
UAV-Enabled Accompanying Coverage for Hybrid
Satellite-UAV-Terrestrial Maritime Communications

Xiangling Li∗, Wei Feng∗, Yunfei Chen†, Cheng-Xiang Wang‡§, Ning Ge∗
∗Beijing National Research Center for Information Science and Technology, Tsinghua University, Beijing 100084, China

‡National Mobile Communications Research Laboratory,

School of Information Science and Engineering, Southeast University, Nanjing 210096, China
§Purple Mountain Laboratories, Nanjing 211111, China

†School of Engineering, University of Warwick, Coventry CV4 7AL, U.K.

E-mail: lingjlu@yeah.net, fengwei@tsinghua.edu.cn, Yunfei.Chen@warwick.ac.uk,

chxwang@seu.edu.cn, gening@tsinghua.edu.cn

Abstract—Despite of constantly-developing satellites and ter-
restrial fifth generation (5G) communications, there is still a
large gap for maritime broadband coverage. In this paper, we
explore the potential gain of unmanned aerial vehicles (UAVs)
for maritime communications. A hybrid satellite-UAV-terrestrial
network is considered, where the UAV is employed to offer an
accompanying coverage for mobile ships. We optimize both the
trajectory and transmit power of UAV to maximize the minimum
of ship’s achievable rate. Different from previous studies, we
consider a typical composite channel model containing both
large-scale and small-scale fading, to cope with the practical
propagation environment. Moreover, we assume only the large-
scale channel state information (CSI) is known for optimization,
because the dynamic small-scale fading cannot be obtained before
UAV’s flight, whereas the large-scale CSI can be estimated
according to the position information of ships. Under this context,
an optimization problem is formulated, subject to constraints on
UAV’s kinematics and communication limitation. We solve the
problem which is proved to be non-convex by problem decom-
position, successive convex optimization and bisection searching
tools. Simulation results have corroborated the superiority of the
proposed accompanying coverage of UAV.

I. INTRODUCTION

UAV has shown a considerable promise for coverage en-

hancement. Specially, different projects have been initiated to

exploit UAVs to provide on demand broadband service for

rural and poorly covered areas, such as the Facebook Drone

project and the FP7 SUNNY project.
The key difference of UAV-enabled communications from

traditional ones lies in UAV’s controllable mobility. When

a static UAV is used hovering above the coverage area, the

benefits mainly depend on the UAV’s altitude [1]. When a

mobile UAV is employed, its trajectory should be carefully de-

signed [2]–[4]. The majority of existing studies have simplified

this issue by considering some simple cases, e.g., the circular

trajectory [2], [3]. Besides, energy efficiency was considered

for trajectory optimization in [5] and [6]. For mobile users, the

UAV trajectory should cater to the positions of mobile users,

resulting in an emerging accompanying coverage technologies

[7], [8]. In [7] and [8], the ergodic achievable rate was

maximized by adjusting the fixed-wing UAV heading.
In this paper, we investigate the potential gain of UAV in

the maritime scenario where the broadband coverage is still

an open issue [9]. For maritime communications, the channel

model is much different from traditional ones [10]–[12]. To

be practical, both large-scale and small-scale fading should be

considered as that in [2]. The corresponding CSI has great

impact on both trajectory design and communication strategy

optimization [3]–[6]. When the simplest free space path loss

model is assumed, it is relatively easy to obtain some theoret-

ical results [3]–[6], which however can only provide a rough

lower performance bound for realistic systems. When it comes

to the more complicated composite maritime channel model,

the accurate CSI cannot be assumed to be known, because

it is difficult to acquire the small-scale CSI before UAV’s

flight. Thus, only large-scale CSI can be used for trajectory

and communication strategy optimization, which unfortunately

remains elusive to the best of the authors’ knowledge.

In this paper, we discuss the optimal design of UAV

trajectory and transmit power with large-scale CSI condition.

Note that satellites and terrestrial onshore-base stations (BSs)

already exist for maritime communications. We thus focus

on a hybrid satellite-UAV-terrestrial network, where the UAV

is employed to offer an accompanying coverage for mobile

ships. The UAV shares spectrum with existing satellites and

achieves backhaul service from the onshore BS. We observe

that it is easy to obtain the position information of mobile

ships, according to, e.g., information from the standard au-

tomatic identification system (AIS). Therefore, we assume

only the large-scale CSI is known for optimization, which

varies slowly and highly depends on the positions, and thus

can be obtained before UAV’s flight. Under this context, an

optimization problem is formulated, subject to constraints on

UAV’s kinematics, backhaul, tolerable leakage interference,

and total communication energy. The problem is proved to be

non-convex. We solve it by problem decomposition, successive

convex optimization, and bisection searching tools. Simulation

results will show the superiority of the proposed accompanying

coverage.

II. SYSTEM MODEL

We consider a hybrid satellite-UAV-terrestrial maritime

communication network, as shown in Fig. 1. To mitigate
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Fig. 1. Illustration of a hybrid satellite-UAV-terrestrial maritime communica-
tion network, where grey dotted lines denote wireless communication links.

coverage holes of onshore BSs and satellites, the UAV is

deployed to accommodate the communication requirement of

mobile ships. The UAV is employed as an aerial platform of

BS, which has the abilities of inter-cell handover, resource

allocation, etc. The UAV waits near the onshore BS while not

being used.

The spectrum is shared between UAV and satellite to deal

with spectrum scarcity problem. This leads to the interference

from UAV to the ships served by satellites. To mitigate the

interference, UAV trajectory and transmit power are adjusted.

Moreover, onshore BS provides wireless backhaul for UAV.

We assume there is no interference between backhaul and

access side of UAV.

A typical composite channel with both large-scale and

small-scale fading is considered. We assume that UAV and

mobile ships are equipped with single antenna. Let ha,i,t
and da,i,t denote the channel and distance between the a-th

transmitter and the i-th receiver at time t, respectively. We

have ha,i,t = L−1/2
a,i,t h̃a,i,t , where La,i,t denotes the path loss and

h̃a,i,t denotes Rician fading. The path loss model is

La,i,t (dB) = A0 +10ς log10

(
da,i,t

d0

)
+Xa,i,t (1)

where A0 is the path loss at the reference distance d0, ς
is the path-loss exponent, and Xa,i,t ∈N (0,σX ) [12]. Rician

fading can be expressed as h̃a,i,t =
√

K
1+K +

√
1

1+K ga,i,t , where

ga,i,t ∈ CN (0,1) and K is the Rician factor. The path loss

and Rician fading are categorized into the large-scale and

small-scale CSI, respectively. The path loss is related to

the transmission distance. On the ocean, the ship’s position

information can be obtained. Thus, we assume that the large-

scale CSI can be obtained before UAV’s flight.

III. UAV-ENABLED ACCOMPANYING COVERAGE

In this section, we describe the details of UAV-enabled

accompanying coverage. Firstly, under the composite channel

model, we formulate the optimization problem of the UAV

trajectory and transmit power. Then, by utilizing the obtainable

large-scale CSI, an iterative algorithm is proposed to solve the

optimization problem.

A. Problem Formulation

Let Γs and Γa denote the sets of onshore BSs and UAVs,

respectively. Let Ωa and Ωo denote the sets of the ships served

by UAVs and satellites, respectively. Let T0 be the travel time

during which a UAV serves a mobile ship. The positions

of UAV and the ship served by UAV at time t are denoted

as ca,t = [xa,t ,ya,t ,za,t ]
T and ci,t = [xi,t ,yi,t ,zi,t ]

T , respectively,

where a ∈ Γa and i ∈ Ωa. Let us assume that an onshore

BS provides wireless backhaul for the UAV during T0. The

onshore BS is located at (0, 0, zs,t), where s∈Γs. The ergodic

achievable rate Ra,i,t between the a-th transmitter and the i-th
receiver at time t can be expressed as

Ra,i,t = E
{

log2

[
1+

Pa,tGaGi|ha,i,t |2
σ2

]}
(2)

where Pa,t denotes the transmit power and σ2 denotes the

white Gaussian noise power, and Ga/Gi denote the gain

of the transmitting/receiving antenna, and E{·} denotes the

expectation operator, and | · | indicates the absolute value of

a scalar. Assuming that the large-scale CSI is obtainable, the

expectation is taken over Rician fading.

The optimization problem can be formulated as

max
Pa,t ,ca,t ,va,t ,aa,t

min
t

Ra,i,t (3a)

subject to va,t = ċa,t (3b)

aa,t = c̈a,t (3c)

‖va,t‖2
2 ≥ v2

min (3d)

‖va,t‖2
2 ≤ v2

max (3e)

‖aa,t‖2
2 ≤ a2

max (3f)

zmin ≤ za,t ≤ zmax (3g)

0 ≤ Pa,t ≤ Pmax (3h)∑
t∈Λ1

Pa,tΔt ≤ E0 (3i)

Ra,i,t ≤ Rs,a,t (3j)

E
[
Pa,tGaG j|ha, j,t |2

]≤ I0, j ∈ Ω′
o (3k)

where the minimum ergodic achievable rate during T0 is

maximized by optimizing UAV trajectory, transmit power,

velocities, and accelerations. The travel time T0 is discretized

into T time slots with a step size Δt. The trajectory and

transmit power are adjusted in each time slot. The details about

the constraints are given as follows.

va,t and aa,t denote the velocity and the acceleration of UAV.

According to the definition, we have va,t = ċa,t and aa,t = c̈a,t ,

while vmax, vmin and amax denote the maximum and minimum

velocity, and the maximum acceleration, respectively. zmax and

zmin denote the maximum and minimum altitude, respectively,

zmin is used to guarantee the light-of-sight (LOS) link, and zmax

is set according to the air traffic control. The communication

energy is provided by the battery. The energy consumption

during T0 is limited. So, we have
∑T

t=1 Pa,tΔt ≤ E0, where
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E0 denotes energy consumption during T0. Pmax denotes max-

imum transmit power. Due to wireless backhaul, the achievable

rate is limited in the BS-to-UAV link. Thus, we have Ra,i,t ≤
Rs,a,t . Let Ω′

o,t be the set of ships served by satellites and

interfered by UAV, and |Ω′
o,t |= Mt . To limit the interference,

an interference temperature limitation I0 is used.

Different from the algorithms in [7] and [8], UAV tra-

jectory and transmit power are jointly optimized. Moreover,

UAV’s velocity and acceleration are used as constraints. More

importantly, we use the composite channel model and the

expectation of achievable rates is taken over Rician fading,

which are different from the algorithms in [3]–[6].

B. An Iterative Solution

To solve the optimization problem in (3), we determine

the concavity and monotonicity of the ergodic achievable rate

Ra,i,t . The result is shown as follows.

Theorem 1: The ergodic achievable rate Ra,i,t in (2), where

the expectation is taken over the Rician fading, is strictly

concave and monotonically increasing with the average signal-

to-noise ratio (SNR) aa,i,t = Pa,tGaGiL−1
a,i,tσ−2.

Proof: The proof is given in Appendix A.

Because Ra,i,t is a concave function, the optimization prob-

lem in (3) is non-convex. To solve the problem in (3), by using

the monotonicity, the objective function in (3a) is rewritten as

max
Pa,t ,ca,t ,va,t ,aa,t

min
t

Pa,tGaGiL−1
a,i,tσ

−2 (4)

and the constraint in (3j) is expressed as

Pa,tGaGiL−1
a,i,tσ

−2 ≤ Ps,tGsGaL−1
s,a,tσ

−2 (5)

where Ps,t denotes the transmit power of the onshore BS.

The problem in (3) is still difficult because of the

derivatives in (3b) and (3c). Based on the first-order

and second-order Taylor approximations, the constraints in

(3b) and (3c) are rewritten as va,t+1 ≈ va,t + aa,tΔt and

ca,t+1 ≈ ca,t + va,tΔt + 1
2 aa,tΔt2. Let Δvt = va,t+1 − (va,t +

aa,tΔt) and Δct = ca,t+1 − (
ca,t +va,tΔt + 1

2 aa,tΔt2
)
. Since

ga, j,t ∈ CN (0,1), E
[
Pa,tGaG j|ha, j,t |2

]
= Pa,tGaG jL−1

a, j,t . Let

Q = min
t

Pa,tGaGiL−1
a,i,tσ−2. According to the above analysis,

the problem in (3) can be rewritten as

max
Pa,t ,ca,t ,va,t ,aa,t ,Q

Q (6a)

subject to (3d),(3e),(3 f ),(3g),(3h),(3i),(5)

|Δvw,t | ≤ Δv0 (6b)

|Δcw,t | ≤ Δc0 (6c)

Q ≤ Pa,tGaGiL−1
a,i,tσ

−2 (6d)

Pa,tGaG jL−1
a, j,t ≤ I0 (6e)

where Δvw,t and Δcw,t denote the w-th element in Δvt and Δct ,

and w ∈ {1,2,3}. Δv0 and Δc0 are set to be small values.

In (5), (6d) and (6e), Pa,t and ca,t are in the numerator and

denominator of fractions. To make the analysis easy, according

to the monotonicity of power functions, we have

(Bs,tPs,t)
2
ς ‖ca,t − ci,t‖2

2 − (Bi,tPa,t)
2
ς ‖ca,t − cs,t‖2

2 ≥ 0 (7)

Q
2
ς ‖ca,t − ci,t‖2

2 ≤ (Bi,tPa,t)
2
ς (8)

I0

2
ς
∥∥ca,t − c j,t

∥∥2

2
≥ (B j,tPa,t)

2
ς (9)

where Bi,t = GaGid
ς
0 σ−210−

A0+Xa,i,t
10 , Bs,t =

GsGadς
0 σ−210−

A0+Xs,a,t
10 and B j,t = GaG jd

ς
0 σ−210−

A0+Xa, j,t
10 .

One sees that ‖va,t‖2
2, ‖aa,t‖2

2, ‖ca,t − ci,t‖2
2 and

∥∥ca,t − c j,t
∥∥2

2
are convex functions. Besides, by analyzing the second-order

derivatives, the equality in (7) is a concave constraint if

Bs,tPs,t > Bi,tPa,t . Then, due to the constraints in (3d), (7)

and (9), the problem in (6) is still non-convex. To make the

problem in (6) more tractable, we obtain Lemma 1.
Lemma 1: For any given vr

a,t and cr
a,t , we have∥∥vr

a,t
∥∥2

2
+2vr

a,t
T (va,t −vr

a,t)≥ v2
min (10)

(Bs,tPs,t)
2
ς fa,i,t ≥ (Bi,tPa,t)

2
ς ‖ca,t − cs,t‖2

2 (11)

I
2
ς

0 fa, j,t ≥ (B j,tPa,t)
2
ς (12)

where

fa,i,t =
∥∥cr

a,t − ci,t
∥∥2

2
+2(cr

a,t − ci,t)
T (ca,t − cr

a,t). (13)

Proof: As a convex function is lower-bounded by its first-

order Taylor expansion [13], by combining (3d), (7) and (9),

the lemma is proved.
According to Lemma 1, the problem in (6) can be iteratively

solved by utilizing the successive convex optimization. In the

l-th iteration, by using vl−1
a,t and cl−1

a,t obtained in the (l−1)-th
iteration, we have the following optimization problem

max
Pl

a,t ,cl
a,t ,vl

a,t ,al
a,t ,Ql

Ql (14a)

subject to
∣∣∣Δvl

w,t

∣∣∣≤ Δv0 (14b)∣∣∣Δcl
w,t

∣∣∣≤ Δc0 (14c)∥∥∥vl
a,t

∥∥∥2

2
≤ v2

max (14d)∥∥∥al
a,t

∥∥∥2

2
≤ a2

max (14e)

zmin ≤ zl
a,t ≤ zmax (14f)

0 ≤ Pl
a,t ≤ Pmax (14g)∑

t∈Λ1

Pl
a,tΔt ≤ E0 (14h)

(Ql)
2
ς
∥∥∥cl

a,t − ci,t

∥∥∥2

2
≤ (Bi,tPl

a,t)
2
ς (14i)∥∥∥vl−1

a,t

∥∥∥2

2
+2vl−1

a,t
T
(vl

a,t −vl−1
a,t )≥ v2

min (14j)

(Bi,tPl
a,t)

2
ς
∥∥∥cl

a,t − cs,t

∥∥∥2

2
≤ (Bs,tPs,t)

2
ς f l

a,i,t

(14k)

(B j,tPl
a,t)

2
ς ≤ I0

2
ς f l

a, j,t (14l)
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where Δvl
w,t and Δcl

w,t are similar to those in (6b) and (6c).

f l
a,i,t and f l

a, j,t are obtained by replacing cr
a,t and ca,t in (13)

with cl−1
a,t and cl

a,t , respectively.

In (14), there exits coupling relationships among Ql , Pl
a,t and

cl
a,t because of multiplication operations. Consequently, we

decouple the problem in (14) into two subproblems. First, for

given cl
a,t , we optimize Pl

a,t . Then, for given Pl
a,t , we optimize

cl
a,t . The details are described as follows.

1) transmit power: For given cl−1
a,t , set cl

a,t = cl−1
a,t . The

problem for optimizing Pl
a,t can be expressed as

max
Pl

a,t ,Ql
Ql (15)

subject to (14g),(14h),(14i),(14k),(14l).

The problem in (15) is a LP and can be solved with CVX.

2) three-dimensional coordinates, velocities and accelera-
tions: For given Pl

a,t , cl−1
a,t and vl−1

a,t , the problem in (14) can

be optimized by solving the following problem

max
cl

a,t ,vl
a,t ,al

a,t ,Ql
Ql (16)

subject to (14b),(14c),(14d),(14e),

(14 f ),(14i),(14 j),(14k),(14l).

To deal with coupling relationships between Ql and cl
a,t ,

the bisection method is employed. The problem in (16) is

decoupled into a series of convex problems by setting Qm and

solved iteratively. In the m-th iteration, for any fixed point Qm,

with cl−1
a,t , vl−1

a,t and Pl
a,t obtained by solving the problem in

(15), the convex problem can be written as

find cm
a,t ,v

m
a,t ,a

m
a,t (17)

subject to (14b),(14c),(14d),(14e),

(14 f ),(14i),(14 j),(14k),(14l).

In (17), the superscript l in constraints should be replaced with

m except Pl
a,t , vl−1

a,t and cl−1
a,t . The shortest distance between

UAV and mobile ship is zmin. Given Pl
a,t , the upper bound of

Qm is U0 = Pl
a,tBi,t z

−ς
min. The lower bound of Qm is set to be

L0 = 0. In the m-th iteration, set Qm = U0+L0

2 . If the problem

in (17) is solved, set L0 = Qm, otherwise set U0 = Qm. After

iterations, the maximum Qm can be obtained.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, simulation is performed to validate the

performance. An onshore BS located at (0,0,100) m provides

wireless backhaul for a UAV. The UAV begins to serve a ship

when the ship moves from the point (5.0×104,0,10) m to

(6.8×104,0,10) m. T = 10 points are uniformly sampled

from ship positions and used for simple analysis, denot-

ed as ci,t = [xi,t ,yi,t ,zi,t ]
T . The ship’s velocity is denoted as

vi. The ships served by satellites nearest to the UAV and

the mobile ship are seriously affected by interference. So

without loss of generality, we set Mt = 1. The positions of

the ships served by satellites and interfered by UAV are

c j,t = [xi,t ,yi,t +(−1)t ×8000,zi,t ]
T . The antenna gains of the

TABLE I
SIMULATION PARAMETERS.

Symbol Value Symbol Value

zmin 2.6 km vmin 30 m/s

zmax 5.0 km vmax 60 m/s

vi 10 m/s Ps,t 40 dBm

σ2 -107 dBm amax 10 m2/s

onshore BS, the UAV, the ships served by satellites and the

UAV are set to be 12 dBi, 8 dBi, 8 dBi and 30 dBi. Set

the carrier frequency be 5GHz. The path loss is Li, j,t (dB) =

116.7+15log10
(

di, j,t
2600

)
+Xi, j,t , where the standard deviation

of Xi, j,t is 0.1. The main parameters are shown in Table I. For

each experiment, a scene is randomly generated and the small-

scale CSI is generated 1000 rounds for obtaining the ergodic

achievable rates.

We compare the proposed algorithm with those in [4] and

[5], where the whole trajectory was optimized with full CSI.

Because it is difficult to achieve small-scale CSI, full CSI

could be inaccurate. Our proposed algorithm consider large-

scale CSI. To verify the performance gain obtained by using

large-scale CSI, we set I0 = −40 dBm and the interference

can be ignored in this simulation setup. The transmit pow-

er is limited by maximum transmit power, backhaul and

total communication energy. Besides, a basic trajectory is

used for comparison, based on which UAV flies above the

user at the minimum altitude. The transmit power is set

to satisfy the constraints. The initial trajectory of UAV is

ca,t = [xi,t/2,yi,t ,zmin]
T .

The results are shown in Fig. 2, where E0 is 500 J. When

Pmax ≤ 30 dBm, the performance is mainly determined by

backhaul and Pmax. As the existing algorithms ignore Pmax, we

reduce its resulted transmit power to satisfy this constraint.

One can see that the performance can be improved with

optimization problem subject to the constraint of maximum

transmit power. When Pmax ≥ 30 dBm, the performance is

mainly determined by backhaul and E0, which is similar to that

in [4]. Our proposed algorithm achieves better performance

than that in [4]. To further verify the performance gain

obtained by using large-scale CSI, we vary Rician factor K.

By decreasing K, our proposed algorithm achieves much better

performance than the existing algorithms. One can see that the

performance can be improved with large-scale CSI.

An optimized trajectory in the x-y plane is shown in Fig.

3, where Pmax = 40 dBm, I0 = −55 dBm, E0 = 4000 J, and

K = 31.3. The optimized trajectory is between the onshore

BS and the ship because of the backhaul constraint. Besides,

the interference constraint bends the optimized trajectory. The

obtained transmit power of UAV Pa,t is lower than Pmax and

satisfies E0.

V. CONCLUSIONS

In this paper, we have investigated the hybrid satellite-

UAV-terrestrial maritime communication network. Using only

the large-scale CSI, we have jointly designed the trajectory
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Fig. 3. An optimized trajectory in the x-y plane.

and transmit power of UAV, so as to promote accompanying

coverage for mobile ships. To be practical, both constraints in

terms of kinematics and communications have been considered

in the optimization. Simulation results have shown that it is

promising to integrate UAVs into maritime networks using

only the large-scale CSI.
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APPENDIX A

PROOF OF THEOREM 1

The path loss La,i,t in (1) can be obtained

and the expectation is taken over ga,i,t . Since

ga,i,t ∈ CN (0,1), the average SNR E
{

Pa,tGaGi|ha,i,t |2σ−2
}

is

aa,i,t = Pa,tGaGiL−1
a,i,tσ−2. Let ba,i,t =

∣∣∣√ K
1+K +

√
1

1+K ga,i,t

∣∣∣2,

which follows a non-central chi-square probability

density function with two degrees of freedom, i.e.,

fba,i,t (γ) = (1+K)e−Ke−(1+K)γ I0

(
2
√

K (1+K)γ
)

, where

γ ≥ 0 and I0(·) is the zeroth-order modified Bessel function

of the first kind [14]. Then, Ra,i,t in (2) can be rewritten

as Ra,i,t = log2e
∫ ∞

0 ln(1+aa,i,tγ) fba,i,t (γ)dγ . We verify the

relationship between Ra,i,t and aa,i,t by the first-order and

second-order derivatives. The first-order derivative with

respect to aa,i,t is

Ṙa,i,t = log2e
∫ ∞

0

(1+aa,i,tγ)−1γ fba,i,t (γ)dγ. (18)

The second-order derivative with respect to aa,i,t is

R̈a,i,t =−log2e
∫ ∞

0

(1+aa,i,tγ)−2γ2 fba,i,t (γ)dγ. (19)

Because aa,i,t ≥ 0 and fba,i,t (γ) > 0, Ṙa,i,t > 0 and R̈a,i,t < 0

hold. So, Ra,i,t is an increasing function of aa,i,t and strictly

concave. Thus, the theorem can be proved.
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