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NOMA-Based Hybrid Satellite-UAV-Terrestrial
Networks for 6G Maritime Coverage

Xinran Fang, Student Member, IEEE, Wei Feng, Senior Member, IEEE, Yanmin Wang, Yunfei Chen, Senior
Member, IEEE, Ning Ge, Member, IEEE, Zhiguo Ding, Fellow, IEEE, and Hongbo Zhu

Abstract—Current fifth-generation (5G) networks do not cover
maritime areas, causing difficulties in developing maritime In-
ternet of Things (IoT). To tackle this problem, we establish a
nearshore network by collaboratively using on-shore terrestrial
base stations (TBSs) and tethered unmanned aerial vehicles
(UAVs). These TBSs and UAVs form virtual clusters in a user-
centric manner. Within each virtual cluster, non-orthogonal
multiple access (NOMA) is adopted for agilely including various
maritime IoT devices, which are sparsely distributed over the
vast ocean. The nearshore network also shares the spectrum
with marine satellites. In such a NOMA-based hybrid satellite-
UAV-terrestrial network, interference among different network
segments, different clusters, and different users occurs. We
thereby formulate a joint power allocation problem to maximize
the sum rate of the network. Different from existing studies,
we use large-scale channel state information (CSI) only for
optimization to reduce system overhead. The large-scale CSI
is obtained by using the position information of maritime IoT
devices. The problem is non-convex with intractable non-linear
constraints. We tackle these difficulties by adopting max-min
optimization, the auxiliary function method, and the successive
convex approximation technique. An iterative power allocation
algorithm is accordingly proposed, which is shown to be effective
for coverage enhancement by simulations. This shows the poten-
tial of NOMA-based hybrid satellite-UAV-terrestrial networks for
maritime on-demand coverage.

Index Terms—Hybrid satellite-UAV-terrestrial network, inter-
ference, maritime Internet of Things, non-orthogonal multiple
access (NOMA), power allocation.

I. INTRODUCTION

Nowadays, the fast development of maritime economies
fosters the maritime Internet of Things (IoT). They not only
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require ubiquitous connectivity but also put high demands
on latency and reliability [1] [2]. Building a comprehensive
maritime communication network has been recognized as a
consensus globally. Although advanced fifth-generation (5G)
techniques bring much convenience to ground networks, they
still cannot support efficient coverage on the sea. At present,
the maritime communication system mainly consists of two
parts: terrestrial base stations (TBSs) and marine satellites.
TBSs have limited coverage, while satellites usually have
low data rates and large transmission delays, which make
the communication on the sea far from satisfying. How to
construct an effective maritime network remains open.

Generally, satellites are recognized as an indispensable part
of global coverage. We have witnessed a rapid development
of satellite communication in recent decades [3] [4]. But it is
still more efficient to rely on advanced terrestrial techniques
for nearshore areas [5]. It is reported that most maritime
communication demands occur within the exclusive economic
zone [6]. In this sense, a wide-band nearshore network is
expected. However, TBSs are mostly deployed on high lands
to overcome the influence of the earth’s curvature, where basic
infrastructures such as optical fibers are hard to deploy. This
leads to site scarcity problems of TBSs, and relaying them only
becomes increasingly insufficient. To address these issues,
unmanned aerial vehicles (UAVs) can join in as communi-
cation facilities [7]. Their easy-deployment merits could help
alleviate the site problem of TBSs. Due to the generally higher
altitude, UAVs can also provide wider coverage and better
channels [8], [9]. Moreover, their on-demand dispatch working
mode inherently supports content coverage, which is suitable
for maritime IoTs that need to download or upload certain
contents within a given time [10]. Promisingly, these aerial
nodes could further be equipped with computing modules
to support the coverage enhancement [11]. In a word, the
coordination of TBSs and UAVs deserves to be well designed,
so as to extend the efficient terrestrial services farther from
the shore. In addition, to accommodate the wide sparsity of
maritime IoT [12] and agilely serve different users, the non-
orthogonal multiple access (NOMA) transmission scheme can
be considered [13], [14]. This scheme is designed to serve a
group of users within one resource block; thus, more connec-
tions and higher spectrum efficiency can be achieved compared
with the orthogonal multiple access (OMA) [15], [16]. In
addition, NOMA can implement the successive interference
cancellation (SIC) to extract far users’ interference from near
users’ signals [17]. Far users can be better attended without
much compromise of the system efficiency.
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Considering aggravated spectrum scarcity problems, n-
earshore networks may share the spectrum with marine satel-
lites. With the aid of NOMA, we believe such a NOMA-
based hybrid satellite-UAV-terrestrial network is promising to
bring new opportunities on the sea [7]. Nevertheless, it also
faces unique challenges. Due to the geographical limitation
of both deploying TBSs and dispatching tethered UAVs, the
nearshore network is irregular, leading to complicated co-
channel interference. In addition, the nearshore network and
the satellite have mutual interference. In this study, we address
these problems, to show the potential gain of NOMA-based
hybrid satellite-UAV-terrestrial networks for maritime cover-
age enhancement. In particular, we exploit the unique features
of maritime communication channels and maritime users and
accordingly design a joint resource allocation scheme to max-
imize the sum rate of the nearshore network with practical
constraints, including affordable system overheads and low
computational complexity.

A. Related Works
To the best of our knowledge, few studies have explored

the potential of UAVs on the sea. To improve the rate of
a maritime user, Li et al. [18] leveraged a fixed-wing UAV
and jointly optimized the UAVs trajectory and power. Fang
et al. [19] and Wang et al. [20] extended the scenario to a
multi-UAV case and optimized the system sum rate and the
minimal user rate, respectively. Zhang et al. [21] utilized the
UAV as a relay and optimized its placement, so as to extend the
nearshore coverage. In addition, with only TBSs and satellites,
Wei et al. [5] utilized maritime environment information to
estimate channel states, which were further utilized to instruct
the precoding design. Xiao et al. [22] devised a voyage-based
cooperative resource allocation scheme, so as to reduce system
power consumption. These studies provide valuable references
for the improvement of hybrid maritime networks. But none
of them takes the wide sparsity of maritime IoT into account,
and the corresponding coverage scheme is still missing.

NOMA provides a promising solution to cover widely and
sparsely distributed IoT. To exploit its efficiency, the inter-
user interference should be well addressed. In the literature,
power allocation has been widely applied to tackle different
interference. In [23], Ali et al. investigated both uplink and
downlink NOMA for the case of a single antenna. The authors
maximized the sum rate of all users by optimizing both user
pairing and the power allocation. Sun et al. [24] jointly con-
sidered the power allocation and subcarrier allocation policy
for a NOMA full-duplex system to maximize the weighted
throughput. Wu et al. [25] did a solid work for a relay-assisted
downlink network, where NOMA is applied for both BS-relay
and relay-user links. A power allocation scheme was proposed
to maximize the throughput, which achieves a significant
improvement of OMA. Zhang et al. [26] proposed a novel idea
to let the near user to act as a full-duplex relay for the far user.
The authors analyzed the NOMA performance in terms of the
outage probability and the ergodic sum rate. The optimal pow-
er allocation factor was also derived in closed form. Moving a
further step, multi-antenna NOMA was investigated in [27]–
[31]. Sun et al. [27] considered the sum-rate maximization

for a multi-input multi-output (MIMO) NOMA system. The
optimal power allocation scheme under a specific channel
state information (CSI) condition and a sub-optimal scheme
applicable to all cases were derived. Furthermore, the authors
proposed both optimal and low-complexity sub-optimal power
allocation schemes to maximize the ergodic capacity with only
statistical CSI [28]. Ding et al. [29] investigated the precoding
and detection matrix design for MIMO NOMA. The impacts
of user scheduling and power allocation were also evaluated
to show the superiority of NOMA over OMA. To further
consider inter-cluster interference, Ali et al. [30] developed
linear beamforming to cancel the inter-cluster interference and
devised a dynamic power allocation scheme to maximize the
overall capacity. Sun et al. [31] jointly optimized beamforming
and power for a novel setting where users are clustered by their
requirements rather than the effective channel order.

Extended to hybrid terrestrial-satellite/UAV networks,
where the regular cellular structure does not exist, the inter-
ference therein is more complex. Liu et al. [32] proposed a
process-oriented optimization framework and jointly allocated
subchannels, transmit power, and hovering time of a UAV
swarm. Zhu et al. [33] investigated the downlink NOMA for
an integrated satellite-terrestrial network. To cancel out inter-
group interference, zero-forcing beamforming was applied for
both terrestrial and satellite BSs, and a joint power allocation
scheme was devised to mitigate the inter-network interfer-
ence. Moving forward, Lin et al. [34] utilized collaborative
beamforming to tackle troubling interference and optimized
power allocation for sum-rate maximization. Considering the
UAV network, Zhao et al. [35] investigated the cooperation
of the UAV and the TBS. The trajectory of the UAV was
jointly optimized with user scheduling to maximize the sum
rate of UAV-assisted users under the interference constraint
of the TBS. In turn, the NOMA precoding of the TBS was
optimized to cancel the interference to UAV-assisted users.
Similarly, Peng et al. [36] considered a UAV-assisted NOMA
network and optimized the user scheduling, UAV trajectory
and NOMA precoding.

The above studies provide valuable references to tackle
the interference in NOMA-based networks. The superiority of
NOMA was proven in various settings. However, the NOMA
performance under hybrid satellite-UAV-terrestrial networks
has rarely been evaluated, which may be a promising solu-
tion to provide on-demand coverage for widely and sparsely
distributed maritime IoT. Besides, to cover the wide area of
maritime, facilities in terms of TBSs and UAVs would not
stand alone, and designs from the systematical view should
be more emphasized. Moreover, present studies mostly assume
the full CSI is available for resource scheduling. But for the
hybrid satellite-UAV-terrestrial network, acquiring full CSI is
not easy. It not only requires the interconnection of space, air,
and ground components but also faces the problem of timing
and frequency synchronization. In a nutshell, practical regimes
to evaluate the NOMA-based hybrid satellite-UAV-terrestrial
network for maritime coverage are still lacking.
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B. Main Contributions
In this paper, we explore the potential gains of the NOMA-

based hybrid satellite-UAV-terrestrial network for maritime
coverage enhancement using the unique features of maritime
channels and maritime users. We summarize our main contri-
butions as follows.

1) We establish a NOMA-based hybrid satellite-UAV-
terrestrial maritime network for on-demand coverage.
Tethered UAVs are dispatched to form virtual clusters
with TBSs, coordinately serving maritime IoT in a user-
centric manner. The NOMA technique is adopted to
agilely include various users, so as to accommodate the
wide sparsity of maritime IoT. We also consider spec-
trum sharing between nearshore clusters and maritime
satellites. The satellites mainly support far sea areas
beyond the coverage of the nearshore network.

2) We formulate an ergodic sum-rate maximization prob-
lem with the constraints of the inter-segment interference
and the minimal quality-of-service (QoS) requirement.
To reduce the system overhead, only large-scale CSI is
used for optimization, which could be acquired based
on position information. The problem is non-convex
with intractable non-linear constraints. We first turn the
maximization problem into a max-min problem and
then construct monotonous auxiliary functions to get
rid of the intractable non-linear constraints. Based on
the method of successive convex approximation, the
problem is solved in an efficient iterative way.

3) We evaluate the proposed scheme by simulations. It
shows that our power allocation scheme is effective
in mitigating challenging inter-user, inter-cluster, and
inter-segment interference, and the proposed algorithm
takes on low computational complexity. The potential
gain of the NOMA-based hybrid satellite-UAV-terrestrial
network is also shown. It is observed that the nearshore
coverage can be enhanced by designed virtual clusters,
and the NOMA technique can accommodate the wide
sparsity of maritime IoT.

C. Organization and Notation
The rest of this paper is organized as follows. Section

II introduces the system model of the hybrid satellite-UAV-
terrestrial network. The joint power allocation scheme is
shown in Section III, which maximizes the ergodic sum rate
with practical constraints. Simulation results and conclusions
are presented in Section IV and Section V, respectively.

Throughout this paper, vectors and matrices are represented
by lower and upper boldface symbols. CM×N represents the
set of M × N complex matrices and IM is the unit matrix
of M × M . || · || denotes the Euclidean norm and (·)H is
the operation of the transpose conjugate, det(·) represents the
determinant operator. The complex Gaussian distribution of
zero mean and σ2 variance is denoted as CN (0, σ2). Es(·) is
the expectation operation with respect to s.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a NOMA-based satellite-
UAV-terrestrial network on the sea. In nearshore areas, tethered

Tethered UAV

Satellite

TBS

Edge server

Central controller

Ocean-going ship

Buoy

Desired signal Interference

Ground

Coastal ship

`

Coastline Sea

Virtual cluster

Fig. 1. Illustration of a NOMA-based hybrid satellite-UAV-terrestrial network
on the sea, where TBSs and UAVs form virtual clusters in a user-centric
manner, and coastal ships and buoys are paired in each virtual cluster. The
ocean-going ships are connected by the satellite. In this network, there exists
challenging inter-user, inter-cluster, and inter-segment interference.

UAVs are dynamically dispatched and form virtual clusters
with TBSs for serving users therein. When virtual clusters
are formed, we assume that the positions of UAVs are fixed1.
These clusters can alleviate the site scarcity of TBSs and also
extend the coverage scope. To accommodate the wide sparsity
of maritime IoT, the NOMA scheme is applied, which provides
great flexibility to pair different users. As an example shown
in Fig. 1, NOMA is used to offer high-rate services to coastal
ships while carrying additional bits for buoys by serving them
in pairs. Within a cluster, there are multiple users, and different
user pairs are allocated with orthogonal physical resource
blocks (PRBs). Since the interference only occurs among the
users using the same PRB, we thereby take one PRB and the
corresponding users into account. For the areas outside of the
nearshore network, marine satellites provide complementary
coverage. Edge servers are applied to collect position infor-
mation, perform cooperation, and provide power supplies for
UAVs. They are connected to the central controller, where the
cooperative resource allocation is implemented.

We assume there are K virtual clusters, and in cluster k
(k = 1, ...,K), two NOMA users equipped with Mk antennas
are served by Tk TBSs and Uk UAVs. All TBSs and UAVs
are set to have a single antenna. There are also J single-
antenna users served by the satellites. They use the same
spectrum as NOMA users. When these satellite users move
to the nearshore area, they may become NOMA users to
share high-rate services. In practice, multi-mode terminals are
required for this role shift, which increases the cost of a single
marine user.

We consider a composite channel model to depic-
t both small-scale and large-scale fading. Denote H

(k,i)
m ∈

CMk×(Ti+Ui) as the channel between user m in cluster k and

1In practice, the UAVs should be deployed in an on-demand manner,
according to the user distributions.
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transmitters in cluster i. It is given by

H(k,i)
m = S(k,i)

m (L(k,i)
m )

1
2 , m = 1, 2, k = 1, ...,K, (1)

where S
(k,i)
m ∈ CMk×(Ti+Ui) is the matrix of small-scale

fading whose elements are independently and identically dis-
tributed (i.i.d) Gaussian random variables of the CN (0, 1)

distribution. L(k,i)
m ∈ C(Ti+Ui)×(Ti+Ui) is the diagonal matrix

of large-scale fading

L(k,i)
m =


l
(k,i)
m,1 o

. . .
o l

(k,i)
m,Ti+Ui

 , (2)

where l(k,i)m,n , n = 1, .., Ti, represents the large-scale fading of
the TBS link and l(k,i)m,n , n = Ti + 1, .., Ti + Ui, represents the
large-scale fading of the UAV link. For TBSs, we adopt the
Hata model, which has been proven to be effective for the
maritime environment [37],

l(k,i)m,n [dB] = (44.9− 6.55 log10 ht) log10

d
(k,i)
m,n

1000
+ (35.46− 1.1hr) log10 fc − 13.82 log10 hr

+ 0.7hr + C + 45.5,

(3)

where hr(m) and ht(m) represent the height of user terminals
and TBSs, respectively, d(k,i)m,n (m) is the distance element,
fc(MHz) is the carrier frequency, and C is a constant related
to the environment. For UAVs, a model that considers both
line-of-sight (LOS) and non-line-of-sight (NLOS) factors is
adopted [38]. It is also applicable for the maritime scenario
[18],

l(k,i)m,n [dB] =
A

1 + ae−b(ρ
(k,i)
m,n −a)

+B(k,i)
m,n , (4)

where

A = ηLOS − ηNLOS , (5a)

B(k,i)
m,n = 20 log10(d(k,i)m,n ) + 20 log10

(4πfc
c

)
+ ηNLOS , (5b)

ρ(k,i)m,n =
180

π
arcsin

( hu

d
(k,i)
m,n

)
, (5c)

where hu(m) is the height of UAVs, c is the speed of light,
and ηLOS , ηNLOS , a and b are constants related to the
environment. Considering the antenna gains of transmitters
and receivers, i.e., gt[dBi] and gr[dBi], the total power loss
from transmitters to receivers is calculated by

l(k,i)m,n [dB] = l(k,i)m,n [dB]− gt[dBi]− gr[dBi]. (6)

For further formulations, l(k,i)m,n [dB] is transformed into l(k,i)m,n ,

l(k,i)m,n = 10−
l
(k,i)
m,n [dB]

10 ,m = 1, 2, k, i = 1, ...,K. (7)

Similarly, the channel from cluster k to satellite user j is given
by

h′
(j,k)

= s′
(j,k)

(L′
(j,k)

)
1
2 , j = 1, ..., J, k = 1, ...,K, (8)

where s′
(j,k) ∈ C1×(Tk+Uk) denotes the small-scale fading

and L′
(j,k) ∈ C(Tk+Uk)×(Tk+Uk) is the large-scale fading, i.e,

L′
(j,k)

= diag
{
l′
(j,k)
1 , ..., l′

(j,k)
Tk+Uk

}
.

From the expressions of (3) and (4), it is easy to find that
large-scale fading is highly related to users’ and transmit-
ters’ positions, while small-scale fading is unpredictable. To
avoid the huge overhead, we assume only large-scale CSI is
available. The corresponding position data could be obtained
from existing monitoring systems such as the Automatic
Identification System (AIS) [39].

III. JOINT POWER ALLOCATION FOR SUM-RATE
MAXIMIZATION

A. Problem Formulation

Denote x(k) ∈ C(Tk+Uk)×1 as the downlink signal in cluster
k, and it is expressed as

x(k) = x
(k)
1 + x

(k)
2 , k = 1, ...,K, (9)

with x
(k)
1 and x

(k)
2 representing the transmit signals of user 1

and user 2. The received signals are given by

y
(k)
1 = H

(k,k)
1 x

(k)
1 + H

(k,k)
1 x

(k)
2 +

K∑
i=1,i6=k

H
(k,i)
1 x(i) + n

(k)
1 ,

(10a)

y
(k)
2 = H

(k,k)
2 x

(k)
2 + H

(k,k)
2 x

(k)
1 +

K∑
i=1,i6=k

H
(k,i)
2 x(i) + n

(k)
2 ,

(10b)
where n

(k)
m ∈ CMk×1 (m = 1, 2) represents the additive white

Gaussian noise of CN (0, σ2IMk
) distribution.

Without loss of generality, we assume user 1 is the user
who implements the SIC. When receiving the message, user
1 first decodes the content of user 2 and removes it from the
received signal, subsequently decoding its own message. After
SIC, the covariance matrix of interference plus noise of user
1 in cluster k is given by

Z̄
(k)
1 = ES

[ K∑
i=1,i6=k

H
(k,i)
1 P(i)H

(k,i)H

1 + σ2IMk

]
,

=
( K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
1,n P (i)

n + σ2
)
ITk+Uk

,

(11)

where ES is the expectation operator over small-scale fading
and S = {S(k,i)

m |m = 1, 2 k, i = 1, ...,K} is the set of
the small-scale fading. P(i) is the power matrix of cluster
i, i.e, P(i) = diag

{
P

(i)
1 , ..., P

(i)
Ti+Ui

}
, which includes the

power of user 1 and 2, i.e., P(i) = P
(i)
1 + P

(i)
2 with

P
(i)
m = diag

{
P

(i)
m,1, ..., P

(i)
m,Ti+Ui

}
, m = 1, 2. The above equa-

tion is obtained based on the assumption of white Gaussian
interference, which would yield a lower bound of the actual
capacity [40]. For express convenience, we denote σ2

k,1(P) as
the sum noise suffered by user 1,

σ2
k,1(P) ,

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
1,n P (i)

n︸ ︷︷ ︸
inter-cluster interference

+σ2, (12)

where P is the set of transmit power in each cluster, i.e.,
P = {P(i)|i = 1, ...,K}.
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As for user 2, it regards user 1’s signal as the background
noise and directly decodes its own message. Suffering from
both inter-cluster and inter-user interference, the interference
plus noise of user 2 is calculated by

σ2
k,2(P) =

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
2,n P (i)

n︸ ︷︷ ︸
inter-cluster interference

+

Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
1,n︸ ︷︷ ︸

inter-user interference

+σ2.

(13)
When only large-scale CSI is known at transmitters, the

ergodic sum rate of nearshore clusters is of great importance
to the network,

R̄(P) =

K∑
k=1

2∑
m=1

R̄k,m(P), (14)

where

R̄k,m(P) = ES

[
log2 det

(
IMk

+
H

(k,k)
m P

(k)
m H

(k,k)H

m

σ2
k,m(P)

)]
(15)

is the ergodic rate of user m in cluster k.
To ensure the NOMA principle is applicable, user 1 should

be capable of decoding the message of user 2. In other words,
the rate that user 1 receives the message of user 2, i.e.,
R̄k,1→2(P) should be greater than user 2’s own rate. This
condition is expressed as

R̄k,2(P) 6 R̄k,1→2(P), k = 1, ...,K, (16)

where R̄k,1→2(P) is given by

R̄k,1→2(P) = ES

[
log2 det

(
IMk

+
H

(k,k)
1 P

(k)
2 H

(k,k)H

1

σ2
k,1→2(P)

)]
,

(17)

σ2
k,1→2(P) =

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
1,n P (i)

n︸ ︷︷ ︸
inter-cluster interference

+

Tk+Uk∑
n=1

l
(k,k)
1,n P

(k)
1,n︸ ︷︷ ︸

inter-user interference

+σ2.

(18)
It can be proven that (16) holds if user 1 has the better effective
channel. But for the considered network, link qualities are
influenced by inter-cluster interference, which can not be
known before power allocation. To achieve the optimum,
user orders are expected to be jointly optimized with power
allocation. Considerable gains can be achieved if we take both
user pairing and resource allocation into account [41]. For
simplicity, in this paper, we consider a special case in which
user 1 and user 2 are separated by a large distance. The distinct
large-scale fading of two users guarantees that no matter how
the power is allocated, user 1 always occupies better channel
conditions. Thus, the user order is predefined in this paper
before power allocation. This assumption also accords with
the wide sparsity of maritime IoT.

Since we assume user 1 possesses better channels, tradition-
al opportunistic schemes tend to give more resources to user 1
to maximize the efficiency. This greatly influences the fairness
of the network. Therefore, taking user fairness into account,

we impose the constraint of the basic QoS requirement of user
2, i.e., rk,

R̄k,2(P) > rk, k = 1, ...,K. (19)

Furthermore, satellite users suffer from inter-segment inter-
ference due to spectrum sharing. To avoid potential impair-
ment, the leakage power from nearshore clusters is restricted
not to exceed the maximum tolerable interference of satellite
receivers, i.e., P̄ ,

K∑
k=1

Es′ ‖ h′
(j,k)

P(k)h′
(j,k)H ‖6 P̄ , j = 1, ..., J, (20)

where s′ = {s′(j,k)|j = 1, ..., J, k = 1, ...,K}. Based on
the Gaussian distribution of s′, the left side of (20) can be
simplified as
K∑
k=1

Es′ ‖ h′
(j,k)

P(k)h′
(j,k)H ‖=

K∑
k=1

Tk+Uk∑
n=1

l′
(j,k)
n P (k)

n . (21)

Generally, the nearshore network also suffers from interference
from the satellite, but this impact is much smaller compared
with strong inter-cluster and inter-user interference and we
neglect it in this paper.

With the consideration of the QoS requirement (19), inter-
segment interference (20) and practical power constraints, we
aim to maximize the ergodic sum rate of the nearshore network
based on the large-scale CSI.

(P1) max
P

R̄(P) (22a)

s.t. R̄k,2(P) > rk (22b)

P(k) � 0 (22c)

tr(P(k)) 6 Pmax (22d)

P (k)
n 6 PTmax, n = 1, ..., Tk (22e)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (22f)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (22g)

k = 1, ...,K,

where PTmax and PUmax are the maximum affordable transmit
power of the TBSs and UAVs, and Pmax is the power budget
of each cluster.

In practical implementation, satellite users take charge of the
estimation of P̄ , which is obtained based on the receiver sen-
sitivity. When satellite users approach to the nearshore region
and sense that they may be interfered, they would inform the
satellites of this parameter. The satellite system periodically
reports P̄ accompanied by satellite user locations to the central
controller. Afterwards, the central controller calculates the
large-scale CSI of the link from TBSs/UAVs to nearshore
users/satellite users. This can be done by a prior database, i.e.,
radio map [42]. On this basis, the proposed power allocation
scheme is executed in the central controller to maximize the
coverage performance of nearshore clusters while ensuring
peaceful coexistence between nearshore and satellite networks.
As a result, the nearshore network and satellites actually work
in a loosely coordinated manner. The two parts only share
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positions and the troubling CSI estimation is bypassed. These
traits are friendly to practical implementation for the restricted
conditions in reality.

In addition, the proposed model is also applicable to multi-
user NOMA. In this case, the interference plus noise of user
m (m > 2) should take the signals from user 1 to user

m− 1 into account, i.e, σ2
k,m(P) =

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
m,n P

(i)
n +

Tk+Uk∑
n=1

m−1∑
o=1

l
(k,k)
m,n P

(k)
o,n +σ2, and the SIC condition (16) should

hold for any user pair (m1,m2) in the same cluster, i.e.,
R̄k,m2

(P) 6 R̄k,m1→m2
(P) for any m2 > m1. In addition,

the QoS constraint (22b) should take user 2 ∼ m into account.
However, due to the implementation complexity and the strict
SIC condition, the two-user NOMA is more friendly for
practical applications [24], [26], [33]. Out of this concern, we
focus on two-user NOMA in this paper and leave the multi-
user NOMA for future studies.

(P1) is complex due to the non-convex objective and the
non-convex feasible set. The ergodic rate is trapped in expec-
tation operations, leading to a no closed-form expression. To
tackle this problem, the tricky expectations should be removed
first. By referring to [43], an approximation of R̄k,m(P) is
introduced as follows

R̄k,m(P) ≈ gk,m(P, v∗k,m) (23a)

=

Tk+Uk∑
n=1

log2

(
1 +

Mkl
(k,k)
m,n P

(k)
m,n

v∗k,mσ
2
k,m(P)

)
+ (23b)

Mk log2 v
∗
k,m −Mk log2(e)[1− (v∗k,m)−1],

where v∗k,m is given by

v∗k,m = 1 +

Tk+Uk∑
n=1

l
(k,k)
m,n P

(k)
m,n

σ2
k,m(P) +Mkl

(k,k)
m,n P

(k)
m,n(v∗k,m)−1

. (24)

This approximation is derived in the asymptotic case when
the antenna number goes to infinity. In this situation, the
variance profile of the random channel converges to a limit
bound. Under this condition, the Shannon transform [44] of
the asymptotic spectrum of the variance profile could be
applied to remove the expectation operation. On this basis,
the approximate closed-form expression could be obtained
[45]. This approximation has been proven to be quite accurate
even with several antennas [43]. The detailed proof of this
approximation is however out of the scope of this paper.
Readers could refer [43]–[45] for more detailed discussions.

Then, the original problem (P1) is recast into (P2) as follows

(P2) max
P

g(P,v∗) (25a)

s.t. gk,2(P, v∗k,2) > rk (25b)

v∗k,m = (25c)

1 +

Tk+Uk∑
n=1

l
(k,k)
m,n P

(k)
m,n

σ2
k,m(P) +Mkl

(k,k)
m,n P

(k)
m,n(v∗k,m)−1

P(k) � 0 (25d)

tr(P(k)) 6 Pmax (25e)

P (k)
n 6 PTmax, n = 1, ..., Tk (25f)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (25g)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (25h)

m = 1, 2 and k = 1, ...,K,

where g(P,v∗) =
K∑
k=1

2∑
m=1

gk,m(P, v∗k,m) and v∗ =

{v∗k,m|m = 1, 2, k = 1, ...,K}. Although we get rid of
the expectation operations in (P2), the introduced implicit
parameter v∗ with an extra group of complex non-linear
constraints (25c) brings great troubles. The objective (25a)
and QoS constraint (25b) are both coupled with v∗ in a non-
convex form, which makes this problem difficult to tackle. To
eliminate these non-linear constraints, we apply the max-min
method and the auxiliary function method for the objective
and QoS constraint (25b), respectively.

B. An Equivalent Max-Min Problem
By analyzing the monotonicity of gk,m(P, vk,m), we find

that gk,m(P, vk,m) is monotonically decreasing in [1, v∗k,m)
and monotonically increasing in [v∗k,m,+∞) [43]. This means
v∗k,m is the minimal point of gk,m(P, vk,m), i.e.,

gk,m(P, v∗k,m) = min
vk,m>1

gk,m(P, vk,m). (26)

Based on (26), we thus recast (P2) into a max-min problem
as

(P3) max
P

min
v

g(P,v) (27a)

s.t. gk,2(P, v∗k,2) > rk (27b)

v∗k,2 = (27c)

1 +

Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

σ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n (v∗k,2)−1

vk,m > 1 (27d)

P(k) � 0 (27e)

tr(P(k)) 6 Pmax (27f)

P (k)
n 6 PTmax, n = 1, ..., Tk (27g)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (27h)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (27i)

m = 1, 2 and k = 1, ...,K,
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where the optimal solution (P∗,v∗) would be the saddle point
of g(P,v).

C. Simplification of the Non-Linear Constraint

To eliminate the fixed-point v∗k,2 in the QoS constraint, we
first construct an auxiliary function, i.e., fk(P, zk) as follows

fk(P, zk) =

Tk+Uk∑
n=1

(
log2

(
1 +

Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)

)
−

log2(e)Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

)
+Mk log2 zk.

(28)

Theorem 1: Under the condition that Mk > Tk + Uk,
fk(P, zk) is monotonically increasing with respect to zk. The
relationship between gk,2(P, v∗k,2) and fk(P, zk) is given by

gk,2(P, v∗k,2) = max
16zk6v∗k,2

fk(P, zk). (29)

Proof : See Appendix A.
According to theorem 1, the QoS constraint (27b) can be

recast into

max
16zk6v∗k,2

fk(P, zk) > rk ⇒
{
fk(P, zk) > rk,
1 6 zk 6 v∗k,2.

(30)

To further simplify zk 6 v∗k,2, we note that (27c) can be
equivalently rewritten as

(v∗k,2)−1 +

Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

v∗k,2σ
2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

= 1. (31)

As (zk)−1 +
Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)+Mkl

(k,k)
2,n P

(k)
2,n

is monotonically

decreasing with zk, so, for any zk > 0, we have that

zk 6 v∗k,2 ⇒

(zk)−1 +

Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

> 1.
(32)

Based on (30) and (32), (P3) is further recast into (P4),

(P4) max
P,zk

min
v

g(P,v) (33a)

s.t. fk(P, zk) > rk (33b)

(zk)−1+ (33c)
Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

> 1

vk,m > 1, zk > 1 (33d)

P(k) � 0 (33e)

tr(P(k)) 6 Pmax (33f)

P (k)
n 6 PTmax, n = 1, ..., Tk (33g)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (33h)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (33i)

m = 1, 2 and k = 1, ...,K.

Taking a further look of fk(P, zk), it can be reorganized as

fk(P, zk) = − log2(e)

Tk+Uk∑
n=1

(
Mkl

(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

+

In
(
1−

Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

))
+Mk log2 zk,

(34)

where the fraction term, i.e.,
Mkl

(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)+Mkl

(k,k)
2,n P

(k)
2,n

, is the

same. Motivated by this, we introduce a group of slack
variables, i.e., tk = {tk,n|n = 1, ..., Tk + Uk}, and transform
the auxiliary function, i.e., fk(P, zk), as follows,

Fk(zk, tk) =− log2(e)

Tk+Uk∑
n=1

(
tk,n + In

(
1− tk,n)

)
+Mk log2 zk, k = 1, ...,K,

(35)

where tk,n corresponds to the fraction term in fk(P, zk).
Based on the increasing monotonicity of −[x + In(1 − x)],
it is clear that Fk(zk, tk) is monotonically increasing with tk.
Therefore, the QoS constraint can be further converted into fk(P, zk) > rk,

(zk)−1 +
∑Tk+Uk

n=1

l
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)+Mkl

(k,k)
2,n P

(k)
2,n

> 1, zk > 1,

⇒


Fk(zk, tk) > rk,

(zk)−1 + 1
Mk

∑Tk+Uk

n=1 tk,n > 1, zk > 1,

tk,n 6
Mkl

(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)+Mkl

(k,k)
2,n P

(k)
2,n

, tk,n > 0.

(36)
Problem (P4) is turned into (P5) as,

(P5) max
P,zk,tk

min
v

g(P,v) (37a)

s.t. Fk(zk, tk) > rk (37b)

(zk)−1 +
1

Mk

Tk+Uk∑
n=1

tk,n > 1 (37c)

tk,n 6
Mkl

(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

(37d)

vk,m > 1, zk > 1, tk,n > 0 (37e)

P(k) � 0 (37f)

tr(P(k)) 6 Pmax (37g)

P (k)
n 6 PTmax, n = 1, ..., Tk (37h)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (37i)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (37j)

m = 1, 2, n = 1, ..., Tk + Uk, k = 1, ...,K.

It is noted that if constraint (25b) in (P2) is tight, the
optimal solution of (P5) is obtained if and only if con-
straint (37b) is rightly satisfied when Fk(zk, tk) reaches
its maximum. This means that constraints (37b), (37c) and
(37d) are satisfied in the equality condition, i.e., zk =
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v∗2,k, tk,n =
Mkl

(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)+Mkl

(k,k)
2,n P

(k)
2,n

, and Fk(zk, tk) =

gk,2(P, v∗k,2). Therefore, we could draw the following lemma.

Lemma 1: The optimal solution of (P5) is the optimal
solution of (P2) and vice versa.

Proof : See Appendix B.

Observing (P5), the objective function is still non-convex
with respect to P and v, and constraint (37d) is shown in
a complex fraction form. Proceeding with these problems, we
first introduce a group of variables w = {wk,m|m = 1, 2, k =
1, ...,K}, which is denoted as ewk,m = vk,m. The quasi-
convex function g(P,v) with respect to v is then transformed
into a convex function G(P,w) with respect to w, which is
given by

G(P,w) =

K∑
k=1

2∑
m=1

Gk,m(P, wk,m), (38)

where

Gk,m(P, wk,m) =

Tk+Uk∑
n=1

log2

(
1 +

Mkl
(k,k)
m,n P

(k)
m,n

ewk,mσ2
k,m(P)

)
+Mk log2(e)[wk,m + e−wk,m − 1].

(39)

In addition, Gk,m(P, wk,m) can be reorganized into the sub-
traction of two parts

Gk,m(P, wk,m) = Gk,m,1(P, wk,m)− Gk,m,2(P), (40)

where

Gk,m,1(P, wk,m) =

Tk+Uk∑
n=1

log2

(
σ2
k,m(P) +

Mkl
(k,k)
m,n P

(k)
m,n

ewk,m

)
+Mk log2(e)[wk,m + e−wk,m − 1],

(41a)

Gk,m,2(P) = (Tk + Uk) log2

(
σ2
k,m(P)

)
. (41b)

They are both concave with respect to P. To decouple different
variables in (37d), the logarithmic operation is applied. Then,
this constraint is reorganized as

In
(
MkP

(k)
2,n l

(k,k)
2,n

)
+In(1− tk,n) >

In(zk) + In(tk,n) + In(σ2
k,2(P)).

(42)

Algorithm 1 Iterative power allocation algorithm.
Input: Pmax, PTmax, PUmax, P̄ , rk (k = 1, ...,K)

1: Initialization: set ε = 1× 10−3, (P (k))0 = Pmax,
(P

(k)
n )0 = (P (k))0

Tk+Uk
, n = 1, ..., Tk + Uk and k = 1, ..,K.

2: for j = 1 ∼ J do

3: while (
K∑
k=1

Tk+Uk∑
n=1

l′
(j,k)
n (P

(k)
n )0 > P̄ ) do

4: (P (k))0 = (1− ε)(P (k))0;
5: (P

(k)
n )0 = (P (k))0

Tk+Uk
, n = 1, ..., Tk + Uk, k = 1, ...,K;

6: end while
7: end for
8: for k = 1 ∼ K,n = 1 ∼ Tk do
9: if ((P

(k)
n )0 > PTmax) then

10: (P
(k)
n )0 = PTmax,

11: end if
12: end for
13: for k = 1 ∼ K,n = Tk + 1 ∼ Tk + Uk do
14: if ((P

(k)
n )0 > PUmax) then

15: (P
(k)
n )0 = PUmax;

16: end if
17: end for
18: (P

(k)
m,n)0 =

(P (k)
n )0

2 ,m = 1, 2, n = 1, ..., Tk+Uk, and k =
1, ...,K,

19: Calculate z0k, t
0
k (k = 1, ...,K) based on (37c) and (37d)

under the equality condition.
20: Iterations: s = 1, 2, ...,
21: repeat
22: Update Ps, tsk and zsk (k = 1, ...,K) by solving (P7);

23: until |G(P
s,ws)−G(Ps−1,ws−1)|
G(Ps−1,ws−1) 6 ε.

Output: Ps.

Consequently, based on (38) and (42), we move to (P6) as
follows

(P6) max
P,zk,tk

min
w
G(P,w) (43a)

s.t. Fk(zk, tk) > rk (43b)

(zk)−1 +
1

Mk

Tk+Uk∑
n=1

tk,n > 1 (43c)

In
(
MkP

(k)
2,n l

(k,k)
2,n

)
+ In(1− tk,n) >

In(zk) + In(tk,n) + In(σ2
k,2(P)) (43d)

wk,m > 0, zk > 1, tk,n > 0 (43e)

P(k) � 0 (43f)

tr(P(k)) 6 Pmax (43g)

P (k)
n 6 PTmax, n = 1, ..., Tk (43h)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (43i)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (43j)

m = 1, 2, n = 1, ..., Tk + Uk, k = 1, ...,K.

Up to now, all the separate terms in (P6) are shown in
convex or concave forms so that the method of successive
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convex approximation could be applied. Specifically, in iter-
ation s (s = 1, 2, ...), Gk,m,2(P) in (43a), log2(1 − tk,n) in
(43b), (zk)−1 in (43c), and In(zk) + In(tk,n) + In(σ2

k,2(P))
in (43d) are linearized by their first-order Taylor expansions
at points Ps−1, zs−1k and ts−1k . Then, the convex problem of
iteration s can be formulated as

(P7) max
P,zk,tk

min
w
G(P,w|Ps−1) (44a)

s.t. Fk(zk, tk|ts−1k ) > rk (44b)

− zk

(zs−1k )2
+

2

zs−1k

+
1

Mk

Tk+Uk∑
n=1

tk,n > 1 (44c)

In
(
MkP

(k)
2,n l

(k,k)
2,n

)
+ In(1− tk,n) > (44d)

In(zk|zs−1k ) + In(tk,n|ts−1k,n ) + In(σ2
k,2(P|Ps−1))

wk,m > 0, zk > 1, tk,n > 0 (44e)

P(k) � 0 (44f)

tr(P(k)) 6 Pmax (44g)

P (k)
n 6 PTmax, n = 1, ..., Tk (44h)

P (k)
n 6 PUmax, n = Tk + 1, ..., Tk + Uk (44i)
K∑
k=1

Tk+Uk∑
n=1

P (k)
n l′

(j,k)
n 6 P̄ , j = 1, ..., J (44j)

m = 1, 2, n = 1, ..., Tk + Uk, k = 1, ...,K,

where the expressions G(P,w|Ps−1), Fk(zk, tk|ts−1k ) and
In(zk|zs−1k ) + In(tk,n|ts−1k,n ) + In(σ2

k,2(P|Ps−1)) as well as
σ2
k,1(P|Ps−1), σ2

k,2(P|Ps−1) are shown at the top of the
next page. The algorithm is summarized in Algorithm 1. Its
convergence is shown in the following Lemma 2.

Lemma 2: Algorithm 1 is assured to converge, at least to
a local optimum.

Proof : See Appendix C.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we evaluate the proposed scheme through
simulations. Without loss of generality, we assume there are
three nearshore clusters, i.e., K = 3, consisting of T1 =
T3 = 2, T2 = 1 TBSs and U1 = U3 = 1, U2 = 2 UAVs.
In each cluster, two NOMA users are located within 100km
from the coastline. Both TBSs and UAVs are equipped with
a single antenna, and NOMA users are equipped with three
antennas, i.e., M1 = M2 = M3 = 3. Beyond clusters, there
are two satellite users that use the same frequency band as
considered NOMA users, i.e., J = 2, and their maximum
tolerable interference is −100dBm [46]. To provide wide-area
coverage, the maximum transmit power of TBSs and UAVs
is set as 40w and 30w, i.e., PTmax = 40w, PUmax = 30w
[37]. In addition, TBSs are high-located at the altitude of
200m [47], UAVs hover at an altitude of 800m and the height
of user terminal is 5m, i.e., hu = 800m, ht = 200m and
hr = 5m. Based on the link budget, we further assume the
antenna gains of TBSs and UAVs are 23dBi and 3dBi, i.e.,
gt = 23/3dBi [48], and the antenna gain of receivers is 7dBi,
i.e., gr = 7dBi. The minimum rate requirement of user 2 is 0.5

Fig. 2. Illustration of the network topology in simulations.
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Fig. 3. The ergodic sum rate with different power allocation schemes under
the NOMA regime.

bits/s/Hz, i.e., r1 = r2 = r3 = 0.5 bits/s/Hz. The maximum
transmit power of each cluster changes from 25w to 125w.
Channel related parameters are given by c = 3 × 108m/s,
σ2 = −107dBm, fc = 2GHz, a = 5.0188, b = 0.3511,
ηLOS = 0.1, ηNLOS = 21, and C = 1.

To ensure the NOMA scheme is applicable, we choose a
topology where user 1 and user 2 are far apart so that the
condition (16) is guaranteed. The specific distribution is shown
in Fig. 2, and the positive direction of y points to the sea.

First, we evaluate the proposed scheme and compare it with
the scheme in [16]. As we can see from Fig. 3, the proposed
scheme achieves much higher rate than that of [16]. We can
also find that when the maximum transmit power exceeds
75w, increasing power cannot increase the sum rate under the
scheme in [16]. This means the system is saturated due to
severe interference. For the proposed scheme, the saturated
point does not yet occur in this figure. It can be explained that,
based on the large-scale CSI, the system could smartly allocate
the power to balance its positive effects of useful signals for
its own cluster and the negative impact of harmful interference
for other clusters.
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σ2
k,1(P|Ps−1) =

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
1,n

(
P (i)
n − (P (i)

n )s−1
)

+ σ2 (45a)

σ2
k,2(P|Ps−1) =

K∑
i=1,i6=k

Ti+Ui∑
n=1

l
(k,i)
2,n

(
P (i)
n − (P (i)

n )s−1
)

+

Tk+Uk∑
n=1

l
(k,k)
2,n

(
P

(k)
1,n − (P

(k)
1,n )s−1

)
+ σ2 (45b)

G(P,w|Ps−1) =

K∑
k=1

2∑
m=1

Gk,m(P, wk,m|Ps−1) (46a)

Gk,m(P, wk,m|Ps−1) = Gk,m,1(P, wk,m)− Gk,m,2(P|Ps−1)

= Gk,m,1(P, wk,m)− Gk,m,2(Ps−1)− (Tk + Uk) log2(e)
σ2
k,m(P|Ps−1)

σ2
k,m(Ps−1)

(46b)

Fk(zk, tk|ts−1k ) = Mk log2 zk +

Tk+Uk∑
n=1

(
log2(e)

ts−1k,n (tk,n − 1)

1− ts−1k,n

− log2(1− ts−1k,n )

)
(47)

In
(
zk|zs−1k

)
+ In

(
tk,n|ts−1k,n

)
+ In

(
σ2
k,2(P|Ps−1)

)
= In

(
zs−1k ts−1k,n σ

2
k,2(Ps−1)

)
+

zk

zs−1k

+
tk,n

ts−1k,n

+
σ2
k,2(P|Ps−1)

σ2
k,2(Ps−1)

− 2 (48)
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Fig. 4. The ergodic sum rate with different power allocation schemes, under
both NOMA and OMA regimes.

Second, we compare the proposed scheme based on NOMA
with three OMA schemes proposed in [43] and [49] as well
as the scheme of equal power allocation. Without loss of
generality, the allocation coefficient of OMA users is set as
1
2 , and we use the averaged ergodic rate of user 2 under
the OMA scheme proposed in [43] as the minimal user rate
for the proposed scheme. As shown in Fig. 4, the proposed
NOMA scheme remarkably outperforms the other three OMA
schemes. These gains are achieved at the cost of more complex
receivers. The inter-user interference is reduced by SIC. In
addition, since NOMA separates users in the power domain, it
provides additional flexibility to optimize the power allocation
between paired users. But for OMA, it is difficult to achieve
flexible time or frequency partitioning so that the resource
efficiency is not fully exploited. In addition, one can also find
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Fig. 5. The ergodic sum rate with different transmit power constraints,
varying with the minimum rate requirement of user 2.

that the scheme proposed in [43] performs better than the
other two OMA schemes. This can be explained by the fact
that, in [43] the interference is effectively controlled based on
the large-scale CSI. This further shows that large-scale CSI
is effective in mitigating complex interference for irregular
settings.

Next, we evaluate the impact of different rate requirements
of user 2. As we can see from Fig. 5, the system experiences
very small performance degradation as the rate requirement
increases, only less than 6% in our settings. This shows
that NOMA is capable of supporting the wide sparsity of
maritime IoT, satisfying the basic QoS requirement of user 2
without sacrificing much system efficiency to provide high-
rate connections for user 1. From another perspective, the
increasing downward trend of the curve implies that the system
efficiency would be largely impacted when there is a high-rate
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Fig. 6. The ergodic sum rate with different configurations of TBSs and
UAVs.

far user. In this case, it may be a better choice to use a resource
block to serve the user only but not share with others.

In Fig. 6, we show the superiority of UAVs for coverage
enhancement. Different from the above settings, in this simula-
tion, we keep the topology unchanged and replace the original
TBSs with UAVs or vice versa. We set T1 = T2 = T3 =
T, U1 = U2 = U3 = U . Clearly, UAVs bring considerable
system gains compared with TBSs, with more than 50% rate
improvement of one more UAV and one less TBS. This is
mainly because of the UAVs’ height merit which helps build
high-quality LOS links. Besides, we want to note that the
case of TBSs only is not presented for the fact that TBSs
only cannot support the basic need of user 2. This indicates
that with the assistance of UAVs, the coverage scope of the
nearshore network is enlarged.

The impact of inter-segment interference is shown in Fig. 7.
In this simulation, we consider the spectrum sharing among t-
wo clusters and one satellite user. Orange areas denote the cov-
erage region of nearshore clusters and the left-top sub-figure

provides the benchmark case of no satellite user. The coverage
scope is determined by the received SINR, whose threshold is
set to be -5dB and the maximal tolerable interference of the
satellite user is set to be -105dBm, i.e., P̄ = −105dBm. It
is obvious that the coverage scope shrinks considerably when
there exists a satellite user in nearshore areas, and the coverage
pattern changes with satellite user locations. This is attributed
to the adaptive power allocation of nearshore clusters. Once
the inter-segment interference exceeds the given threshold, the
power of BSs near the satellite user is reduced and reallocated
to far BSs. Sometimes, some BSs are even muted to control
the radiating power. As shown in the right-above subfigure,
the coverage region of two clusters is split into two isolated
parts. The reason is that the TBS locates at (150km, 30km)
is muted since it is the main source for both inter-cluster and
inter-segment interference.

Finally, the algorithm convergence is shown in Fig. 8. We
randomly generate 100 different typologies with Pmax = 50w.
In most cases, the proposed iterative algorithm only takes less
than 10 times to converge, which shows great potential to
achieve timely resource allocation in reality.

V. CONCLUSIONS

In this paper, we have investigated a NOMA-based hybrid
satellite-UAV-terrestrial network on the sea. Particularly, we
have utilized tethered UAVs to coordinate with TBSs. They
form virtual clusters and serve users in a user-centric manner.
To accommodate the wide sparsity of the maritime IoT, the
NOMA technique has been applied to agilely serve different
users. The spectrum sharing has been considered between
nearshore clusters and marine satellites. We have proposed a
joint power allocation scheme to tackle the challenging inter-
ference among different users, different clusters, and different
network segments. Based on large-scale CSI only, the ergodic
sum rate has been maximized at a low cost. To tackle the
non-convex problem, we have transformed our problem into a
max-min problem and applied auxiliary functions to simplify

Fig. 7. Illustration of the coverage patterns of nearshore clusters, varying with satellite user locations.
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Fig. 8. Convergence performance of the proposed iterative algorithm.

the troubling non-linear constraints. An iterative algorithm
has been proposed to find the solution by solving a series
of optimization-friendly subproblems. Simulation results have
shown the potential of NOMA-based hybrid satellite-UAV-
terrestrial networks for the maritime coverage enhancement.

APPENDIX A
PROOF OF Theorem 1

Through observations, (27c) can be rewritten as

1− (v∗k,2)−1 =

Tk+Uk∑
n=1

l
(k,k)
2,n P

(k)
2,n

v∗k,2σ
2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

. (49)

Based on this transformation, the term 1 − (v∗k,2)−1 in
gk,2(P, v∗k,2) (defined in (23b)) can be replaced by the right
side of (49). Consequently, we construct the auxiliary function
fk(P, zk),

fk(P, zk) =

Tk+Uk∑
n=1

(
log2

(
1 +

Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P)

)
−

log2(e)Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

)
+Mk log2 zk,

(50)

where zk is the introduced variable corresponding to v∗2,k.
Based on the equality (49), we have

gk,2(P, v∗2,k) = fk(P, v∗2,k). (51)

Next, we prove the increasing monotonicity of fk(P, zk) with
respect to zk. We calculate the partial derivative of fk(P, zk),

∂fk(P, zk)

∂zk
=

log2 e

zk

[
Mk −

Tk+Uk∑
n=1

( Mkl
(k,k)
2,n P

(k)
2,n

zkσ2
k,2(P) +Mkl

(k,k)
2,n P

(k)
2,n

)2]
>

log2 e

zk
[Mk − (Tk + Uk)].

(52)

When Mk > Tk + Uk, the partial derivative is positive and
fk(P, zk) monotonically increases with zk. Based on the

monotonicity of fk(P, zk) and equation (51), we could draw
the following equation,

gk,2(P, v∗k,2) = max
16zk6v∗k,2

fk(P, zk), (53)

and Theorem 1 is proved.

APPENDIX B
PROOF OF Lemma 1

We prove this by the method of reduction to absurdity.
First, if {P̂, ẑk, t̂k, v̂} is an optimal solution to (P5), and thus
P̂ is also the optimal solution to (P2). Assuming P̂ is not
the optimal solution to (P2), we could find another solution,
defined as P̃, which is optimal to (P2) and this indicates

g(P̃, ṽ) > g(P̂, v̂), (54)

where v̂ and ṽ are determined by the non-linear equation of
(25c). Based on P̃ and ṽ, we define z̃k and t̃k = {t̃k,n|n =
1, ..., Tk + Uk}, k = 1, ...,K as follows

z̃k = ṽk,2, (55a)

t̃k,n =
Mkl

(k,k)
2,n P̃

(k)
2,n

z̃kσ2
k,2(P̃) +Mkl

(k,k)
2,n P̃

(k)
2,n

. (55b)

Referring to (29), (34) and (35), there exist following equations

gk,2(P̃, ṽk,2) = fk(P̃, ṽk,2) = fk(P̃, z̃k) = Fk(z̃k, t̃k). (56)

Since P̃ is optimal to (P2), it meets the constraint (25b), so,
we could deduce that

gk,2(P̃, ṽk,2) > rk ⇒ F(z̃k, t̃k) > r. (57)

As shown in (55a), (55b) and (57), we could find
{P̃, z̃k, t̃k, ṽ} is feasible to (P5) and we have g(P̃, ṽ) >
g(P̂, v̂), which is equivalent to

min
v
g(P̃,v) > min

v
g(P̂,v). (58)

This has been explained in (26). It is contradictory that
{P̂, ẑk, t̂k, v̂} is the optimal solution to (P5). So the assump-
tion that there exists other optimal solution to (P2) does not
hold and P̂ is optimal to (P2).

Similarly, if P̃ is the optimal solution to (P2), it also holds
the optimality in (P5). If not, there exists {P̂, ẑk, t̂k, v̂} and
we have

min
v
g(P̂,v) > min

v
g(P̃,v), (59a)

⇒ g(P̂, v̂) > g(P̃, ṽ). (59b)

Based on P̂, define ẑ′k and t̂′k = {t̂′k,n|n = 1, ..., Tk +
Uk, k = 1, ...,K} as follows

ẑ′k = v̂k,2, (60a)

t̂′k,n =
Mkl

(k,k)
2,n P̂

(k)
2,n

ẑ′kσ2
k,2(P̂) +Mkl

(k,k)
2,n P̂

(k)
2,n

. (60b)

Referring to (37c) and (37d), it is easy to find that ẑ′k >
ẑk and t̂′k,n > t̂k,n. Based on the monotonically increasing
characteristic of Fk(zk, tk), we have that

Fk(ẑ′k, t̂′k) > Fk(ẑk, t̂k). (61)
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According to (29) and (35), the following equations hold

gk,2(P̂, v̂k,2) = fk(P̂, v̂k,2) = fk(P̂, ẑ′k) = F(ẑ′k, t̂′k).
(62)

Since Fk(ẑk, t̂k) > rk, it is affirmed that Fk(ẑ′k, t̂′k) > rk
and thus gk,2(P̂, v̂k,2) > rk. Consequently, P̂ is a feasible
solution to (P2) and it achieves a higher value than that of P̃,
which is contradictory that P̃ is the optimal solution to (P2).
So, the assumption that there exists other optimal solution to
(P5) does not hold. The optimal equivalence between (P2) and
(P5) is thus proven.

APPENDIX C
PROOF OF Lemma 2

By applying the Taylor expansion, the tangent of the con-
cave function is above its curve and the tangent of the convex
function is below its curve. Since log2(1− tk,n) (the term in
Fk(zk, tk)) and z−1k are convex with respect to tk,n and zk,
and In(zk) + In(tk,n) + In(σ2

k,2(P)) is concave with respect
to zk, tk,n and P, the following inequalities hold

Fk(zk, tk) > Fk(zk, tk|ts−1k ), (63a)

1

zk
> − zk

(zs−1k )2
+

1

zs−1k

, (63b)

In(zk) + In(tk,n)+In(σ2
k,2(P)) 6

In(zk|zs−1k )+In(tk,n|ts−1k,n ) + In(σ2
k,2(P|Ps−1)),

(63c)
which makes the constraints (44b), (44c) and (44d) in (P7)
tighter than the corresponding constraints in (P6). Thereby, in
each iteration, the optimal solution Ps is guaranteed in the
feasible set of the original problem.

For the objective, since Gk,m,2(P) is a concave function
with respect to P, it holds that

Gk,m,2(P|Ps−1) > Gk,m,2(P). (64)

Accordingly, the following inequalities can be obtained

Gk,m(P, wk,m) = Gk,m,1(P, wk,m)− Gk,m,2(P)

> Gk,m,1(P, wk,m)− Gk,m,2(P|Ps−1)

= Gk,m(P, wk,m|Ps−1).

(65)

Therefore, we have that

G(P,w) > G(P,w|Ps−1). (66)

Furthermore, according to the properties of the saddle point,
there are following conclusions for (Ps,ws)

G(Ps,ws|Ps−1) > G(P,ws|Ps−1),

G(Ps,ws|Ps−1) 6 G(Ps,w|Ps−1).
(67)

Based on (66) and (67), the relationship of G(Ps,ws) and
G(Ps−1,ws−1) can be derived as follows

G(Ps,ws) > G(Ps,ws|Ps−1) = max
P

g(P,ws|Ps−1)

(68a)

> G(Ps−1,ws|Ps−1) = G(Ps−1,ws) (68b)

> min
w
G(Ps−1,w) = G(Ps−1,ws−1). (68c)

Based on the monotonically increasing property of the objec-
tive function in iterations, and the fact that the ergodic sum rate
is up-bounded, the proposed algorithm is assured to converge,
at least to a local optimum.
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