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Abstract—Due to the agile maneuverability, unmanned aer-
ial vehicles (UAVs) have shown great promise for on-demand
communications. In practice, UAV-aided aerial base stations are
not separate. Instead, they rely on existing satellites/terrestrial
systems for spectrum sharing and efficient backhaul. In this
case, how to coordinate satellites, UAVs and terrestrial systems
is still an open issue. In this paper, we deploy UAVs for
coverage enhancement of a hybrid satellite-terrestrial maritime
communication network. Using a typical composite channel
model including both large-scale and small-scale fading, the UAV
trajectory and in-flight transmit power are jointly optimized,
subject to constraints on UAV Kkinematics, tolerable interference,
backhaul, and the total energy of the UAV for communications.
Different from existing studies, only the location-dependent large-
scale channel state information (CSI) is assumed available,
because it is difficult to obtain the small-scale CSI before
takeoff in practice and the ship positions can be obtained via
the dedicated maritime Automatic Identification System. The
optimization problem is non-convex. We solve it by using prob-
lem decomposition, successive convex optimization and bisection
searching tools. Simulation results demonstrate that the UAV
fits well with existing satellite and terrestrial systems, using the
proposed optimization framework.
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I. INTRODUCTION

URRENTLY, the increase of activities on the ocean

has promoted great demand for wireless communica-
tions [1]-[3]. To satisfy the increasing requirements, hybrid
satellite-terrestrial networks have emerged, in which satellites
and terrestrial systems are integrated for maritime coverage
enhancement [4]-[6]. Basically, the satellites, deployed in the
Geostationary Earth Orbit or Low Earth Orbits, can provide
a wide-area coverage [7]. However, their transmission rate
is usually limited due to long transmission distance and
restricted onboard payloads. High-throughput satellites have
thus attracted great attentions [8]. Yet, it is still quite chal-
lenging to realize the global broadband coverage using the
state-of-the-art satellite technologies at a practically affordable
cost. As an alternative, terrestrial base stations (TBSs) can
be deployed along the coast to offer high-rate communication
services. However, their coverage range is usually limited.

Different from satellites and TBSs, unmanned aerial vehi-
cles (UAVs) have shown considerable promise for agile com-
munications [9], [10]. UAVs can enable aerial base stations
with largely increased line of sight (LOS) transmission range.
Moreover, UAVs can adaptively change their spatial locations
according to the communication demands. While most existing
studies on UAVs focused on the terrestrial scenario, we explore
the potential gain of UAVs for maritime coverage enhancement
in this paper. Particularly, we focus on the coordination issue
between UAVs and existing maritime satellites/terrestrial sys-
tems. Related works can be summarized into three categories
according to their system models, which are discussed as
follows.

1) UAVs Only: Most previous works focused on the UAV-
only system model, while ignoring satellites and TBSs.
For rotary-wing UAVs, the optimal placement of UAVs has
been widely investigated, leading to many insightful observa-
tions [11]-[18]. In [12] and [13], the optimal altitude was
analyzed in terms of area spectral efficiency and outage
probability, respectively. In [14], the transmit power and the
bandwidth were jointly optimized for achieving maximum
throughput. In [15] and [16], the deployment of multiple UAVs
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was comprehensively investigated to ensure the coverage with
a minimum number of UAVs. In addition, the authors of [16]
have also skillfully addressed the problem of the latency-
minimal 3D cell association among UAVs.

For fixed-wing UAVs, the trajectory design is an impor-
tant issue, which is closely related to the UAV’s kinematic
parameters [19]-[24]. Considering the UAV’s maximum veloc-
ity, the trajectory of the UAV was optimized for achiev-
ing maximum throughput and minimum UAV periodic flight
duration in [19]-[21]. Furthermore, considering the UAV’s
maximum acceleration, the trajectory optimization for the
UAV was investigated for energy efficiency in [22], [23].
These works [11]-[24] mainly considered static users. For
mobile users, the ergodic achievable rate was maximized by
dynamically adjusting the UAV heading [25]-[27]. Intuitively
in the maritime scenario, the UAV trajectory should adaptively
cater to the mobility of ships, providing an accompanying
broadband coverage, which however remains elusive.

2) Coexistence of UAVs and TBSs: In addition to UAV-only
models, the coexistence of UAVs and TBSs was investigated
in [28]-[33]. The TBS can be used as a hub to connect rotary-
wing UAVs to the network [28]. In this case, the access
link and the backhaul link should be jointly optimized to
maximize the sum rate. In [29], the UAV-based multi-hop
backhaul network was formulated to adapt to the dynamics of
the network. In [30], solar powered UAVs were investigated
and the network’s energy consumption was minimized by
determining whether UAVs were needed and the number of
UAVs to be used. Outage probability is also an important
issue for the coexistence of UAVs and TBSs [31]-[33]. In [33],
the throughput was maximized subject to the maximum outage
probability constraint. For the maritime scenario, the TBS is
the primary choice for UAV backhaul due to their high-speed
transmission rate.

3) Coexistence of UAVs and Satellites: More recently,
the integration of UAVs and satellites has been investigated
in [34]-[39]. Particularly, the authors of [36] investigated the
integration of satellite and UAV communications for hetero-
geneous flying vehicles. In addition, the long transmission
delay is quite challenging for satellites. Thus, the impact of
UAV altitude on the average delay was analyzed to coordinate
UAVs and satellites in [37]. A multi-UAV assisted network
was formulated in [38], where the coverage probability and the
ergodic achievable rate were analyzed for post-disaster areas.
The airborne mobile wireless networks were considered in
[39], where an efficient power allocation scheme was proposed
to support the diverse real-time services.

Despite of the aforementioned works, there remain open
problems in the integration of UAVs into hybrid satellite-
terrestrial maritime communication networks. Firstly, to solve
the spectrum scarcity problem, it is valuable to explore the
potential of spectrum sharing among satellites, UAVs and ter-
restrial networks. Till now, spectrum sharing between satellites
and terrestrial networks has been studied [43]-[45]. For more
complicated spectrum sharing among satellites, UAVs and
terrestrial networks, it is crucial to obtain the channel state
information (CSI) for interference mitigation. Both the large
transmission delay via satellites and the mobility of UAVs and
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ships render this challenging. This problem has never been
investigated in existing studies. Secondly, the real-time UAV
planning has been widely studied, for which the UAV was
deployed to cover the entire area or for maximum coverage
[11], [14], [16], [38]. During the transmission, the position,
the heading angle or resources for the UAV were dynamically
optimized to improve the quality of service [7], [8], [16], [18],
[25]-[28]. However, the UAV cannot land on the sea surface
and replenish energy on the sea surface. Instead, the UAV
has to wait on the coast. According to the communication
demand, the UAV journeys between the position on the coast
and that on the ocean for covering the mobile user. In this case,
the UAV’s positions on the ocean should be designed before
the UAV takes off. Specially, the distance between the position
on the coast and that on the ocean is large, which leads to a
long flight time. To avoid this issue, the pre-deployment of
the UAV should be investigated, for which a whole trajectory
of the UAV is planned for coverage enhancement according
to the mobility of the user before the UAV takes off and
then the UAV is pre-deployed with the designed trajectory.
However, the limited capacity of wireless backhaul affects the
real-time transmission and the energy for communications at
UAVs is also limited due to battery life. These constraints
should be considered in the optimization of UAV trajectory.
Besides, different from most previous works which use the
free space path loss model to simplify analysis, it is more
practical to consider both large-scale and small-scale fading
[46], [47]. However, it is difficult to acquire the random small-
scale fading before takeoff [48]. Thus, we propose a new
method that only uses the large-scale CSI in UAV trajectory
design.

Motivated by the above observations, we investigate a
hybrid satellite-UAV-terrestrial maritime communication net-
work where UAVs are integrated for coverage enhancement.
Considering the severe environment on the ocean, we consider
the fixed-wing UAV, which has longer duration of flight
and stronger anti-wind capability than the rotary-wing UAV.
A typical composite channel model including both large-
scale and small-scale fading is used. We obtain the ship
positions from the dedicated maritime Automatic Identification
System. Accordingly, different from the terrestrial scenario,
we assume that only the large-scale CSI is available before
the UAV takes off. The main contributions are summarized
as follows.

1) In our work, UAVs share the spectrum with satellites

and utilize TBSs or satellites as wireless backhaul.
In [43]-[45], the spectrum sharing was investigated only
considering satellites and TBSs. We further integrate
UAVs into this system and focus on the new challenges
of achieving the CSI for interference mitigation.

2) Because the large-scale CSI is location dependent,
we can obtain it using historical or pre-measured data on
the ocean. We optimize the whole trajectory and transmit
power during the fight, subject to the UAV’s kinematical
constraints, the backhaul constraints, tolerable interfer-
ence constraints and the communication energy. In [11]-
[39], the trajectory design and resource allocation were
investigated using perfect CSI at all scales. We consider
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Fig. 1.
coordinated manner.

the issue caused by pre-deploying UAVs above the sea
surface and solve the issue using the large-scale CSI.
The optimization problem is non-convex. We decompose
the problem and solve it by using successive convex
optimization and bisection searching tools. Simulation
results demonstrate that the UAV fits well with existing
satellite and terrestrial systems. Besides, a significant
performance gain can be achieved via joint optimization
of the UAV trajectory and transmit power by using only
the large-scale CSI.

3)

The rest of this paper is organized as follows. In Section II,
the system model is introduced. The problem for the UAV-
aided coverage enhancement is formulated and solved in
Section III. In Section IV, simulation results are presented.
Section V concludes the paper.

Throughout this paper, vectors and scalars are denoted by
boldface letters and normal letters, respectively. | - | indicates
the absolute value of a scalar or the cardinality of a set.
Transpose operator is indicated with [-]7. £,-norm means
lell, = (O, lil”) e CN(0,0?) represents the complex
Gaussian distribution with zero mean and o2 variance. &; and
@; denote the first-order and second-order derivatives of
with respect to t. E{-} denotes the expectation operator. Main
notations are summarized in Table I.

II. SYSTEM MODEL

We consider a practical hybrid maritime network consisting
of mobile users (ships), UAVs, TBSs and satellites, as shown
in Fig. 1. The TBSs are deployed along the coast to provide
communication services for users in the area of coastal waters.
The broadband coverage area of TBSs is usually limited due
to large non-line-of-sight pathloss. Out of the coverage area

& ship without shipb

& ship with shipboard high-gain antenna

@ ground station

Illustration of a hybrid satellite-UAV-terrestrial maritime communication network, where satellites, UAVs and TBSs provide broadband services in a

d high-gai e e= UAV trajectory

@ @ shipping route

@ (Coastline

of TBSs, the maritime satellites provide communication links.
For the ships equipped with expensive high-gain antennas,
the broadband service can be guaranteed. Whereas for the
low-end ships without high-gain antennas, it is still difficult
to enjoy a broadband service even within the coverage area of
satellites. To fill up this gap, we utilize UAVs to provide broad-
band services in an on-demand manner. More specifically, if a
mobile user needs a high-rate communication service (e.g.,
a video conference) from ¢, to ¢., the communication request
will be sent from the mobile user to its nearest TBS and
then transmitted to the central processor. The central processor
selects one idle UAV and prepares the idle UAV to serve the
mobile user. After the idle UAV is sent, the mobile user will
be associated to the idle UAV at time ts. The UAV will fly
along the optimized trajectory to serve the user from time ¢, to
time t.. After finishing the high-rate communication service,
the mobile user will be associated to its nearest TBS at time
te and the UAV will go back to the coast.

In this paper, the spectrum is shared between UAVs and
satellites. Thus, there may be interference between the UAV-
to-user link and the satellite-to-user link. Because the antenna
gain of users served by UAVs is lower than that of users served
by satellites, the interference on users served by UAVs from
satellites can be ignored. Besides, interference management
and user association among UAVs are important for improving
the quality of service, which have been comprehensively inves-
tigated in [40]—-[42]. Due to the space limitation, we simplify
the system model to concentrate on spectrum sharing between
UAVs and satellites. We assume that, from ¢, to t., a user
is connected to one UAV and the UAV only serves one
user. Moreover, only a few users are served by UAVs and
thus UAVs are sparsely distributed on the immense ocean.
To avoid the interference between UAVs, orthogonal resources,
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TABLE I
MAIN NOTATIONS

Notation Meaning

UrT, = Set of UAVs, TBSs and satellites connected to UAVs, respectively

b4 Set of users served by UAVs

Su Set of satellites sharing the same frequency with the u-th UAV

Oy Set of users served by satellites and interfered by the u-th UAV

RS:uJ Ergodic achievable rate between the u-th UAV and its user in ¥ at time 7

R&S,t Ergodic achievable rate between the y-th TBS and the u-th UAV at time ¢

R;”u’ . Ergodic achievable rate between the &-th satellite in = and the u-th UAV at time ¢
Riﬁ;?” Ergodic achievable rate between the s-th satellite in S,, and the o-th user in O, at time ¢
h}i;f 1 g;f P Channel and path loss between the u-th UAV and its user in ¥ at time ¢, respectively

hg ’S”;, ,lj ’S”; Channel and path loss between the u-th UAV and the o-th user in O, at time ¢, respectively
hg:g,t, L&B,z Channel and path loss between the y-th TBS and the u-th UAV at time ¢, respectively
h?”u’ o Lilli . Channel and path loss between the &-th satellite in E and the u-th UAV at time ¢, respectively
hfi‘o’g“, Lff‘o’g" Channel and path loss between the s-th satellite in S,, and the o-th user in O,, at time 7
P}it, Pg’t Transmit power of the u-th UAV and the y-th TBS at time ¢, respectively

Pf’t, P:i’ . Transmit power of the s-th satellite in S,, and the &-th satellite in Z at time #, respectively
Gy, Go Antenna gain of users served by UAVs and users served by satellites, respectively

Gu, Gr, Ggs Antenna gain of UAVs, TBSs, and satellites, respectively

SU, S5 Path-loss exponent for the UAV-to-ground link and the satellite-to-ground link, respectively
Au, As Path loss at dy for the UAV-to-ground link and the satellite-to-ground link, respectively
c}jyt, CEJ, c, Position vector of the u-th UAV and the &-th satellite at time ¢, and the y-th TBS, respectively
c:f,t, cgf‘t Position vector of the u-th user in ¥ and the o-the user in O, at time ¢, respectively

v}j £ ag ‘ Velocity vector and acceleration vector of the u-th UAV at time ¢, respectively

v;y Velocity vector of users in W at time 7

Vmax> Vmin Maximum velocity, minimum velocity

Zmax»> Zmin Maximum height, minimum height

Amax Maximum acceleration

P Maximum transmit power of UAVs

To Travel time during which a UAV serves a mobile user

Ey Allowable communication energy

Iy Interference temperature limitation

K Rician factor

h Rician fading

e.g., different subcarriers or different time slots, have been
used before UAVs take off. Then, to mitigate the leakage
interference on users served by satellites, we jointly adjust
the trajectory and the transmit power of UAVs.

To serve the mobile users on the ocean, UAVs need the
wireless backhaul. Both TBSs and satellites can be used.
As shown in [36], when UAVs are close to the mainland,
the air-to-ground backhaul is able to provide enough capacity.
In this case, TBSs nearest to UAVs can be utilized to connect
UAVs to the central processor. Otherwise, satellites are used
instead. Note that UAVs have limited energy. Generally, UAVs
fly close to the coast and are mainly served by TBSs. In this
paper, we focus on the TBS-assisted backhaul but also study
the satellite-assisted backhaul.

We assume that autonomous UAVs are employed as aerial
base stations and both UAVs and users served by UAVs are
equipped with a single antenna. Let U and ¥ denote the set of
UAVs and the set of users served by UAVs, respectively. In this
paper, each UAV only serves one user and thus |U| = |¥|. Let
Ty be the travel time from ¢, to ¢, during which the u-th UAV
serves its user. At time ¢, the signal transmitted from the u-th

UAV is denoted as b}it and the received signal of the user

served by the u-th UAV can be expressed as

= P,GuGuhyy b + ey (1)

v
(Iu,t w,u,t u,u,t

where 0 < t < Tp, Pgt denotes the transmit power of the
u-th UAV, Gy denotes the antenna gain of UAVs, G'y denotes
the antenna gain of users served by UAVs, hg;f . denotes the
channel between the u-th UAV and its user, and 63:3 , denotes
the White Gaussian noise. '

We assume that UAVs are high enough to enable LOS trans-
mission. A typical composite channel containing both large-
scale and small-scale fading is employed. The channel between
the u-th UAV and its user at time ¢ can be represented as

—1/2 U

pYY Iy )

_ U,
w,2u,t T (Lu,u,t)

UY denotes the path loss and RYY

w,u,t w,u,t
fading during the information transmission. Let dg:f , denote
the distance between the u-th UAV and its user at time t.

where L denotes Rician
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We assume the earth surface to be smooth and flat.! Then,
the path loss model can be expressed as

U0

d
Lg,’it (dB) = Ay + 10qy log 10 <1:i—0m> +x00 3

w,u,t

where dy denotes the reference distance, Ay denotes the path
loss at dy, sy denotes the path-loss exponent, and X;J;I/ ;1s a
zero-mean Gaussian random variable with standard deviation

oxy [50]-[52]. Rician fading can be represented as

7 Ky L uw
hU,\IJ _ \/ s 4
w,u,t 1+ KU + 1+ KUgu,u,t ( )
where gggj , €CN(0, 1) and Ky indicates the Rician factor

that corresponds to the ratio between the LOS power and
the scattering power [53]-[56]. On the ocean, ships normally
travel along the fixed shipping routes and then the historical
or pre-measured data can be derived. We can use the derived
data to obtain the relationship between the location and the
large-scale CSI. By using this relationship, the corresponding
large-scale CSI per location can be obtained. Thus, we assume

that path loss Lg:;ﬁ . and Rician factor Ky are available,
whereas g}j;u“{ ; is unknown. The ergodic achievable rate Rgf, ¢

between the u-th UAV and its user at time ¢ can be derived as

w,u,t

2
PY,GuGy ‘hU"I’ ‘
— (5)

RU,\I/ —E

w,u,t

1+

log,

where o2 denotes noise power. The expectation is taken over
the small-scale fading.

By substituting (2) and (3) into (1), the received signal of
the user served by the u-th UAV can be rewritten as

—<u/2 .
af, = PLWE, (dr) R el ©)

w,u,t w,u,t w,u,t w,u,t?

U, v
X ut

where ngt = GUGq,dBU/QlofAUT is known, P, and
dg:i . need to be determined. Considering the user mobility,
our aim is to maintain certain achievable rate to avoid severe
performance degradation during the travel time. Before the
u-th UAV is deployed, the trajectory and the transmit power of
the u-th UAV are optimized to maximize the minimum ergodic
rate during the whole travel time Tj. After the u-th UAV is
sent out, the u-th UAV serves the mobile user according to
the optimized trajectory and transmit power.

III. UAV-AIDED COVERAGE ENHANCEMENT

In this section, we formulate the optimization problem of
the UAV trajectory and in-flight transmit power and provide
an iterative algorithm to solve the optimization problem.

ITf the distances are shorter than a few tens of kilometers, it is often
permissible to neglect earth curvature and assume the earth surface to be
smooth and flat [49].
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A. Problem Formulation

The set of TBSs is denoted as I'. We assume that the
~-th TBS receives the high-rate communication request from
a mobile user and then starts to send the u-th UAV. During
the travel time T of the u-th UAV, the v-th TBS is nearest to
the mobile user among TBSs and provides wireless backhual
for the u-th UAV. We consider a three-dimensional Cartesian
coordinate system, in which the ~-th TBS is located at
cg = (O, 0, zg) The positions of the u-th UAV and its user
[xg,tv yg,ta ZE,JT
and cf}t = [mf}t, yg’ £ zl‘f JT. We discretize the travel time
Ty into T time slots with a step size At. We adjust the
trajectory and the transmit power of the u-th UAV per time
slot. We assume that UAVs and users on the ocean move under
the law of uniformly accelerated rectilinear motion during At.
Moreover, At is small enough so that an exact trajectory of
UAVs can be obtained and the large-scale channel is assumed
to remain the same during At.

The set of satellites sharing the same frequency with the u-th
UAV are denoted as S,,. The set of users served by satellites
and interfered by the u-th UAV is denoted as O,,. To simplify
the analysis, we assume that satellites and their users are
equipped with a single antenna. Without loss of generality,
we assume that one user served by a satellite is interfered by
the u-th UAV per time slot. Let the o-th user in O,, be served
by the s-th satellite in S,, at time ¢. The ergodic achievable
rate for the o-th user in O,, at time t can be denoted as
2

at time ¢ are respectively denoted as cg’t =

s,0,t

PS GsGo [135,9"

RS+Ou _ |

s,0,t

1+

log, @)

2
PY,GuGo 04| + 02

uw,0,t

where P9, denotes the transmit power of the s-th satellite,
G's denotes the antenna gain of satellites, and Go denotes the
antenna gain of users served by satellites. hg:g)_’g denotes the
channel between the u-the UAV and the o-th user in O, which
can be written as equations in (2), (3) and (4). hgj‘o’g“ denotes
the channel between the s-th satellite in S,, and the o-th user
in O, which can be expressed as

pSuOu (Lsu,ou) —1/2 jSu:0u (8)

s,0,t s,0,t s,0,t

Su,0u

where L3'Q* denotes the path loss and 7187” denotes Rician

s,0,t
fading during the information transmission. Let df”(,% denote
the distance between the s-th satellite in S,, and the o-th user

in O,,. Then, the path loss model can be expressed as

S,0u
ds,to,ti
+
do

where dy denotes the reference distance, Ags denotes the path
loss at dy, gs denotes the path-loss exponent, and Xssj;,:?” isa
zero-mean Gaussian random variable with standard deviation

0 x,- Rician fading can be represented as

Ks +\/ L 5,04
1+ Kg 1+ngs,o,t

where gf;“o’?” € CN(0, 1) and K indicates the Rician factor.
The expectation is taken over the small-scale fading. To avoid

Su,0.
s,0,t Xs:o,t ‘ (9)

LS“JOU (dB) = AS + 10§S 1Og 10 <

~Su70u —
hs,o,t -

(10)
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the interference shown in (7), an interference temperature
limitation Iy is applied to give

U,0,
huot

E {PEtGUGO (11)

2
:| SIO) OEOU'

On the ocean, the UAV has to be connected to the central
processor. Either the TBS-to-UAV link or the satellite-to-UAV
link can be considered for the wireless backhaul. Due to the
wireless backhual, the ergodic achievable rate of the access
side of the u-th UAV Rg;f , cannot exceed that of the backhaul
side of the u-th UAV. Thus, we have

RS u,t —

< Rph. (12)

Orthogonal resources, e.g., different subcarriers or different
time slots, have been used to avoid the interference between
UAVs. When the -th TBS provides the wireless backhaul for

the u-th UAV, we have Ry, = RS;EJ, which can be expressed
as

T GrGy ‘h
2

v,u,t

R, =E

o, log, |1 + (13)

g

where G denotes the antenna gain of TBSs and hggt denotes
the channel between the y-th TBS and the u-th UAV, which
can be written as

d
ru _ 0
h%u,t - <dF,U

¥,ust

Su

2 T,U
Ay+X_ ¢
10— 20

Ky 1 r,U
’ 14
< 1+KU +\/1+KUg'y,u,t ( )
where d'*Y

st denotes the distance between the -th TBS and

the u-th UAV, Xv ¢ 1S @ Zero-mean Gaussian random variable

with standard deviation o, and 97 wi €ECN(0, 1). Let =
be the set of satellites serving UAVs. When the u-th UAV is
connected to the &-th satellite in =, we have Ry, = R?,f,t’
which can be expressed as

h/uv

PthsGU ot

o2

1+

Riﬁt = E ( log, (15)

where P; , denotes the transmit power of the &-th satellite in

= at time t and hE’U denotes the channel between the &-th
satellite and the u-th UAV, which can be written as

ss

- d 2 AgtxV
W2y, = <—:°U ) 1 g
/ d§,7u,t
KS 1 =U
=, 16
( T+ Ks +\/1+ng5’“¢> (10

where d“ denotes the distance between the £-th satellite and

the u-th UAV X7,

with standard deviation ox,, and g?;ﬂt €CN(0, 1).

is a zero-mean Gaussian random variable
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The definition of the velocity and the acceleration of the
fixed-wing UAV can be expressed as

U U

vu,t = Cu,t7 (17)
ay,, =&, (18)

The fixed-wing UAV has intrinsic maximum velocity vpyax
and maximum acceleration a,,,x. Besides, it has the minimum
velocity v, (or the stall velocity) to remain aloft. Because
of these bounds to the amplitude of the velocity and the
acceleration, we have

HvufHQ > Umin, (19)
HvufHQ < VUmax, (20)
l|a.ll, < amax- Q1)

Besides, considering the bounds of the height of the u-th UAYV,
we have

(22)

1)
Zmin S Z%t é Zmax-

The lower bound in (22) is used to guarantee that the UAV
is high enough to enable LOS transmission. The upper bound
in (22) is set to indicate the maximum height that the UAV
can reach according to the air traffic control.

We focus on the dynamic coverage performance of the
user during 7' time slots. As the energy consumption for
communications is limited, we have

T
Zt PY,At < Eq

where Fj denotes the allowable energy consumption during
To. Considering the maximum transmit power PV, , we have

max?

(23)

0<PU<PU

max"*

(24)

The working time of the UAV is mainly determined by the fuel
for flying and the battery for the communication. We assume
that the fuel of the fixed-wing UAV is large enough for the
trip during the travel time Tp. If the residual energy is not
enough to provide services after 7, multi-UAV scheduling
can be employed.

According to the above analysis, the optimization problem
can be formulated as

max
U U U U
P:,,f,!Cu,,f,7vu,,f,!au,,f,

1 subject to (11),(12), (17), (18), (19),
(20), (21), (22), (23), (24)

where the minimum ergodic achievable rate during 7' time
slots is maximized, by optimizing UAV’s transmit power,
three-dimensional coordinates, velocities and accelerations
during 7' time slots.

U, v
mfln Ru u,t

(25)

B. An Iterative Solution

The optimization problem in (25) is difficult because the
expectation is taken over the Rician fading in (5), (11)
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and (12). Because the path loss Lg:i . 1s available and

g}jf + € CN(0, 1), the average SNR can be expressed as

2 _2} PEtGUG‘I'(LEf,t)
g =

U,
by, 2
ag

w,u,t

E{PﬂtGUG\p (26)

1
Let nggf = P;{tGUGq, (qu‘f,) o~ 2. To solve the opti-

mization problem in (25), the relationship between jof "

and 775;1' ¢ 1s analyzed and the result is demonstrated in the
following theorem.

Theorem 1: The ergodic achievable rate Rgf , 1s strictly
concave and monotonically increasing with respect to the
average SNR ngf 4

Proof: See Appendix A. [ |

According to the monotonicity of the objective function,
we equivalently simplify (25) as
PthuG\y (LU’W ) '

w,u,t

27)

max min

U U U .U ¢
Pu,tvcu.tvvu,tvau.t t o

2

Similarly, we assume that Ky = Kg. Then, the constraint (12)
can be equivalently simplified as

—1
Uw _
PuyGuGy (L“v“vt) < Dot GonGu(Lin,t) '

o2 o2
= ru ;=,U
where Py € {PT, PE,}, Ly € {100, L2V} G €

{Gr,Gs}, Lg:it denotes the path loss between the y-th TBS
and the u-th UAV, and Lzﬁt denotes the path loss between
the &-th satellite in = and the u-th UAV.

To deal with the derivatives in (17) and (18), by using the
first-order and second-order Taylor approximations, the con-

straints in (17) and (18) can be expressed as

(28)

Vg,t-{-l ~ Vg,t + a}itAt, (29)
Car1 & Cup + Vi Al + %a}itm? (30)

Let
Avy = Vg,t-{-l - (Vg,t + agﬂ‘/At), (31)

1
Ac%I = cE’tH - <c2’t + vg!tAt + EaitAtQ) . (32)
We also let Avp, ; and Acy, , denote the w-th element in Avy
and AcY, where w € {1,2,3}. We have
|Av3’t| < A’UQ7
|ACH)¢| S ACQ

(33)
(34)
where thresholds Avg and Acg are set to be small values.

According to gg”g’; € CN(0,1), we have

U,0,,
hu,o,t

2 —1
E [P;{tGUGO } = PGuGo(LU0%) 639

where Lg:g’; denotes the path loss between the u-the UAV
and the o-th user in O,. Then, the constraint in (11) can be
rewritten as

(36)

w,0,t

-1
PthGUGO (LU’O“) < Iy.

2361

To solve the max-min problem, let
-1
Q=min PYGuGy (L1),) o2 (37)

Based on the above analysis, the problem in (25) can be
approximated as

max Q (38a)
Pg,t’cg,t’vg,wag,t’Q
subject to (19), (20), (21), (22), (23),
(24), (28), (33), (34), (36),
PthGUG‘I' (ngf)
Q< (38b)

o2

Let cgf;g denote the position vector of the o-th user interfered
by the u-the UAV and cit denote the position vector of the &-
th satellite in =. According to (3), we rewrite constraints (28),
(36) and (38b) with c,,; as

U U U ||Su v pU U Sbh

Bu,thh7t||Cu,t - Cu,t”g 2 Bu,tPu,tHCu,t - Cbh,t| 9 (39)

0] O, ||V 0, pU
Dollet, = eoill, = BoiPuy, (40)

U vo||Su U pU
QHCuyt - Cu,tHQ < Bu,tPu,t (41)

with
BY, — GuGado—210- et #
ut — bubway O ) (42)
BU — G Gord™ 72107Abhtg(bh,t 13
u,t — GonGuady o , 43)
B0 = GuGods 10—t (@4
o,t — “UY0OY

where cpp ¢ € {CE, Cit}, Soh € {su, s} Aon € {Au, As} and

Xbh,t € {XVF,’E,U XgauUt} The convexity of ||cg7t — ciﬁ’? is
closely related to ¢y. To make the analysis easy, based on the
monotonicity of power functions, the constraints in (39), (40)

and (41) are rewritten as

BUP%U_\IIQ>B‘1/PU%U_ 2t
( w,t bh,t) ||Cu,t cu,tHQ —( wu,t u,t) ||cu,t CbhthQ )
(45)

2
Lo Y, — <Qu|f2 = (BOPY,)™ (46)
Q% [let, — <k, < (BE,PL) . 7

z, Hcg’t—cg”tnz and

i, ||a}f’t\

One can see that vat|

||cg7t — cgf;g , are convex functions. The constraints in (20),
(21) and (47) indicate the convex sets with respect to VBJ/,
aj, and cy ;. The constraints in (19) and (46) indicate the
concave sets with respect to vy, ; and c, ,.

Then, we determine the convexity of (45). If the satellite-to-
UAV backhaul link is considered, cph: = c?t, Pont = Pgt,
Gon = Gs, Son = S5, App = Ag and Xbh,t = qulft In the
inequality (45), because the satellite is far away from the UAV,
we assume that the distance between the UAV and the satellite

does not change during T" time slots and then ‘ c}it — c?t is

constant. In this case, the constraint in (45) is non-convex with
respect to cg’t. If the TBS-to-UAV backhaul link is considered,
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TABLE 11 TABLE III
SUCCESSIVE CONVEX OPTIMIZATION OF TRAJECTORY SUCCESSIVE CONVEX OPTIMIZATION AND DECOUPLING
AND TRANSMIT POWER OF TRAJECTORY AND TRANSMIT POWER
Initialization: Initialization:
ey vl e =1.0x107, Ly =50, Q° = e v £ =1.0x107, Ly =50, Q° =0,

FORI=1TO =Ly

1) Solve the problem in (55) for given ¢, and v,

vl il U aU !
the optimal solution as P, €.’ V.’ 8,7, O,

2) 1|0 - 01|/ @ < & stop.
END

Ull Ull

, then denote

_ T
Coh,t = Cos DPont =

Xoht =

PY . Gon = G, son = sus App = Ay and
5 .t~ Define the function

U p=\2/5u .U
(BuiPet) e Cu,tHz

- (Bitpz?,t)wm ||Clzft

1 (Cg,t) =

2

— Ll 8)
To determine the convexity of (45), we verify the relationship
between f1 (cj,) and cl, by the second-order derivatives.
We have the following theorem.

Theorem 2: 1f Bgtpgt < Bq‘itﬂgt, fi (cgt) is a concave
function, else if B}f}tPgt > BitPgt, fi (cg’t) is a convex
function.

Proof: The second-order partial derivative of f; (c¥ ;)
with respect to cu’t is

p =\ 2/s 2/¢
Vil (Cg,t) =2 (Bg,tP{,t) * (Bu fRE{t) Y (9)
For any given BY,, By, P and PJ,
if Bu p B, r.p t, fi ( ) is a concave function then
we have a convex constraint in (45). If BY P, > B ,PY,,

fi (cit) is a convex function, then we have a concave
constraint in (45). [ |
Based on the above analysis, the problem in (38) is still
non-convex due to the non-convex constraints in (19), (45)
and (46). To make the problem in (38) more tractable, the Tay-
lor expansion is employed to approximate the convex functions
with the linear ones. Then, we obtain the following lemma.

Lemma 1: For any given vgt and cu +» we have
U,r T U
Hvu,/t +2 ( Vu t) (Vu,t —Vy t) > Umina (50)
(Buthhf)SU fuuf (B PUt)CU ||Cut Cbht| SU (51
167 £90; > (B PY) (52)
with
v T U T
uut (ut_c,) (Cu,t_cjt)v (53)
o) U 0.\ U
u o t Co.ii +2 (cu g —C, 11‘5) (cu t cu,T) (54)
Ay ,

Proof: See Appendix B. [ |
According to Lemma 1, we can iteratively solve the problem
by using the successive convex optimization. The details are

X . - . . U,l-1
given in Table II. In the [-th iteration, by using v,

FORI=1TO =1Ly
U,l

1) Solve the problem in (56) for given ¢,’; = s , then denote the

u,t

optimal solution as PB tl s

2) Solve the problem in (57) with given cU -1 VUl ! , and PY! and

u,t u,t>
Uz UL 1
denote the optimal solutions as ¢,,*;,v,,";.a,’ t, o,

3) If|Q! - Q’—1|/Ql < &, stop.
END

add operation

— — — multiplication operation

Fig. 2. Coupling relationships between the variables of the problem in (55).

and cu =1 obtained in the (I — 1)-th iteration, the optimization
problem can be formulated as

max !

UL UL UL UL oy
P’U/:tlc‘u 0Vt @

subject to (20), (21), (22), (23), (24), (33),

(34), (47), (50), (51), (52).  (55)
In constraints, the superscript [ is used for PY, u o V}it, a}iw

and @), respectively. Besides, VS:: and c}it are replaced with
vg’i_l and cU’l respectively

In (55), the variables Q!, P ., , and cu , are closely related
to each other because of multlpllcatlon operations as shown
in Fig. 2. Consequently, t cannot be obtained together with
Q' and Pu!t. Geometric programming can be employed to
transform the multiplication operation into add one, so that
Pt ; and cut can be solved together. But it provides a tight
bound. Therefore, we decouple the problem in (55) into two
subproblems and solve it iteratively, as shown in Table III.
First, with glven el we optimize Then, with the

w,t? u, t
;. In addition, due to the linear

obtained P t s we optimize c
relationship, c ut, vgé and a%t are solved together in this
paper. Two subproblems are described as follow.

1) Optimization of Transmit Power: By using cU’l_1
obtained in the (I — 1)-th 1terat10n we set cUl cU =

and
optimize the transmit power P,

problem

by solvmg the following

max
U,l
P,Q!

subject to (23), (24

Q' (56)

), (47), (51), (52).

The problem in (56) is a LP, which can be solved with
CVX [57].

Authorized licensed use limited to: Southeast University. Downloaded on May 07,2020 at 12:53:13 UTC from IEEE Xplore. Restrictions apply.



LI et al.: MARITIME COVERAGE ENHANCEMENT USING UAVs COORDINATED WITH HYBRID SATELLITE-TERRESTRIAL NETWORKS

TABLE IV
BISECTION METHOD FOR SOLVING THE PROBLEM (57)

Initialization:
) e=1.0x1073, My = 50,
2) Set U’ = P} ’B"‘ 750,
FOR m=1TO m = M()
3) Q™ = (Um—l Lm—l)/z
Ul 1

4) Solve the convex problem in (58) with given ¢, ", vt PUI

u,t
U,m Um
ut ’Vu,t’ u,t

= Q™ otherwise

and O™, and denote the optimal solutions as ¢
5) If the problem is solved, U™ =U""!, L
Uum=Qm, L™= Lm—l’
6) If [U™ - L™|/L™ < &, stop,

END
7) Ql o™,

Um _U,|l Um _U,l Um
8) €t =l Vi = Valr A = A -

2) Optimization of Three-Dimensional Coordinates, Veloc-

ities and Accelerations: By using the obtained PVl ¢ U lil

u,t
Ul 1

and v,; , the problem in (55) can be rewritten as

l
max Q
Ul UL QUL o
Cout Vet ts

subject to (20), (21), (22), (33), (34),
(47), (50), (51), (52)

Then, we can iteratively solve the problem in (55) by employ-
ing successive convex optimization.

Similarly, to solve the problem in (57) the bisection
method is utilized to decouple @' and cu, We decompose
the problem in (57) into a series of convex problems by
setting Q' and solve it iteratively. The details are shown
in Table IV. In the m-th iteration, let U™ ! and L™~ !
respectively denote the upper bound and lower bound of Q'.
For Qm = (U™ '+ L™1) /2, with given c;y ', vy and
P” obtained by solving the problem in (56) the convex
problem can be formulated as

u, U U
findc /", v, a, "

(57)

w,t ) Yu,t ) Fu,t
subject to (20), (21), (22), (33), (34),
(47), (50), (51), (52) (58)
where Pgt, Y, vy, al,, @ are replaced with P}, c\}",
v‘j}t’", a,’", Q", respectively. Besides, vg;g and cU’T are

replaced with vgé*l and c,, , respectively. When the

maximum Q" is found, with Wthh the convex problem (58)
is solved, we achieve the related vectors ¢, (", vy 7", a, ;"
The shortest dlstance between the UAV and the mobile user

1S Zmin. Given Pu ;, we set the upper bound of Q" to be

U = pUipYy ,—su

u,t —u, tZmin -

Ul1

(59)

The lower bound of Q' is set to be 0.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, simulation is performed to validate the per-
formance of our proposed algorithm. The ~-th TBS connected
to the u-th UAV is located at (0, 0, 100) m. The u-th UAV

2363

TABLE V
SIMULATION PARAMETERS

Symbol | Value Symbol | Value

Zmin 2.6 km Vinin 10 m/s
Zmax 5.0 km Vimax 60 m/s

vy [30,0,01" mss | PL, 37, 40 dBm
o2 -107 dBm Amax 10 m/s?

provides the communication services for the mobile user.
We uniformly sample 7" = 10 points from the positions of
the user served by the u-th UAV for simple analysis. The u-th
UAV flies according to the optimized trajectory. The antenna
gains of TBSs, UAVs and satellites are set to be 12 dBi, 8 dBi
and 52 dBi. The antenna gains of users served by UAVs and
satellites are set to be 8 dBi and 30 dBi. The system is operated
at the 5 GHz carrier frequency. We take the geosynchronous
Earth orbit satellite (GEO) as an example. The transmit power
of satellites is 49.03 dBm. The distance between satellites and
UAVs (users) is 3.6 x 107 m. The path loss for the UAV-to-
ground link is set to be

U, v

duut

LYY (dB) = 11 151log 1
uut( ) 6.7+ 151og 0(2600

The path loss for the satellite-to-UAV (user) link is set to be

X

LEY, (dB) =464+ 2010g10 (dZ), ) + 1)
where the standard deviation of Xu u,¢ and Xg U is 0.1. The
bandwidth allocated to satellites, UAVs and TBSS is set to be
5 MHz. The main parameters are given in Table V. For each
experiment, we randomly generate the small-scale fading for
1000 rounds to achieve ergodic achievable rates according to

the parameters given in Table V.

A. Performance Comparison Between the Optimal Solution
and the Approximate Solution

Because the optimization problem (25) is not convex and
cannot be directly solved, the Taylor approximations and
the bisection method are used to solve the problem in this
paper. To validate the loss in performance caused by the
Taylor approximations and the bisection method, we consider a
scenario where the optimization problem (25) is simplified and
the optimal values of the simplified problem can be achieved.
In the scenario, the constraints on UAV kinematics, backhaul
and the total energy of the UAV can be ignored. The UAV tra-
jectory and in-flight transmit power are mainly determined by
the interference. The optimization problem can be rewritten as

PY,GuGy (L)

u,u,t

ax 2
Plg.,t7c”[u,.f o

subject to (22), (24), (36) (62)

Lemma 2: If I Hc —co“ ;U > BO“PIEM, the optimal
values of PUt and cut in the optimization problem (62) are
T
PY. . and c*, where c* = [mit, y%t, Zmin
Proof: See Appendix C. [ ]
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11.5

10.5

9.5

—&A— Approximate solution
—@— Optimal solution
.

Minimum ergodic achievable rate (bits/s/Hz)
>

20 21 22 23 24 25 26 27 28
Maximum transmit power P:]ax (dBm)

Fig. 3.  Minimum ergodic achievable rate for the optimal solution and the
approximate solution.

Assume that the users served by the UAV and the satel-
lite are respectively located at (5.0 x 104, 0, 10) m to
(5.0 x 10%, — 105, 10) m. The interference temperature lim-
itation Iy is —74 dBm and Ky = 31.3. The maximum
transmit power PY, is in the range [20, 28] dBm and then

- max
Su . .« e,
Iy||c* — cg;g > Bg’; P,ax can be satisfied. The initial loca-

tion of the UAQV is set to be (4.5 x 10%, 0, 3000). By using
the solutions obtained with Taylor approximations and the
bisection method and those given in Lemma 2, the mini-
mum ergodic achievable rate is compared by simulation. The
simulation result is shown in Fig. 3. For this scenario, using
Taylor approximations and the bisection method, the minimum
ergodic achievable rate of the approximate solution is close to
that of the optimal solution.

B. Performance Comparison Among Different Algorithms

In this part, we compare our proposed algorithm with those
in [20] and [22]. In these works, the full CSI was used
for the whole trajectory optimization. The user served by
the u-th UAV travels from the position (5.0 x 10%, 0, 10)
m to (6.8>< 104, 0, 10) m along x axis. Let cl‘f”t =
[ 1 Yabss 2o t]T be the positions of the user served by the
u-th UAV and v}’ be the user’s velocity. For comparison,
we adopt a basic trajectory which is denoted as c}it
[xq‘it, yg’ o zmin]T. The transmit power is set to satisfy
the constraints on tolerable interference, backhaul, maximum
transmit power and the total communication energy of the
UAV. Besides, the positions of the users served by satel-
lites are set as coy = [z¥,, y¥, + (—1)" x 8000, zu‘lft}T

The initial trajectory of the u-th UAV is set to be cg’t =
[mg,t/za ?Jg,ta Zmin}T

Because of the difficulty of obtaining the small-scale CSI,
the full CSI can not be accurately obtained in practice. In our
proposed algorithm, the whole trajectory and the transmit
power of the UAV are optimized with the large-scale CSI
only. To validate the performance of our proposed algorithm,
the minimum ergodic achievable rate of different algorithms is
compared. The simulation results are shown in Fig. 4, where
Ey is 500 J and P{ , = 40 dBm. We set that the interference
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L —a&— Proposed algorithm, K,=30
—@— Algorithm in [20], KU=30
—¢— Algorithm in [22], KU=30
—Jpp— Basic trajectory, KU:SO

Minimum ergodic achievable rate (bits/s/Hz)
©

22 24 26 28 30 32 34 36
Maximum transmit power Pynax (dBm)

Fig. 4. Minimum ergodic achievable rate of different algorithms with Rician
factor Ky = 30, the interference temperature limitation /o = —40 dBm and
the total communication energy Fo = 500 J.

temperature limitation Iy is —40 dBm and vary maximum
transmit power PU__ in the range [22, 36] dBm. Because
Iy is large, the interference can be ignored. The transmit
power is bounded by the maximum transmit power, back-
haul and total communication energy. When PY, < 30 dBm,
the performance is mainly determined by backhaul and max-
imum transmit power. The existing algorithms ignore the
constraint of maximum transmit power. We decrease their
transmit power to satisfy this constraint. One sees that the
performance can be improved with the optimization problem
subject to the constraint of maximum transmit power. When
PY.. > 30 dBm, the total transmit power during 7 is larger
than the total communication energy and the performance
is mainly determined by backhaul and total communication
energy. The algorithm in [20] investigated the optimization
problem with full CSI subject to constraints of backhaul and
total communication energy. Our proposed algorithm achieves
better performance than that in [20]. To further validate the
performance of our proposed algorithm using the large-scale
CSI, we vary Rician factor Ky. The simulation results are
shown in Fig. 5. One sees that by reducing Ky, our proposed
algorithm obtains much better performance than the existing
ones. One sees that the performance can be improved with the
large-scale CSI.

To illustrate the performance gain achieved by using
interference constraint, the comparison of minimum ergodic
achievable rate is shown in Fig. 6, where Ky = 31.3. We set
Ey, = 3 x 10* J and Pvr_t = 40 dBm. Because FEj is
large, the transmit power is limited by interference, maximum
transmit power and backhaul. We set that the interference
temperature limitation Iy is —55 dBm and —40 dBm and vary
maximum transmit power PU__ in the range [30, 40] dBm.
When Iy = —40 dBm, the interference can be ignored.
The algorithms in [20] and [22] neglect the constraints of
interference and maximum transmit power. We reduce their
transmit power to satisfy those constraints. By varying Iy and
PY_ ., the minimum ergodic achievable rate is increased when
PY > 36 dBm. One sees that the transmit power is deter-
> 36 dBm and

max

mined by interference constraint when PY,
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b 3
2 S

*x

—a&— Proposed algorithm, KU=10
74 1
—@— Algorithm in [20], KU=10
—¢— Algorithm in [22], KU=10
—Jpp— Basic trajectory, KU:10

6 . . . . . .
22 24 26 28 30 32 34 36

(dBm)

Minimum ergodic achievable rate (bits/s/Hz)
A
\V
3
*

Maximum transmit power Pynax

Fig. 5. Minimum ergodic achievable rate of different algorithms with Rician
factor Ky = 10, the interference temperature limitation /o = —40 dBm and
the total communication energy Fo = 500 J.

12

R
10, A A S e

—a&— Proposed algorithm, /,=-55 dBm
6 — A - Proposed algorithm, ly=-40 dBm | -
—@— Algorithm in [20], /0="55 dBm
— @ = Algorithm in [20], 0:-40 dBm
4 —¢— Algorithm in [22], O=—55 dBm B
— o - Algorithmin [22], 0:-40 dBm
—p— Basic trajectory

Minimum ergodic achievable rate (bits/s/Hz)
®

2 . . I
30 32 34 36 38 40

Maximum transmit power PV (dBm)

max

Fig. 6.  Minimum ergodic achievable rate of different algorithms with the
interference temperature limitation /o = —55 dBm or —40 dBm and the total
communication energy Eog = 3 x 10% J.

Iy = —55 dBm. The performance of our proposed algorithm
is best of all when PV, > 36 dBm and Iy = —55 dBm.

Thus, our proposed algorithm can improve minimum ergodic
achievable rate by a joint optimization of the whole trajectory
and the transmit power with interference constraints.

C. Discussion on the Impact of Key Parameters

In this part, the minimum ergodic achievable rate of
the backhaul link and the access link of the UAV and the
satellite-to-user link is simulated. The user served by the
u-th UAV travels from the position (1.0 x 10°, 0, 10)
m to (2.8 x 10°, 0, 10) m along x axis. The posi-
tions of users served by satellites are set as cou =

o,t
(2%, y¥, + (~1)" x 80000, 2¥,]". Set PI, = 37 dBm,
PY.. = 40 dBm and E; = 6000 J. The interference
temperature limitation [y is in the range [—94, — 74] dBm.

When the y-th TBS provides the backhaul link for the u-th
UAY, the simulation result is shown in Fig. 7, where the initial
trajectory of the u-th UAV is [0.9z,, v/, zmin}T. When
Iy is increased, the minimum ergodic achievable rate of the
satellite-to-user link is reduced because of the interference.
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Fig. 7. Minimum ergodic achievable rate for the UAV-to-user link,
the satellite-to-user link and the TBS-to-UAV link, where the TBS provides
the backhaul link for the UAV.
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Fig. 8. Minimum ergodic achievable rate for the UAV-to-user link,
the satellite-to-user link and the satellite-to-UAV link, where the satellite
provides the backhaul link for the UAV.

When Iy < —82 dBm, the minimum ergodic achievable
rate of the access link of the u-th UAV is lower than that
of the backhaul link of the u-th UAV because the interfer-
ence constraint is tighter than the backhaul constraint. When
Iy > —82 dBm, the performance is jointly determined by the
interference constraint and the backhaul constraint. When the
satellite provides the backhaul link for the UAV, the simulation
result is shown in Fig. 8, where the initial trajectory of UAV
is [mit, yq‘it, zmin} . Obviously, when Iy < —86 dBm,
the minimum ergodic achievable rate of the access link of
the u-th UAV is lower than that of the backhaul link of the
u-th UAV because the interference constraint is tighter than
the backhual constraint. When Iy > —86 dBm, the minimum
ergodic achievable rate is unvaried because the performance
is mainly determined by the backhaul constraint.

We also analyze the impact of the total energy and the
interference on the minimum ergodic achievable rate. Set
Py = 37 dBm, PJ,, = 40 dBm and Ky = Ks =
31.3. When the ~-th TBS provides the backhaul link for
the u-th UAV, the simulation result is shown in Fig. 9,
where the total energy FE, is in the range [1, 10%] J.
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Fig. 9. Minimum ergodic achievable rate with different interference temper-
ature limitation I, where the TBS provides the backhaul link for the UAV.

6.5
L 6r
w
@
8551
2
<
o 51
5
©
3
Las5¢
[$}
©
g 4 1
o
<
[0}

35+ J
g —— IO:-94 dBm
E sl —e— /,=-90dBm| |
= 4 —#— /=86 dBm

25 .

10° 10 102

Ey()

Fig. 10. Minimum ergodic achievable rate with different interference
temperature limitation I, where the satellite provides the backhaul link for
the UAV.

The interference temperature limitation Iy 1is set to
be —94 dBm, —82 dBm and —74 dBm, respectively. The
initial trajectory of the wu-th UAV is [xq‘f,t, yg’ o zmin}T,
[mf}t, y:ﬁt, zmin]T and [0.9‘%%, yg”t, zmin} , respectively.
When the satellite provides the backhaul link for the UAYV,
the simulation result is shown in Fig. 10, where the total
energy Ep is in the range [1, 102] J. The interference
temperature limitation I is set to be —94 dBm, —90 dBm
and —86 dBm, respectivel;g The initial trajectory of the u-th
UAV is [z}, i (> Zmin] - As shown in Fig. 9 and Fig. 10,
when I, and Ej are increased, better performance can be
obtained. When the energy constraint is tight, the performance
is determined by Ej. By increasing Ej, when the interference
constraint is tight, the performance is determined by Ij.

An optimized trajectory and transmit power of a UAV
in the x-y plane are shown in Fig. 11, where P};t = 40
dBm, PY,. = 40 dBm, Iy = —55 dBm, Ey, = 4000 J,
and Ky = Ks = 31.3. The mobile user travels from
the position (5.0 x 10%, 0, 10) m to (6.8 x 10%, 0, 10) m
along x axis. The positions of users served by satellites are
set as ¢y = [z, y, + (—1)" x 8000, zq‘f’t]T. The initial

trajectory of the UAV is [x;f”t/2, yl‘f”t, zmin]T. The UAV
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Fig. 11. Optimized trajectory in the x-y plane.
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Fig. 12.  Maximum number of iterations.

flying according to the blue curve serves the user moving along
the dark line. Because of constraints of wireless backhaul,
the optimized trajectory is between the TBS and the mobile
user. Besides, because the users interfered by the UAV appear
on the sides of the mobile user, the optimized trajectory is bent
to satisfy interference constraints. The obtained transmit power
of the UAV satisfies the constraints on maximum transmit
power and allowable communication energy.

D. Convergence Performance of the Proposed Algorithm

The convergence is analyzed in this part. The experiment
is implemented 100 times by generating different scenes.
The user served by the UAV travels from the position
(5.0 x 10%, 0, 10) m to (6.8 x 10%, 0, 10) m along the x
axis. The users served by satellites and interfered by the
UAV appear randomly. The distance between the user served
by satellites and the one served by the UAV is 8000 m.
The maximum numbers of iterations are shown in Fig. 12,

where Py, is in the range [22, 38] dBm, PJ, = 40 dBm,
Ky = 31.3, and Ejy is 500 J and 4000 J. The interfer-

ence temperature limitation Iy is —55 dBm and —40 dBm
and the initial trajectory of UAV is [3x1‘f’,t /4, yg’ & zmin}T

and [ml‘f’t /2, yg’ £ zmin}T, respectively. Different values of
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parameters represent different cases, where the performance
is either separately or jointly determined by the constraints
on maximum transmit power, interference, backhaul and the
allowable communication energy. One sees that, the maximum
number of iterations is smaller than 25 in all cases. Thus,
the algorithm converges within 25 iterations in the cases
considered.

V. CONCLUSION

In this paper, UAVs have been used for on-demand satellite-
terrestrial maritime communications. The coordination with
existing satellites/terrestrial systems has been investigated to
realize spectrum sharing and efficient backhaul. This paper has
adopted a typical composite channel model consisting of both
large-scale and small-scale fading, under which UAVs have
been deployed for accompanying coverage. The UAV’s whole
trajectory and transmit power during the fight have been jointly
optimized, subject to constraints on UAV kinematics, tolerable
interference, backhaul, and the total communication energy of
the UAV. Different from previous studies, we have assumed
that only the large-scale CSI is available, as the positions
of mobile ships can be obtained via the maritime AIS and
be used as the prior information. Then, we have solved the
non-convex problem by problem decomposition, successive
convex optimization and bisection searching tools. Simulation
results have shown that the UAV fits well with existing satellite
and terrestrial systems. Besides, the performance gain can be
achieved via joint optimization of UAV trajectory and transmit
power with only the large-scale CSI. In future work, we will
explore more possibility of improving the quality of service by
utilizing UAVs and jointly investigate trajectory optimization,
interference management and user association among UAVs,
TBSs and satellites.

APPENDIX A
PROOF OF THEOREM 1

Let 1), ut = P},GuGy ( u ;ft)7 o~ 2. According to (5),
REE’ , can be expressed as

RS Et E {IOgQ [1 + ﬂg,’itbgﬁt} } ) (63)
where
2
K 1
U, v U U,
= / 64
wt = 1\ T Rg © \/1 Iy 4

We analyze the relationship between RE:K ; and 773;1' , via
the first-order and second order derivatives. Since guf : €
CN(0, 1), the variable bu u¢ follows a non-central chi-square
probability density function with two degrees of freedom as
fuo (p) = (1+Ky) e Kve= K0 (2 Ko (1+ Ky) p)
(65)

where p > 0 and Iy(-) is the zeroth-order modified Bessel
function of the first kind [53]. Then, Rgf , can be expressed
as

o0
Ru it = 1Og26/0 In (1 + nu ” tp) fbﬂ’.i,t (p)dp. (66)
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The first-order derivative with respect to 775;1’ . 18
5U, T - P
Ru:u,t = 1Og26/ 7be,\lf . (P) dp (67)
0 1+77uutp ot
The second-order derivative with respect to 77;J f . 18
2
(p)dp.  (68)

2/
U‘I/ uuf
1+77uutp)

Ru ut = 1ogge/0 (

Because ng’ft > 0 and be\I/ (p) > 0, RY ‘I’t > 0 and

Ru ut < 0. S0, Ru u,t 18 an increasing function of nu u, t and
strlctly concave. Thus, the theorem is proved.

APPENDIX B
PROOF OF LEMMA 1

According to that any convex function is globally lower-
bounded by its first-order Taylor expansion at any point

u U :
[58], with the given v, and c,’i, we have the following
inequalities
U,r U,r T U uU,r
Hvut||2 Z Hvut 2<Vu:t) (vu,t - vu:t) ) (69)
2 T
u 7 uU,r 'z uU,r w
ch,t cu,t”g > ‘ cu,t - cu,t 9 + 2(Cu,t - Cu,t)

(70)

U uU,r
(b, —es).

Then, combining the constraints in (19), (45) and (46),
the lemma is proved.

APPENDIX C
PROOF OF LEMMA 2

We rewrite the objective function in (62) with cg’t as
v\~
GUG‘I’ ( u,U t)

o v U U v
2 = Bu,tPu,tHCu,t - cu,tHg

(71)
g

Obviously, considering the constraints (22) and (24), when

T L
PY, = PY. and ¢, = [z}, ¥y, Zmin] . the objective
function can be maximized. However, the constr%int (36) also
should be satisfied. Let ¢* = [}, ¥}, Zmin]| - According
to (36), if Io||c* — 9[>’ > By PY,,. the optimal values of
P, and cY, in the optimization problem (62) are Py, and
c*. The lemma is proved.

ax?
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