAV is A;%Cmui-
C. Problem Formulation

Based on the above discussions, we formulate the UAV
deployment and configuration problem as follows:

MaX (xy; yy,hy),(xa.ya) A,y C, (132)
s.t. C*' = min{Cyvui,Cus}, Viel, (13b)
CY = min {Cpy,Cumi}, Viel, (13¢)
LnCY AL(1—yp)cd
C; :min{ G A=) },Vie]l, (13d)
G 1-G
C :min{Cl,...,CN}, (136)
[xmina.Ymimhmin] = [anYU»hU] = [xmax »)’max;hmax]a (131)

where I = {1,...,N} is the index set of the vessels, and the
constraints of this problem concern the following four aspects.

1) Link Capacity Balance: As shown in (13b) and (13c), the
capacity of the entire BS-UAV-vessel link is determined
by either the BS-UAV or the UAV-vessel link which is
associated with a smaller capacity.

2) Uplink-Downlink Traffic Balance: In this TDD system,
the actual reachable data rate of uplink and downlink
for vessel i are A;%C and A;(1 — %)CH, respectively.
As a result, considering users’ actual uplink traffic ratio
£, we use (13d) to achieve the consistency between the
uplink/downlink transmission capacity and the actual up-
link/downlink traffic. Then we use the traffic-normalized
total link capacity C; to describe the actual maximum
reachable data rate based QoS of vessel i.

3) Multi-User Service Fairness: Considering the QoS C; of
different vessel users is different, we take the vessels’
minimum QoS C as the optimization object as (13e), and
formulate a minimum-maximization problem to guaran-
tee the service fairness for all vessel users.

4) UAV Deployment Safety: As shown in (13f), the deploy-
able sea area and hovering altitude of the UAV are limited
to a specific space to ensure flight safety.

III. PARTICLE SWARM OPTIMIZATION BASED SOLUTION

To tackle the non-convexity of this problem, we conceive
a particle swarm optimization (PSO) based algorithm as sum-
marized in Algorithm 1, where we generate several random
variables called particles in the solution space and compose
a particle swarm [17]. The particle swarm finds the optimal
solution of the problem through swarm interaction and iterative
search.

Algorithm 1: PSO Based Joint Solution Method

1 Input Particle swarm size S, number of iterations T,
parameters of the system model and the algorithm;
2 Inmitialization Particle position zj,...,zs, particle
velocity vy,...,vs, particle fitness value qi,...,gs;
3for r=1,...,T do

4 for j=1,...,5do

5 Update particle velocity
vj &= o+ (3 —zj) +s2ma( —z));

6 Update particle position z; <= z; +v;;

7 Adjust z; if it is out of the feasible region;

8 Calculate particle fitness value g;;

9 Update history best position z}, history best
fitness value q;;

10 end

11 Update global best position z*, global best fitness

value ¢*;
12 end

13 Output Optimum solution (x7;,y},,hy), (x5,5%), A%,

Y, optimum system QoS C*.

Firstly, after setting the number iteration 7 and the size
of particle swarm S. We randomly generate S particles in the
feasible region of this problem. The particle has two attributes,
i.e., particle position and particle velocity. The position of
particle j is represented as:

Zj:[x/l/jayll/ja ijxgjvy/Ajvljvyj]a (14)
where A; = [Aij,...,An;] and ¥; = [¥ij,...,y;]. Here we
adopt a normalized coordinate as:

X/Uj = (xUj *xmin)/(xmax *xmin)a (15)

to represent the relationship between the particle position
and the UAV deployment coordinate for the convenience of
deduction, which is similar to yj, ;, hyy;, X} ;, and y, ;. Here we
also limit the range for antenna direction x,; € [*Amins XAmax)
and ya;j € [Xamin,Xamax] Without loss of generality. In the
initialization step, we generate random values in [0, 1] for nor-
malize deployment coordinate xy; ;,yy, ;, iy, j» antenna direction
xgj,y;j, and users’ uplink time slot ratio y;, for j=1,....S.



Then we randomly generate time slot allocation ratio A ; for
j=1,...,8 under the constraint of:

AEN j=1,0=4; <1}, (16)

which is a convex region on a hyper plane. Moreover, the
velocity of particle j is represented as v; with the same size
of zj. Similarly, we can generate random value in [—0.2,0.2]
for all dimensions except A ; in the initialization. Specially, for
the dimensions of time slot allocation ratio A j» we also have
to ensure the velocity in these dimensions parallel to the plane
described in (16), which can be obtained by subtract two points
on it. Moreover, the system QoS C in our model corresponding
to the particle position zj,...,zs is called particle fitness
value in PSO algorithm, represented by q,...,gs. Because a
particle’s position changes in each iteration step, the position
on its trace with the highest fitness value is called its history
best position. The history best position and corresponding
history best fitness value of particle j are represented by
z; and g}, respectively. The history best fitness value of
the whole particle swarm is called the global best fitness
value ¢~ = max{qj,...q5}, whose corresponding global best
position is represented by z*.

Then, in each iteration step ¢, the position and velocity of
the particle swarm are updated. The update strategy of particle
velocity is expressed as:

vj:a),vj+r1s1(z7—zj)Jrrzsz(z*fzj), a7

where rj and r, are random values in [0, 1], while s; and s, are
history and global learning factors in [0,4]. @y is the inertial
factor changing with iteration step ¢ as:

wy = (w1 —wrp) (T —1t)/t+wr, (18)

where w; and wr in [0, 1] are specified inertial factor for the
first and last iteration step. It is usually set w; > wr to realize
the balance of exploration and convergence performance. Then
the particle position z; is updated as:

Z; =2tV (19)

For the particle moving out of the feasible region, we adjust it
to the intersection of its trace and the border of feasible region.
Base on the fitness value g; of z;, the history best position z}‘.
and history best fitness value g7 are also updated. At the last
of each iteration, we update global best position z* and global
best fitness value g*. Lastly, based on global best position z*,
we can obtain the optimum solution including optimum de-
ployment coordinate (xj;,y7;,h;;), optimum antenna direction
(x4,y4) and optimum time slot allocation scheme A*, y*, as
well as the optimum system QoS C* = g*.

IV. SIMULATION RESULTS

In simulations, we consider an off-shore relay system with
five vessels with the distribution as shown in Fig. 2, where
the coordinates of vessel 3 in the center and the other vessels
around it are (I1,0) and (I; 15 /v/2,+l/\/2), respectively.
Other default simulation parameters of the relay system model

TABLE 1
DEFAULT SIMULATION PARAMETERS

Symbol I Description I Value
N Number of vessels 5
fi, 2 Carrier frequency 2GHz, 5.8GHz
By, By Bandwidth 250kHz, 250kHz
Ps:Pur, P2 - 10W, 5W, 5W
Transmitt
Dt Dony ransmitting power W
o2 AWGN power density -174dB/Hz
G,y By Uplink traffic ratio 0.1, 0.3, 0.5, 0.7, 0.9
ab BS-UAV LoS 4.88, 0.429 (Suburban)
’ probability factor 9.61, 0.158 (Urban)
0.1dB, 21dB (Suburban)
, BS-UAV extra loss
oS, TINLoS extra foss 1dB, 20dB (Urban)
n UAV-vessel loss factor 1.6
Ny UAV-vessel extra loss 109.8dB
Xmin; Xmax ) Okm, 30km
Ymin» Ymax do B safety -10km, 10km
Banin Fmax ployment rang 1km, 10km
XAmin > XAmax UAV antenna Okm, 30km
YAmin; YAmax direction range -10km, 10km
I, Vessel distance 20km, 1km
S Particle swarm size 500000
T Number of iterations 100
S1, 82 Learning factor 2,2
wi, Wr Inertial factor 0.7, 04
yI 5 Vessel 1 Vessel 2
* -— -—
w e
\\\12 lz'll
3 N
e —————— e e e > __ Vessel3
0,0 AN
Shore BS s h LSy
— ‘ —
—-—— -—
Vessel 4 Vessel 5

Fig. 2. Distribution of vessels in simulation.

and the algorithm are summarized in Table I. Moreover, we
consider two kinds of shore environment, i.e., suburban and
urban from the ITU standardized model, with different LoS
probability factors and extra loss of the BS-UAV link.
Firstly, we verify the convergence of our proposed algo-
rithm. Fig. 3 shows the position of the particle swarm when
iteration step + = 50 and ¢ = 100 under the assumption of
urban shore environment. It can be found that the deployment
coordinate shown in Fig. 3(a) and Fig. 3(b), the antenna
direction coordinate shown in Fig. 3(c) and Fig. 3(d), as well as
the mean value and standard deviation of time slot allocation
scheme shown in Fig. 3(e) to Fig. 3(h) all converge to the
optimal solution. As to the optimal deployment, (x3;,y};,h7;)
is about (11.0,0,4.9) km and (x},y}) equals to (19.9,0) km
near the center of vessels. The optimal time slot allocation
scheme is about A* = [0.193,0.198,0.199,0.202,0.208] and
y* = [0.107,0.317,0.520,0.715,0.907]. This is because the
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Fig. 3. Convergence performance of the joint optimization algorithm.

uplink transmission power py; and py; are both lower than
downlink transmission power py, and pp in simulation, a few
more time slots A* are allocated to vessels with higher uplink
traffic ratio {;, and y* are a little higher than { to strike a
balance between uplink and downlink capacity.

Then, in order to evaluate the effectiveness of our model, we
compared the performance of our joint optimization method
and another reliability oriented partial optimization method
under different vessel distribution parameters /; and /. In this
partial optimization method, we fix UAV’s plane position at
the center of vessels (xy,yy) = (/1,0), and fix the antenna
direction vertical downward as (x4,y4) = (/1,0). In order to
realize a high LoS communication probability with the BS and
a low antenna deflection with the vessels to construct high
reliability links, the UAV is deployed at the altitude of:

hy = max {l; tan(20°),,/tan(15°)} . (20)

Based on the settings above, we partially optimize UAV’s
time slot allocation ratio A and uplink time slot allocation
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Fig. 4. Performance of our proposed joint optimization method and the
reliability oriented partial optimization method.

ratio Y by PSO algorithm for comparison. As the simulation
results based on suburban and urban shore environments
shown in Fig. 4, our joint optimization method overwhelms the
partial optimization method, and improves the service capacity
based system QoS by 7% and 12% in average, respectively.
Moreover, we can find that the system QoS C* decreases with
the increasing of /1 and I, and the system QoS C* under
urban shore environment is lower than that of suburban shore
environment. Hence, we can conclude that long relay distance,
sparse vessel distribution and dense shore obstacles are adverse
to off-shore UAV relay communications.

Lastly, we further investigate the relationship between the
optimum UAV deployment scheme and simulation scenar-
ios. Fig. 5(a) reveals the relationship between the optimal
horizontal coordinate xj; and /i, L. It can be found that
when the distance between vessels [, is fixed, x; increases
uniformly with relay distance /;. When the vessels’ distance
[, increases, the optimum deployment scheme tends to shorten
x7; and extend the distance to vessels, which is conductive to
narrow the antenna deflection angle 6; between vessels and
reduce loss 1M4(6;). In addition, compared to the suburban
shore environment, the distance between the UAV and BS
under the urban shore environment is closer, for decreasing
the path loss PL; as well as increase the elevation angle
v and the LoS transmission probability Pp,s at the same
time. In addition, Fig. 5(b) reflects the variation of optimum
deployment height h7;. It is obvious that A7, increases with
the increasing of /; and the decreasing of l,, and the reason
is similar to aforementioned x7;. Meanwhile, i7; of the urban
shore environment is significantly higher than that of suburban
shore environment to achieve stable LoS communication with
the BS, but it increases the loss of two links and results
in the degradation of system QoS C*. To elaborate a little
further, Fig. 5(c) shows the BS-UAV transmission elevation
angle Y under the optimal solution. It can be found that y
increases slightly with the increase of /; and the decrease of
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I, which equals about 10° to 15° and 20° to 30° for suburban
and urban shore environments, respectively. Because longer
vessels’ distance /, leading to a larger antenna deflection
angle 6;, the optimum solution tends to reduce y and Ay to
alleviate it, at the cost of lower LoS transmission possibility
P; s, which reflects the balance between two links in our
model. These conclusions are conductive to the design and
optimization of off-shore relay communication systems.

V. CONCLUSIONS

In this paper, we proposed a UAV aided off-shore TDD
relay system model and analyzed the air-shore and air-sea
transmission characteristics. Moreover, we took link capacity
balance, uplink-downlink traffic balance, UAV deployment
safety as well as the service fairness for all vessel users into
consideration, and formulated it into a minimum-maximization
optimization problem to adapt with the features of off-shore
communication. Furthermore, the particle swarm based al-
gorithm for deployment coordinate, antenna direction, and
time slot allocation joint optimization improved the solving
efficiency of UAV deployment and configuration scheme.
Sufficient simulations based on several off-shore scenarios
with different shore environments, relay distance, vessel distri-
butions, and uplink-downlink traffic proved the effectiveness
of our model and the joint optimization method.
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