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Abstract—Space-air-ocean integrated networks (SAOIN-
s), composed of low earth orbit (LEO) satellites, unmanned
aerial vehicles (UAVs), and unmanned surface vehicles
(USVs), have been advocated to provide seamless, high-
rate, and reliable wireless transmission services for USVs.
However, due to the restrictions of limited resources (e.g.,
spectrum bandwidth, transmission power, etc.), diverse
demands of USVs, and selfishness of both UAVs and LEOs,
there comes a significant challenge to provision high-quality
wireless data rate for USVs to achieve their satisfied quality
of experience (QoE). To this end, in this paper, we propose
a hierarchical on-demand wireless data rate provisioning
scheme to provide ubiquitous transmission services for
USVs. Specifically, we first devise a hierarchical wireless
data rate provisioning framework. The LEO satellite with
an extensive wireless coverage is utilized to provide LEO
satellite-to-UAV (L2U) data rate for UAVs with a certain
L2U data rate price. Each UAV is employed to provide
UAV-to-USV (U2U) data rate for covered multiple USVs
with a certain U2U data rate price. We then propose
a modified three-stage Stackelberg game to model the
wireless data rate assignments among LEO satellites, UAVs,
and USVs, where the time-varying data rate demands of
USVs are considered to formulate the utility maximization
problem. Afterwards, the backward induction approach
is leveraged to attain the Stackelberg equilibrium as the
solution of the formulated problem, where the closed-form
expressions on the optimal strategies of both USVs and
UAVs under different data rate budgets are obtained by
the nonlinear programming method. Besides, an acceler-
ated conjugate gradient descent (ACGD) based iteration
algorithm is also designed to obtain the optimal strategies
of the LEO satellites on the L2U data rate prices. At last,
extensive simulations are carried out to demonstrate that
the proposed scheme can significantly increase the utilities
of USVs, as compared to other benchmark schemes.

Index Terms—Space-air-ocean integrated networks
(SAIONs), unmanned surface vehicles (USVs), hierarchical
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I. INTRODUCTION

The 21st century is the era of the ocean that contains
rich biological resources, oil and gas resources, and
mineral resources [1]. It is a strategic space and re-
source for human survival and sustainable development.
For better understanding, developing, and protecting the
oceans, unmanned surface vehicles (USVs) as cost-
effective, high-speed, and flexible characteristics have
been widely applied to perform dangerous and complex
tasks in maritime activities, such as marine resource ex-
ploration, environment monitoring, maritime search and
rescue, etc [2]. In the applications of USVs, the efficient
communication between USVs and other entities (e.g.,
ground control station, remote cloud server, and mother
vessel, etc.) is of great importance to achieve timeliness-
sensitive data transmission [3]. For example, dynamic
and variable maritime weather data, such as wind speed
and atmospheric visibility, should be delivered to the
USV in time for intelligent decisions on stable and
reliable navigation paths [4]. However, due to lack of
land communication infrastructures such as base stations
in maritime environment, it is intractable to provide
low-delay and high-reliable transmission services for
USVs. At present, USVs in general work offline or
take satellites as communication carriers to deliver data.
When working offline, UAVs have to send/receive data
when they return to the network-connected shores, which
induces a large access delay. When connecting to a
satellite, each USV must install an expensive satellite
communication module and the satellite has to deal with
a large number of simultaneous USV accesses, which
inevitably causes considerable economic and resource
costs, including computing, energy and storage, etc.
Therefore, if a communication network exists that can be
accessed anywhere and anytime by USVs to deliver data
at low cost, it can significantly improve the efficiency of
task execution and enhance the safety of USV sailing.

Space-air-ocean integrated networks (SAIONs), as the
most promising one of next-generation wireless com-
munication network paradigms, can efficiently provide
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ubiquitous transmission services for USVs [5], [6]. A
typical SAOIN is composed of LEO satellites, UAVs, and
USVs. An LEO satellite can provide a much extensive
and seamless communication coverage to ground entities
[7]. LEO satellites are capable of supporting broad
services when operating over Ka-band [8]. It can achieve
on the downlink over 50 Mbps data rates and even
up to several hundred megabits per second , enabling
to provide multimedia services for USVs, such as the
deliveries of sea floor map and weather video streaming,
etc., [9]. Meanwhile, due to low costs, easy deployments
and agile mobilities, UAVs can be fast deployed by
offshore equipments (e.g., oil platform, vessels, and
airborne USVs, etc.), to provide temporary network
accesses for USVs, so as to enlarge the capacity of the
network [10]. As only a small number of UAVs need
to be equipped with satellite communication modules,
the larger amount of access requests from USVs to LEO
satellites could be dramatically reduced. Therefore, by
incorporation the merits of the LEO satellites and UAVs,
the SAIONs can support seamless, reliable and low-cost
wireless transmission for USVs.

However, the wireless transmission service provision-
ing for USVs in SAIONs face the following challenges,
due to limited transmission resources, diverse demands
of USVs, and selfishness of both UAVs and LEO satel-
lites. First, as the number of new wireless transmission
applications keeps increasing, the resources (e.g., spec-
trum bandwidth and transmission power, etc.) in current
deployed networks become limited to provide each USV
with a satisfied data rate. As a result, USVs need to
compete with each other to request wireless data rates.
Second, due to the different types of tasks, USVs have
diverse demands on wireless data rate. When different
USVs are assigned with the same amount of data rate,
some may want more, but others may not need so much,
resulting in the inefficiency of data rate assignment.
Third, since it needs a certain cost on resources (e.g.,
energy, computing, etc.) to transmit data, both UAVs and
LEO satellites are selfish. As such, transmission service
is not provided for free, such that both satellites and
UAVs need to determine data rate prices to make profits.
If the data rate price determined by the LEO satellite is
too high, UAVs will reduce the amount of purchased data
rate. Similarly, if the data rate prices determined by the
UAVs are high, the USVs also request a few data rates
from their connected UAVs, resulting in sacrificing their
QoE. Consequently, it is pressing to design a wireless
data rate provisioning scheme for USVs to achieve
satisfied transmission services in SAOINs.

Some existing wireless data rate provisioning schemes
have recently been proposed to improve the transmission
services, such as bandwidth allocation, power allocation,
and time schedule. In [11], [12], bandwidth allocation

based data rate provisioning scheme is used to support
the wireless transmission between UAVs and ground
nodes. The game model is employed to obtain the
optimal bandwidth allocation strategy. Besides, in [13],
[14], the power allocation problem of the terrestrial-
satellite network is studied to search for the optimal data
rate provisioning solution for satisfying mobile users’
QoE. Meanwhile, mobile users can be provided with
the optimal wireless transmission services by allocating
the number of time slots to access the communication
network [15]. However, most current works on wireless
data rate provisioning focus on the terrestrial networks or
terrestrial-satellite networks, while the complicated inter-
actions among entities under the three-layer architecture
of SAIONs are not sufficiently considered. In addition,
different from the assumption in the current works, the
demands of ground requesters are usually time-varying
in different time slots. Therefore, it is still a vital issue to
devise a proper wireless data rate provisioning scheme
in SAIONs.

In this paper, we propose a hierarchical on-demand
wireless data rate provisioning scheme in SAIONs, to
efficiently provide ubiquitous transmission services for
USVs. Specifically, we first employ a modified three-
stage Stackelberg game to formulate the wireless data
rate provisioning problem among LEO satellite, UAVs
and USVs. Especially, the utility of each USV is de-
signed based on the individual demand degree on the
wireless data rate and unsatisfactory degree on the qual-
ity of wireless transmission service. Different from the
original Stackelberg game with two parties, the modified
game is really appropriate for modeling the complicated
interactions of three parties (i.e., LEO satellite, UAVs
and USVs), so as to search for the optimal strategy
profile. Wherein, the LEO satellite acts as a leader
to determine the optimal selling prices to assign LEO
satellite-to-UAV (L2U) data rate. Afterwards, each UAV
first makes decisions on the L2U data rate request from
the LEO satellite and then determines the optimal selling
price to assign UAV-to-USV (U2U) data rate. USVs, as
followers of the game, decide the optimal U2U data
rate request responding to the selling price of their
connected UAVs. Furthermore, to optimally solve the
wireless data rate provisioning problem, we exploit the
backward induction approach to analyze the proposed
three-stage game to obtain the optimal strategy profile
as the Stackelberg equilibrium solution. In specific, the
closed-form expressions on the optimal strategies of both
USVs and UAVs under different data rate budgets are
obtained by the nonlinear programming method, and the
optimal strategy of the LEO satellite is achieved by an
accelerated conjugate gradient descent (ACGD) based
iteration algorithm, which can significantly improve the
convergence rate by combining the conjugate factors
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and optimal step rate binary searching policy. The main
contributions of this paper are three-fold.
• Framework. We propose a hierarchical wireless

data rate provisioning framework in SAOINs. The
LEO satellite with its extensive wireless coverage
is utilized to provide L2U data rate for UAVs
with a certain L2U data rate price. Each UAV
with flexibility and easy deployment is employed to
provide U2U data rate for multiple ground USVs
with a certain U2U data rate price, based on the
requested L2U data rate. As such, the seamless,
high-rate, and cost-efficient wireless transmission
service is provisioned to USVs for improving their
QoE.

• Modelling. We propose a modified three-stage S-
tackelberg game to model the hierarchical wireless
data rate provisioning among LEO satellites, UAVs,
and USVs. Three optimization problems are for-
mally formulated to maximize the utilities of LEO
satellites, UAVs, and USVs, where the decision
variables are selected as the L2U data rate price,
L2U data rate request, U2U data rate price, and
U2U data rate request, respectively.

• Strategy. We employ the backward induction ap-
proach to obtain the Stackelberg equilibrium as the
optimal strategies to maximize the utilities of all
game players. Specifically, the closed-form expres-
sions on the optimal strategies of both UAVs and
USVs under different budget conditions are ob-
tained based on the nonlinear programming method.
An ACGD based iteration algorithm is then devised
to achieve the optimal strategies on L2U data rate
price of the LEO satellite.

The remainder of this paper is organized as follows.
Related work is reviewed in Section II. Section III de-
scribes the system model. Section IV shows the analysis
of the Stackelberg game. Performance evaluation is given
in Section V and we conclude the paper in Section VI.

II. RELATED WORK

In this section, we review the related works including
performance optimization of SAOINs, wireless data rate
provisioning, and Stackelberg game.

A. Performance Optimization of SAOINs

SAION is an emerging communication networking
paradigm, where a few researches have conducted on its
performance optimization. Liu et al. [16] proposed multi-
ple satellites based passive location parameter estimator
for moving aerial target. It can provide the estimation
not only the time difference of arrival and the frequency
difference of arrival, but also the distance between the
target and the receiver and the velocity of the moving

target. Chen et al. [17] presented a civil aircraft augment-
ed space-air-ground integrated networks architecture and
optimization, including resource allocation and auction.
Liu et al. [18] introduced a spectrum sensing with a deep
neural network-based detection framework to extract
features in a data-driven way according to the covariance
matrix of the received signal. Lyu et al. [19] devised an
online control framework to slice the spectrum resource
for remote vehicular services provisioning dynamically.
Online decisions on the request admission and schedul-
ing, UAV dispatching, and resource slicing for different
services are real-time made. However, the existing works
on the performance optimization of SAIONs should
further consider the hierarchical wireless data rate pro-
visioning for USVs.

B. Data Rate Provisioning in Wireless Networks

In wireless networks, the data rate provisioning issues
have been studied extensively to improve the QoE of
mobile users. Fei et al. [20] investigated the effect of
social centrality on the dynamic data rate provisioning
in vehicular social networks and proposed a dynamic
bandwidth allocation algorithm. Esmailpour et al. [21]
proposed a new dynamic QoS based data rate provi-
sioning framework to support heterogeneous traffic with
different QoS requirement in WiMAX networks. Wang
et al. [22] presented a hierarchical bandwidth allocation
approach in heterogeneous networks. This work con-
sists of network-level and connection-level bandwidth
allocation, different from the two-tier HetMSNs neither.
Nan et al. [23] presented a cloud-based living-streaming
distribution method by formulating the bandwidth alloca-
tion problem as a non-cooperative game. Although many
schemes have been proposed to realize the optimal wire-
less data rate provisioning, the restriction of available
resources for data rate provisioning and USVs’ diverse
demands should be further taken into account.

C. Stackelberg Game in Wireless Networks

The Stackelberg game has been extensively employed
to optimize the resource assignments in wireless net-
works. Xiao et al. [24] formulated the power control
strategy of a secondary user against a smart jammer as
a Stackelberg game based on power constraints, where
the Stackelberg equilibrium of the anti-jamming game
is obtained and compared with the Nash equilibrium of
the game. Zheng et al. [25] designed a scalable and
convergent Stackelberg game for edge caching, where
the game is decomposed into different types of sub-
games. Xin et al. [26] proposed a credit-based incentive
mechanism to encourage users to cooperate to help
with each other in a heterogeneous network. Wang et
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Fig. 1. An illustration of the system model.

al. [27] studied the transmission adaptation in an RF-
powered cognitive radio network, with a single-leader-
multi-follower Stackelberg game to model the sensing-
pricing-transmitting process of the secondary gateway
and the transmitters. Although many existing works
have employed the Stackelberg game to enhance the
performances of the wireless networks, few of them
consider the effects of time-varying and diverse USVs’
demands.

III. SYSTEM MODEL

In this section, we elaborate the system model, in-
volving the network model, the motion model, and the
communication model. The notations utilized in this
paper are summarized in Table I.

A. Network Model

We consider the communication problem of downlink
transmission in three-layer SAOINs, as shown in Fig. 1.
The space layer comprises one LEO satellite, which can
provide seamless coverage for an extensive area. The
air layer is supported by multiple UAVs to guarantee
effective and efficient communication requirements for
USVs. The ocean lay is supported by a large number
of USVs, who have diverse data rate demands. Let
I = {1, 2, · · · , I} and J = {1, 2, ..., J} denote the
set of USVs and UAVs, respectively. Here, we utilize
a time slot model, where there exist T time slots and
each one has an equal length δ. In each time slot, there
exist a certain amount of USVs within the coverage of
a UAV. Let binary variable ηi,j,t denote whether USV
i, i ∈ I, within the coverage of UAV j, j ∈ J , in
the t-th time slot. In specific, if USV i sails within the

TABLE I
VARIABLES

Notations Description
I The set of USVs.
J The set of UAVs.
T The number of time slots in a time horizon.
δ The length of a time slot.

ηi,j,t ∈ {0, 1}
Whether USV i locates within the coverage
of UAV j in the t-th time slot.

Lj,t The 3D location of UAV j in the t-th time slot.
Vmax The maximum flying velocity of each UAV.
Li,t The 3D location of USV i in the t-th time slot.
ξi,t The motion state of USV i in the t-th time slot.

µi,t/νi,t/ϕi,t
Forwarding velocity/sway velocity/heading angle
of USV i in the t-th time slot.

Ho The altitude of the LEO satellite

Ψ0
Channel gain at the unit distance from the
satellite to UAVs.

ϑ Path loss parameter of the communication link.

Po,j,t
Transmission power of the LEO satellite to
UAV j in the t-th time slot

bj,t
Spectrum bandwidth assigned to UAV j from
the LEO satellite in the t-th time slot.

σ2
0 Noise power spectral density.

Λ
Rain attenuation ratio on the LEO satellite-
to-UAV communication link.

ρi,j,t
The channel gain from UAV j to USV i
in the t-th time slot.

β0
The channel gain of UAV-to-USV link with the
unit distance.

bi,j,t
Spectrum bandwidth from UAV j to USV i in
the t-th time slot.

Pi,j,t
Transmission power from UAV j to USV i in
the t-th time slot.

po,t
L2U data rate price determined by the LEO
satellite in the t-th time slot.

co
Cost of the LEO satellite on the unit L2U
data rate.

rj,t
L2U data rate request of UAV j in the t-th
time slot.

pj,t
U2U data rate price of UAV j in the t-th
time slot.

qi,j,t
U2U data rate request of USV i from UAV j
in the t-th time slot.

cj,t
Cost of UAV j on the unit U2U data rate in
the t-th time slot.

q̃i,t
Dissatisfaction degree of USV i on the U2U
data rate in the t-th time slot.

%i,t

Cumulative Data rate demand degree of USV i
on U2U data rate from the t-th time slot to
the T -th time slot.

%̃i,t
Data rate demand degree of USV i on U2U
data rate in the t-th time slot.

ϑi
Discount factor of USV i on future data rate
demand degree.

coverage of UAV j in the t-th time slot, ηi,j,t = 1, and
otherwise, ηi,j,t = 0. Without loss of generality, each
USV can connect to at most one UAV in a time slot,
i.e.,

∑J
j=1 ηi,j,t ≤ 1,∀i ∈ I.

B. Motion Model

In the t-th time slot, the 3D location of UAV j is
denoted as Lj,t = (xj,t, yj,t, hj,t), where hmin ≤ hj,t ≤
hmax. Here, hmin and hmax are the allowable minimal
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and maximal flying heights of UAVs, respectively. The
flying velocity of UAV j in the t-th time slot is denoted
as Vj,t, which cannot exceed the maximum flying veloc-
ity Vmax (i.e., Vj,t ≤ Vmax). As such, the flying distance
of the UAV is restricted by

||Lj,t+1 − Lj,t|| ≤ Vmaxδ. (1)

Similarly, in the t-th time slot, the 3D location of USV
i is expressed as Li,t = (xi,t, yi,t, 0), where the altitude
of each USV is 0. Here, owing to the large size of the
USV, its moving cannot be roughly modeled as a rec-
tilinear motion. Considering the environment factors on
the sea (e.g., wave, wind, etc.), a standard three degrees
of freedom model [28] is applied to describe the motion
of the USV. In specific, the motion state of the USV
is formulated by the forwarding velocity, sway velocity,
and heading angle. The motion state of USV i in the
t-th time slot is denoted as ξi,t = (µi,t, νi,t, ϕi,t), where
µi,t and νi,t are respectively the forwarding velocity and
sway velocity, and ϕi,t is the heading angle. The yaw
rate of USV i in the t-th time slot is denoted as γi,t. As
such, the motion model of UAV i is given by ẋi,t = µi,t cosϕi,t − νi,t sinϕi,t,

ẏi,t = µi,t sinϕi,t + νi,t cosϕi,t,
ϕ̇i,t = γi,t.

(2)

Based on above motion model, the heading angle of USV
i in the (t+ 1)-th time slot is

ϕi,t+1 = γi,tδ + ϕi. (3)

The sailing distance of USV i from the t-th time slot to
the (t+ 1)-th time slot is

xi,t+1 − xi,t
=

[
µi,t (sinϕi,t+1 − sinϕi,t)
+νi,t (cosϕi,t+1 − cosϕi,t)

]
(γi,t)

−1
,

yi,t+1 − yi,t
=

[
νi,t (sinϕi,t+1 − sinϕi,t)
−µi,t (cosϕi,t+1 − cosϕi,t)

]
(γi,t)

−1
.

(4)

C. Communication Model

In SAOINs, we consider two communication inter-
faces, i.e., LEO satellite-to-UAV and UAV-to-USV. Each
of them utilizes different spectrum bands, thereby lead-
ing to no interference between the LEO satellite and
USVs. In the following, the data rate of LEO satellite-to-
UAV link (i.e., L2U data rate) and that of UAV-to-USV
link (i.e., U2U data rate) are respectively described.

1) LEO Satellite-to-UAV Link: Currently, the LEO
satellite-to-UAV link is mainly realized with Ka spec-
trum band [29], where channel condition is easily affect-
ed by the communication distance and the rain attenua-
tion. Since the flying distance of the UAV is much shorter
than the altitude of the LEO satellite, the variation of

distance between the LEO satellite and each UAV can
be negligible. As such, the channel gain of the LEO
satellite-to-UAV link remains constant with the flying of
UAVs, which is expressed by

ρo,j,t =
Ψ0

(Ho − hj,t)ϑ
≈ Ψ0

Ho
ϑ
, (5)

where Ho denotes the altitude of the LEO satellite. Ψ0

is the channel gain at the unit distance from the satellite
to the UAV and ϑ is the path loss parameter of the
communication link. The transmission power of the LEO
satellite to UAV j in the t-th time slot is denoted as
Po,j,t. Let bj,t indicate the spectrum bandwidth allocated
to UAV j from the LEO satellite in the t-th time slot.
As such, the L2U data rate between the LEO satellite
and UAV j in the t-th time slot is obtained by

rj,t = Λbj,t log2

(
1 +

Po,j,tΨ0

bj,tσ2
0Ho

ϑ

)
(6)

where σ2
0 is the noise power spectral density. Λ indicates

the rain attenuation ratio.
2) UAV-to-USV Link: Initial measurements of the

channel indicate that the UAV-to-ground channel is typ-
ically composed of a strong line-of-sight (LoS) chain
[30]. For simplicity, we suppose that the LoS link can
dominate the channel between the UAV and each USV.
The channel gain from UAV j to USV i can be calculated
by

ρi,j,t = β0(||Li,t − Lj,t||)−ϑ (7)

where β0 is the channel gain of UAV-to-USV link with
the unit distance. Let bi,j,t denote the bandwidth of USV
i from UAV j in the t-th time slot. As such, the U2U
data rate from UAV j to USV i is expressed by

qi,j,t = bi,j,t log2

(
1 +

Pi,j,tρi,j,t∑J
j′=1,j′ 6=j Pi,j′,tρi,j′,t+bi,j′,tσ

2
0

)
(8)

where Pi,j,t is the transmission power of UAV j to
USV i in the t-th time slot.

∑J
j′=1,j′ 6=i Pi,j′,tρi,j′,t is

the interference from all UAVs except UAV j. Here, the
OFDMA communication mode is utilized for USVs to
access connected UAVs, whereby there only exist co-
channel interferences from other UAVs.

IV. PROBLEM FORMULATION

In this paper, we study the data rate provisioning in
SAIONs, including L2U data rate assignment and U2U
data rate assignment. The LEO satellite provides L2U
data rate to each UAV by allocating wireless resources
(i.e., spectrum bandwidth and transmission power) and
each UAV allocates its spectrum bandwidth/transmission
power to provide U2U data rate for its connected USV.
Here, specific bandwidth or power allocation scheme is
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not the focus of this paper, which have been extensively
studied by existing works, such as [13], [15].

In each time slot, the LEO satellite first determines
the L2U data rate price to maximize its profit, according
to the demands of UAVs. Then, each UAV purchases the
proper amount of L2U data rate from the LEO satellite
and then determines the U2U data rate price to assign its
owned U2U data rate to USVs, where the total assigned
U2U data rate cannot exceed the requested L2U data
rate from the LEO satellite. Finally, each USV decides
the appropriate U2U data rate request responding to the
connected UAV.

According to the above process, the wireless data rate
provisioning problem in SAOINs can be formulated as
a three-stage Stackelberg game, where the up-stage acts
as the leaders to make the decisions first and the down-
stage acts as the followers to move subsequently based
on the leaders’ strategies. Thus, in stage I, the LEO
satellite serves as the leader and determines the L2U data
rate price, according to the demands of UAVs. Then,
in stage II, the UAVs, as followers of stage I, make
decisions on the L2U data rate requests from the LEO
satellite, and then act as the leaders of stage III to assign
their U2U data rates to USVs by the optimal U2U data
rate prices for maximizing their utilities. In stage III,
each USV, as the follower of stage II, determines the
optimal U2U data rate request based on the U2U data
rate price of its connected UAV to gain its utility. The
similar three-stage Stackelberg game has been utilized
in literatures [31], [32]. However, most of them assume
that the game strategies of the first and the second
stages lack direct correlations with those of the second
and the third stages. The proposed modified three-stage
Stackelberg game in this paper sufficiently takes the
interplays among strategies of three game players. In
particular, the determination of the U2U data rate price
is partly based on the L2U data rate request from the
LEO satellite, where the amount of available U2U data
rate cannot exceed the amount of requested L2U data
rate. The utilities of LEO satellite, UAVs, and USVs are
expressed as follows.

1) Utility of LEO Satellite
The responsibility of the LEO satellite is to assign

L2U data rate to UAVs with a ceratin L2U data rate price
for gaining its utility. The utility of the LEO satellite is
the difference between the benefit and cost to assign L2U
data rates for UAVs. As such, its utility is expressed by

Uo,t(po,t) = po,t

J∑
j=1

rj,t − co
J∑
j=1

rj,t (9)

where po,t denotes the L2U data rate price determined
by the LEO satellite in the t-th time slot. co is the cost of
the LEO satellite on the unit L2U data rate. rj,t indicates

the L2U data rate request of UAV j in the t-th time slot.
2) Utility of UAV

Each UAV is employed to act as an agent, who pur-
chases L2U data rate from the LEO satellite and assign
U2U data rate to USVs within its coverage. The utility of
each UAV is the difference between the benefit to assign
U2U data rates for USVs and the cost on delivering data
for USVs. Specifically, the cost includes the payment
for the L2U data rate purchased from the LEO satellite
and the transmission consumption for USVs. Hence, the
utility of UAV j in the t-th time slot is given by

Uj,t(pj,t, rj,t) = (pj,t − cj)
I∑
i=1

ηi,j,tqi,j,t − po,trj,t,

(10)
where pj,t and cj,t are the U2U data rate price and unit
cost of UAV j in the t-th time slot, respectively. qi,j,t
is the U2U data rate request of USV i to UAV j in the
t-th time slot.

3) Utility of USV
For a USV, it requests U2U data rate from its con-

nected UAV to receive message. As each USV is a risk-
averse entity, the satisfaction function should be concave,
non-decreasing with respect to the acquired data rate. As
such, the satisfaction function of USV j in the t-th time
slot is

Sati,t = log

(
1 + %i,t

∑J
j=1 ηi,j,tqi,j,t

q̃i,t

)
, (11)

where q̃i,t is the dissatisfaction degree of USV i on the
U2U data rate in the t-th time slot. %i,t represents the
cumulative demand degree of USV i on U2U data rate
from the t-th time slot to the T -th time slot, which is
based on the data rate demand degree in the current time
slot and those in the future time slots. As such, it can
be expressed as

%i,t =
T∑
t′=t

ϑ
−(t′−t)
i %̃i,t′ , (12)

where %̃i,t′ is the data rate demand degree of USV i in
the t′-th time slot. ϑi ∈ [0, 1] is the discount factor of
USV i on future data rate demand degree. Here, if ϑi is
small, the cumulative demand degree of USV i will much
focus on the demand degree in the current time slot. With
requesting U2U data rate for its wireless transmission
demand, each USV has a certain cost linearly dependent
on the acquired data rate. The cost function of USV i in
the t-th time slot is

Costi,t =
J∑
j=1

ηi,j,tpj,tqi,j,t. (13)
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Synthesizing the benefit function and the cost function,
the utility of USV i in the t-th time slot is

Ui,t(qi,t) =λ log

1 +
%i,t
q̃i,t

J∑
j=1

ηi,j,tqi,j,t


−

J∑
j=1

ηi,j,tpj,tqi,j,t,

(14)

where qi,t = (qi,1,t, qi,2,t, · · · , qi,J,t). λ is the weighted
parameter, which is used to avoid the negative utility.

Let G denote the proposed three-stage Stackelberg
game strategic form. In game G, the objectives of all
parties including LEO satellite, UAVs and USVs are
to maximize their utilities. Therefore, we define the
following three problems:

P1 : max
po,t

Uo,t(po,t)

s.t.
∑J
j=1 rj,t ≤ Ro,

(15)

P2 : max
pj,t,rj,t

Uj,t(pj,t, rj,t),∀j ∈ J

s.t.


pj,t ≥ 0
I∑
i=1

ηi,j,tbi,j,t ≤ rj,t.
(16)

P3 : max
qi,t

Ui,t(qi,t),∀i ∈ I

s.t. qi,t ≥ 0.
(17)

where Ro denotes L2U data rate budget that can be
assigned to UAVs.

The Stackelberg equilibrium is utilized as the solution
of game G, which is defined as follows.

Definition 1: In the t-th time slot, let p∗o,t be a
solution of problem P1. Let π∗j,t = (p∗j,t, r

∗
j,t) be

a solution of problem P2 and q∗i,t be a solution of
problem P3. Then, let qt = {q1,t,q2,t, · · · ,qI,t} and
πt = {π1,t, π2,t, · · · , πJ,t}. The point

(
p∗o,t,π

∗
t ,q
∗
t

)
is

a Stackelberg equilibrium of G for any (po,t,πt,qt), if

Uo,t
(
p∗o,t,π

∗
t

)
≥ Uo,t (po,t,π

∗
t ) , (18)

Uj,t
(
π∗j,t, p

∗
o,t,q

∗
t

)
≥ Uj,t

(
πj,t, p

∗
o,t,q

∗
t

)
, (19)

Ui,t
(
q∗i,t,π

∗
t

)
≥ Ui,t (qi,t,π

∗
t ) . (20)

V. STACKELBERG GAME ANALYSIS

In this section, we analyze the game G to find the
Stackelberg equilibrium. The backward induction ap-
proach is introduced to search the Stackelberg equilibri-
um. Specifically, we first analyze the optimal U2U data
rate request of each USV. The optimal U2U data rate
price of each UAV is then investigated. Afterwards, the
optimal L2U data rate request of each UAV is discussed,
which is followed by the analysis on the L2U data

rate price of the LEO satellite by the ACGD based
iteration algorithm. At last, we prove the existence of
the Stackelberg equilibrium.

A. Optimal U2U Data Rate Requests of USVs in Stage
III

Given the U2U data rate price of each UAV, USVs de-
termine the optimal U2U data rate requests to maximize
their utilities. By solving P3, we can obtain the optimal
strategies for USVs with the following theorem.

Theorem 1: Given U2U data rate price of UAV j,
∀j ∈ J , the optimal U2U data rate request of USV i in
the t-th time slot is

q∗i,j,t =

{
0, if ηi,j,t = 0[
λ
pj,t
− 1

αi,t

]+
, if ηi,j,t = 1

(21)

where [·]+ = max(·, 0) and αi,t = %i,t/q̃i,t.
Proof: First of all, we consider that USV i is not

within the coverage of UAV j in the t-th time slot, i.e.,
ηi,j,t = 0. As USV i cannot connect to UAV j, the U2U
data rate requested by USV i is zero, i.e., q∗i,j,t = 0.

We then consider that USV i sails within the coverage
of USV j in the t-th time slot, i.e., ηi,j,t = 1. The utility
of USV i is rewritten as

Ui,t(qi,t) = λ log (1 + αi,tqi,j,t)−pj,tqi,j,t, if ηi,j,t = 1.
(22)

The first derivative of Ui,t(qi,t) with respect to ri,j,t is

∂Ui,t(qi,t)
∂qi,j,t

=
λαi,t

1 + αi,tqi,j,t
− pj,t. (23)

The second derivative of Ui,t(qi,t) with respect to ri,j,t
is

∂2Ui,t(qi,t)
∂qi,j,t2

= −
λα2

i,t

(1 + αi,tqi,j,t)
2 . (24)

Because of the negativity of the second derivative, the
utility function of the USV is concave, i.e., there exists
the maximum utility for USV i. We then conduct the
following limitation operations:

lim
qi,j,t→+∞

∂Ui,t(qi,t)
∂qi,j,t

= −pj,t < 0, (25)

lim
qi,j,t→0

∂Ui,t(qi,t)
∂qi,j,t

= λαi,t − pj,t. (26)

From (26), we cannot determine whether the first deriva-
tive of the utility is positive or negative, when qi,j,t = 0.
We then consider two cases:

Case 1: Low price regime.
The low price case is that the U2U data rate price of

UAV j is not larger than λαi,t, i.e., pj,t ≤ λαi,t. As
such, lim

qi,j,t→0

∂Ui,t(qi,t)
∂qi,j,t

is larger than zero. Ui,t(qi,t)
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first increases and then decreases with qi,j,t. The optimal
request strategy of USV i in t-th time slot is obtained by
solving the equation: ∂Ui,t(qi,t)/∂qi,j,t = 0. Therefore,
the optimal U2U data rate request of USV i from UAV
j in the t-th time slot is

q∗i,j,t =
λ

pj,t
− 1

αi,t
(27)

Case 2: High price regime.
The high price means that the U2U data rate price

of UAV j is larger than λαi,t, i.e., pj,t > λαi,t. As
such, lim

qi,j,t→0

∂Ui,t(qi,t)
∂qi,j,t

is smaller than zero, and the

first derivative of the utility keeps negative. Therefore,
the optimal U2U data rate request of USV i from UAV
j in the t-th time slot is q∗i,j,t = 0.

B. Optimal U2U Data Rate Price of UAV in Stage II

For the sake of ease exposition, in the t-th time slot,
the set of USVs within the coverage of UAV j is denoted
as M = {1, 2, · · · ,M}, i.e., ∀m ∈ M,∃ηm,j,t = 1,
where these USVs are also sorted with decrease of λαi,t,
i.e., λα1,t ≥ λα2,t ≥ · · · ≥ λαM,t. According to
Theorem 1, the utility of UAV j can be rewritten as

Uj,t = (pj,t − cj)
M∑
m=1

[
λ

pj,t
− 1

αm,t

]+
−po,trj,t. (28)

We then define an indicator variable for each USV:

fm,j,t =

{
1, if pj,t ≤ λαm,t,
0, otherwise. (29)

P2 for U2U date rate price is reformulated as

P2-1: max
pj,t,fm,j,t

(pj,t − cj)
M∑
m=1

{
fm,j,t

(
λ
pj,t
− 1

αm,t

)
−po,trj,t

}
,

s.t.


pj,t ≥ cj + po,t,
M∑
m=1

fm,j,t

(
λ
pj,t
− 1

αm,t

)
≤ rj,t,

fm,j ∈ {0, 1}.
(30)

It can be observed that P2-1 is non-convex due to fm,j,t,
whose elements are 0-1 variables. However, this problem
has a nice property that can be explored as follows.
Given indicator vector fm,j,t, P2-1 is convex.

At first, we consider a special case that the available
U2U data rate of each UAV is large enough. Besides, the
U2U data rate price is low, so as to provide data rate for
all USVs within the coverage. As a result, the indictors
of all USVs are equal to 1, i.e., pj,t ≤ λαM,t. In this

case, P2-1 can be transformed to the following form.

P2-1(I): max
pj,t

(pj,t − cj)
M∑
m=1

(
λ

pj,t
− 1

αm,t

)
− po,trj,t,

s.t.


C1 :

∑M
m=1

(
λ
pj,t
− 1

αm,t

)
≤ rj,t,

C2 : pj,t ≥ cj + po,t,
C3 : pj,t ≤ λαM,t.

(31)
The optimal solution of Problem 2-1(I) is given by the
Theorem 2.

Theorem 2: In the t-th time slot, the optimal U2U
data rate price of UAV j for Problem 2-1(I) is given by

pMj,t
∗

=


QM1 , if rj,t ≥ LM1 and QM3 ≤ QM1 ≤ QM2 ,
QM2 , if rj,t ≥ LM2 and QM3 ≤ QM2 < QM1 ,
QM3 , if rj,t ≥ LM3 and QM1 < QM3 ≤ QM2 ,
QM4 , if LM2 ≤ rj,t ≤ min

{
LM1 , L

M
3

}
.

(32)
where QMz , L

M
z , z ∈ {1, 2, 3, 4} are abbreviations for

QM1 =
√

λMcj
φj,M,t

,

QM2 = λαM,t,
QM3 = cj + po,t,
QM4 = λM

rj,t+φj,M,t
,

LMz = λM
QMz
− φj,M,t.

(33)

Here, φj,M,t =
∑M
m=1

1
αm,t

.
Proof: See the Appendix A.

Then, we continue to make the analysis of the optimal
solution of P2-1.

Proposition 1: The U2U data rate price given by
Theorem 2 is the optimal solution of P2-1 if and only if
rj,t ≥ LM2 .

Proof: See the Appendix B.
With above results, we continue to solve P2-1. The

optimal solution of P2-1 is given as follows.
Theorem 3: The optimal solution of P2-1 is

p∗j,t =


pMj,t
∗
, if rj,t ≥ LM2 ,

pM−1j,t

∗
, if LM2 > rj,t ≥ LM−12 ,

...
p1j,t
∗
, if L2

2 > rj,t ≥ L1
2.

(34)

Here, when LM̃+1
2 > rj,t ≥ LM̃2 , M̃ ∈ {1, 2, · · · ,M}

and LM+1
2 = ∞, the optimal U2U data rate price of

UAV j is expressed as

pM̃j,t
∗

=


QM̃1 , if rj,t ≥ LM̃1 and QM̃3 ≤ QM̃1 ≤ QM̃2 ,
QM̃2 , if rj,t ≥ LM̃2 and QM̃3 ≤ QM̃2 < QM̃1 ,

QM̃3 , if rj,t ≥ LM̃3 and QM̃1 < QM̃3 ≤ QM̃2 ,
QM̃4 , if LM̃2 ≤ rj,t ≤ min

{
LM̃1 , L

M̃
3

}
.

(35)
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where QM̃z , L
M̃
z , z ∈ {1, 2, 3, 4} are abbreviations for

QM̃1 =

√
λM̃cj
φ
j,M̃,t

,

QM̃2 = λα
M̃,t

,

QM̃3 = cj + po,t,

QM̃4 = λM̃
rj,t+φj,M̃,t

,

LM̃z = λM̃

QM̃z
− φ

j,M̃,t
.

(36)

Proof: If rj,t ≥ LM2 , the optimal p∗j,t can be easily
obtained by Proposition 1. For other intervals of rj,t, e.g.,
LM2 > rj,t ≥ LM−12 , the proof of the optimal solution
with corresponding p∗j,t can be obtained similarly as
Theorem 2. This completes our proof.

C. Optimal L2U Data Rate Request of UAV in Stage II

In stage II, the target of each UAV is to maximize its
utility by determining the optimal L2U data rate request
from the LEO satellite. According to Theorem 3, the
utility of UAV j that covers M mobile users in the t-th
time slot is expressed as

Uj,t
(
p∗j,t, rj,t

)
=
(
p∗j,t − cj

) M∑
m=1

[
λ

p∗j,t
− 1

αm,t

]+
− po,trj,t.

(37)

As such, P2 for L2U date-rate request is reformulated as

P2-2: max
rj,t

Uj,t
(
p∗j,t, rj,t

)
,

s.t.
M∑
m=1

[
λ

p∗j,t
− 1

αm,t

]+
≤ rj,t.

(38)
In specific, when LM̃+1

2 > rj,t ≥ LM̃2 , M̃ ∈
{1, 2, · · · ,M} and LM̃+1

2 = ∞, the optimal L2U data
rate request of UAV j is obtained in the following
theorem.

Theorem 4: In the t-th time slot, when LM̃+1
2 >

rj,t ≥ LM̃2 , given the L2U data rate price of LEO
satellite, i.e., po,t, optimal L2U data rate request of UAV
j is given by

rM̃j,t
∗

=


√

λM̃φj,t
cj+po,t

− φ
j,M̃,t

, if W1 or W2,

M̃
α
M̃,t
− φ

j,M̃,t
, if W3 or W4 or W5,

(39)

where, we have

W1 = po,t ≤ min
{
HM̃

1 ,KM̃
1

}
and KM̃

1 ≤ KM̃
2 ,

W2 = KM̃
1 < po,t ≤ min

{
HM̃

1 , HM̃
2

}
,

W3 = HM̃
1 < po,t < KM̃

1 and KM̃
1 ≤ KM̃

2 ,

W4 = po,t ≤ KM̃
2 and KM̃

2 ≤ KM̃
1 ,

W5 = min
{
HM̃

1 ,KM̃
1

}
< po,t ≤ KM̃

2 .

(40)
Here, KM̃

1 ,KM̃
2 , HM̃

1 , HM̃
2 are respectively abbrevia-

tions for 

KM̃
1 =

√
λM̃cj
φ
j,M̃,t

− cj ,

KM̃
2 = λα

M̃,t
− cj ,

HM̃
1 =

λα2

M̃,t
φj,t

M̃
− cj ,

HM̃
2 = λM̃

φ
j,M̃,t

− cj .

(41)

Proof: See the Appendix C.
Then, we continue to analyze the optimal solution of

problem P2-2.
Proposition 2: The L2U data rate request given by

Theorem 4 is the optimal solution of P2-2 if and only if
po,t ≤ λαM̃,t

− cj .
Proof: See the Appendix D.

Based on Proposition 2, the optimal solution of P2-2
is expressed as the following theorem.

Theorem 5: In the t-th time slot, the optimal solution
of P2-2 for UAV j is given by

r∗j,t =


rMj,t
∗
, if po,t ≤ λαM − cj ,

rM−1j,t

∗
, if λαM − cj < po,t ≤ λαM−1 − cj ,

...
r1j,t
∗
, if λα2 − cj < po,t ≤ λα1 − cj .

(42)
Proof: If λα

M̃+1
− cj < po,t ≤ λα

M̃
− cj , the

optimal r∗j,t can be directly obtained by Proposition 2.
For other intervals, e.g., λα

M̃
−cj < po,t ≤ λαM̃−1−cj ,

the proof of the optimal solution on r∗j,t can be shown
similarly as Theorem 4. This completes our proof.

D. Optimal L2U Data Rate Price of LEO Satellite in
Stage I

The target of the LEO satellite is to maximize its
utility by assign L2U data rate to UAVs in problem P3.
From Theorem 4 and Theorem 5, the utility of the LEO
satellite can be rewritten as

Uo,t = (po,t − co)

 F∑
j=1

√λM̃jφj,t
cj + po,t

− φ
j,M̃j ,t


+

J∑
j=F+1

(
M̃j

α
M̃j ,t

− φ
j,M̃j ,t

) ,
(43)
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where the optimal L2U data rate requests of F UAVs are

similar to

√
λM̃φj,t
cj+po,t

−φ
j,M̃,t

, while those of J−F UAVs

are alike to M̃
α
M̃,t
− φ

j,M̃,t
. M̃j denotes the number of

USVs acquiring positive U2U data rates in the coverage
of UAV j.

Lemma 1: The utility of the LEO satellite denoted
in (43) is a concave function.

Proof: See the Appendix E.
It is notable that if there is a local maximal solution for

concave function, the solution is also globally optimal.
Consequently, following theorem is obtained according
to Lemma 1.

Theorem 6: If Uo,t(po,t) is concave, there exists a
unique globally optimal L2U data rate price p∗o,t, where
p∗o,t is calculated by

∂Uo,t(po,t)
∂po,t

∣∣∣
po,t=p∗o,t

= 0, if
J∑
j=1

rj,t

∣∣∣∣∣
po,t=p∗o,t

≤ Ro,

J∑
j=1

rj,t

∣∣∣∣∣
po,t=p∗o,t

= Ro, if
∂Uo,t(po,t)
∂po,t

∣∣∣
po,t=p∗o,t

< 0.

(44)
Therefore, based on Theorem 6, the optimal L2U

data rate price of the LEO satellite can be obtained by
solving the nonlinear equation (44). However, as the L2U
data rate price (i.e., po,t) is initially not determined, the
detailed form of the optimal L2U data rate request of
each UAV cannot be obtained. Besides, in reality, the
number of UAVs and USVs are usually large, inducing
a fairly sophisticated utility for the LEO satellite. As
such, the LEO satellite’s utility gradient is hard to obtain,
whereby it is intractable to solve the nonlinear equation
in Theorem 6. Alternatively, we devise an ACGD based
iteration algorithm to obtain the optimal L2U data rate
selling price for the LEO satellite, shown in Algorithm
1. The initialization of the algorithm is to set the total
amount of L2U data rate and its L2U data rate price. In
step 3, the gradient of Uo,t(po,t) at p(k)o,t is calculated by
the variation of utility with a small variate τ as follows:

∇Uo,t
(
p
(k)
o,t

)
≈
Uo,t

(
p
(k)
o,t + τ

)
− Uo,t

(
p
(k)
o,t − τ

)
2τ

(47)
In steps 4-12, the L2U data rate selling price of the
LEO satellite is updated toward a direction to increase
its utility and until converges to the optimal price p∗o,t.
In steps 14-22, when the total amount of L2U data rate
requests with the optimal price from steps 4-12 exceeds
the constriction R0, the optimal price is re-searched to
satisfy

∑J
j=1 rj,t = R0.

Now, the game G of wireless data rate provisioning
among LEO satellite, UAVs and USVs is completely

Algorithm 1 ACGD Based Iteration Algorithm
1: Initialization: The LEO satellite sets the total

amount of L2U date rate Ro and determines the
initial L2U data rate price p(1)o,t , k := 1.

2: repeat
3: Calculate the gradient of Uo,t(po,t) at p(k)o,t by (47).
4: if k = 1 then
5: Let d(k) := ∇Uo,t

(
p
(k)
o,t

)
.

6: else
7: Searching direction is updated by d(k) :=

∇Uo,t
(
p
(k)
o,t

)
+ βk−1d

(k−1), where βk−1 is
given by

βk−1 := ||∇Uo,t
(
p
(k)
o,t

)
||2/||∇Uo,t

(
p
(k−1)
o,t

)
||

(45)
8: end if
9: Search for the optimal step size ε∗k by using

gradient assisted binary searching method in [33],
which solves the following maximization prob-
lem:

max
εk

Uo,t

(
p
(k)
o,t + εkd

(k)
)
. (46)

10: Update the L2U data rate price of the LEO
satellite by p(k+1)

o,t := p
(k)
o,t + ε∗kd

(k).
11: Let k := k + 1.
12: until ||p(k)o,t − p

(k−1)
o,t || ≤ ε, and then p∗o,t := p

(k)
o,t .

13: Calculate the L2U data rate request of each UAV
(i.e., rj,t) according to p∗o,t.

14: if
∑J
j=1 rj,t > Ro then

15: Let k = 1 and p(k)o,t := p∗o,t +$(
∑J
j=1 rj,t−Ro).

16: for ||
∑J
j=1 rj,t −Ro|| > ε do

17: Search for optimal step size $∗ by gradient
assisted binary searching method.

18: Calculate rj,t for each UAV based on p(k)o,t .
19: p

(k+1)
o,t := p

(k)
o,t +$∗(

∑J
j=1 rj,t −Ro).

20: end for
21: The optimal L2U data rate price of the LEO

satellite in the t-th time slot is p∗o,t := p
(k)
o,t .

22: end if

solved. The Stackelberg equilibrium of game Gt is then
given as follows.

Proposition 3: The Stackelberg equilibrium of game
G for wireless data rate provisioning among LEO satel-
lite, UAVs and USVs, formulated in P1, P2 and P3 is(
p∗o,t,π

∗
t ,q
∗
t

)
, where p∗o,t is obtained by Algorithm 1,

elements of π∗t (i.e., r∗j,t and p∗j,t) are respectively given
by (34) and (42), and each element of q∗t (i.e., q∗i,j,t) is
given by (21).

Proof: When the LEO satellite broadcasts L2U data
rate price po,t, each UAV responds with L2U data rate re-
quest r∗j,t which is given by (42). According to Theorem
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5, we know that r∗j,t is the optimal strategy on L2U data
rate request of each UAV. As a result, for ∀rj,t ≥ 0,
we have Uj,t(r

∗
j,t) ≥ Uj,t(rj,t). Furthermore, with a

ceratin rj,t, the indicator function of each USV can
be determined and each UAV’s utility is concave with
respect to pj,t. As such, each UAV can always find the
optimal p∗j,t, i.e., for ∀pj,t ≥ 0, Uj,t(p∗j,t) ≥ Uj,t(pj,t).
Besides, given the optimal U2U data rate price of each
UAV (i.e., p∗j,t), according to Theorem 1, each USV
responds the optimal U2U data rate request q∗i,t, so that
∀qi,j,t ≥ 0, Ui,t(q

∗
i,t) ≥ Ui,t(qi,t). In addition, when

Ro is determined, the LEO satellite can find optimal
L2U data rate selling price p∗o,t by Algorithm 1, whereby
∀po,t ≥ 0, Uo,t(p∗o,t) ≥ Uo,t(po,t). Therefore, according
to Definition 1,

(
p∗o,t,π

∗
t ,q
∗
t

)
is the Stackelberg equilib-

rium of game G.

E. Convergence and Complexity Analysis

According to Lemma 1, the utility of the LEO satellite
is concave, which guarantees the global convergence of
Algorithm 1 [33]. Specifically, we first assume that the
initial price is smaller than the optimal L2U data rate
price, i.e., p(0)o,t ≤ p∗o,t. As such, searching direction d(k)

is larger than zero at first. Besides, the optimal step size
ε∗k is obtained by maximizing the utility of the LEO
satellite at this searching direction. Since the L2U data
rate price po,t is updated by p(k+1)

o,t = p
(k)
o,t + ε∗kd

(k), the
L2U data rate price po,t increases and is close to p∗o,t.

Then, based on d(k) = ∇Uo,t
(
p
(k)
o,t

)
+ βk−1d

(k−1), the

searching direction d(k) gradually decreases with each
iteration. When d(k) reaches to zero, the L2U data rate
price po,t no longer changes and converse to p∗o,t. Then,
if p(0)o,t ≥ p∗o,t , searching direction d(k) is smaller than
zero at first. According to p

(k+1)
o,t = p

(k)
o,t + ε∗kd

(k), the
L2U data rate price po,t decreases and is close to p∗o,t.

Then, based on d(k) = ∇Uo,t
(
p
(k)
o,t

)
+ βk−1d

(k−1), the

searching direction d(k) gradually increase with each
iteration. When d(k) reaches to zero, the L2U data rate
price po,t converse to p∗o,t.

The complexity analysis of Algorithm 1 comes from
three aspects. The first aspect is from the searching for
the optimal L2U data rate price (step 2-12). The second
aspect is from the obtaining the optimal step seize ε∗k
(step 9). The third aspect is from re-reaching the optimal
L2U data rate price when

∑J
j=1 rj,t > Ro (step 14-

22). Let L1, L2, and L3 denote the number of iterations
required above three aspects. Thus, according to [15], the
total complexity of Algorithm 1 is O(L1 × L2 + L3),
where O is the big-O notation.

TABLE II
SIMULATION PARAMETERS

Parameter Value Parameter Value
ϑ 2 Pi,j′,t 0
co 0.01 cj 0.001
T 50 δ 0.05
ε 0.0001 Λ 0.8

ρi,j′,t 0 Ψ0 1.42× 10−4

λ 20 ϑi 0.01

VI. PERFORMANCE EVALUATION

In this section, we conduct the simulations of the
proposed scheme. We first introduce the simulation setup
and then the experiment results are discussed in detail.

A. Simulation Setup

We consider an SAOIN scenario in a 1000 m × 1000
m area. The number of the LEO satellite is one. The
flying height of each UAV is fixed at 100m, whose
communication radius is 300 m. The maximal flying
velocity of each UAV is 10m/s . The forwarding speed
of each USV is randomly in [0, 10]m/s, whereas the
sway speed is 0. The yaw rate of the USV is uniformly
distributed in [−20, 20] deg/s [28]. The altitude of LEO
satellite is 200km. The spectrum bandwidth of each UAV
is randomly in [1,10] MHz, and that of the LEO satellite
is randomly in [10,20] MHz. The noise power density
is -174 dbm/Hz. The finite time horizon is 2 s, which
is divided into T = 50 time slots, each with the equal
length δ = 0.04 s [15]. The channel gain of the UAV
is 1.42 × 10−4 at the unit reference distance [15]. The
maximum transmission power of the LEO satellite is 20
W and that of each UAV is 1W. The demand degree of
each USV is randomly in [0.6, 1]. The dissatisfactory
degree of each USV follows the uniform distribution
in [0.1, 0.5]. The data rate demand of each USV in
a time slot is randomly in [0.3,1.5] Mbps. The data
rate demand degree (i.e., %̃i,t) of each USV in a time
slot is randomly in [0.6, 1]. To avoid collision, the
shortest distance between adjacent UAVs is 100 and that
between two USVs is 10. Each USV can be covered
by multiple UAV, while only connecting to the nearest
UAV. According to [15], [29], [34], other parameters in
simulations are summarized in Table II. Here, the LEO
satellite (or UAVs) adopts bandwidth uniform division
and power on-demand allocation mode to provide data
rates for UAVs (or USVs).

Based on above conditions, we also compare the
proposed scheme with following benchmark schemes to
show its superiority.
• Uniform scheme [35]: The LEO satellite provides

its L2U data rate evenly to connected UAVs in
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a time slot. Each UAV then uniformly distributes
owned U2U data rate to USVs within its coverage,
where the U2U data rate cannot exceed the acquired
L2U data rate from the LEO satellite.

• Max-min scheme [36]: The LEO satellite assigns
its L2U data rate with the fair max-min algorithm,
based on L2U data rate request of each UAV.
Meanwhile, the assignment of U2U data rate from
each UAV to connected USVs also adopts fair max-
min algorithm.

• Greedy scheme [37]: The L2U data rate is assigned
to the UAV with the highest demand, and the U2U
data rate of each UAV is also assigned to the
USV with the highest demand within its coverage.
Besides, both the L2U data rate price and U2U data
rate price are randomly determined.

B. Simulation Results
In this subsection, we first evaluate the convergence of

ACGD based iteration algorithm, shown in Fig. 2, where
the L2U data rate price of the LEO satellite varies with
the iteration steps. From Fig. 2(a), it can be observed
that the L2U data rate price converges to a unique stable
value regardless of the initial L2U data rate price. The
reason is that the utility of the LEO satellite is a concave
function with respect to the L2U data rate price, whereby
the L2U data rate price no longer changes when the
gradient becomes zero. Fig. 2(b) shows the convergence
with different dissatisfaction degrees. From Fig. 2(b), it
can be seen that all L2U data rate prices converge to
stable values. Besides, the L2U data rate price converges
fast while the stable value is low when the dissatisfaction
degree is large. This is because the USV with a large
dissatisfaction degree requires a small U2U data rate
from connected UAV, inducing that the amount of L2U
data rate requested by the UAV is also small. As such,
the LEO satellite selects the low L2U data rate price
to motivate UAVs to request L2U data rate. From Fig.
2(c), we can observe that the L2U data rate price slowly
converges to a high stable value when the demand degree
of each USV is large. The reason is the USVs with high
data rate demand degrees request large U2U data rates
from connected UAVs which also require corresponding
L2U data rates from the LEO satellite. Hereby, the LEO
satellite increases its L2U data rate price to obtain a
high utility. To sum up, Fig. 2 demonstrates that the L2U
data rate price converges to the optimal by ACGD based
iteration algorithm.

We then evaluate the proposed scheme on the inter-
plays of USVs, UAVs, and LEO satellite, as shown in
Fig. 3. Here, the number of UAVs is set to be 1 and
the number of USVs is set to be 50. Wherein, Fig. 3(a)
shows the total U2U data rate request of UAVs with U2U
data rate price of UAV. Fig. 3(b) shows the evolution on

U2U data rate price of UAV with L2U data rate request
of UAV and Fig. 3(c) is the L2U data rate request of
UAV with the L2U data rate price of the LEO satellite.
From 3(a), it can be observed that the total U2U data
rate request of USVs decreases with the increase of the
U2U data rate price. Besides, if the U2U data rate price
is fixed, the total U2U data rate request is large when the
demand degree of each USV is high. Especially, when
the demand degree is higher, more USVs request for the
U2U data rates with the same U2U data rate price. From
Fig. 3(b), it can be seen that the U2U data rate price
decreases with the increase of L2U data rate request.
In addition, the large demand degrees of UAVs make a
large U2U data rate price. Especially, when the demand
degree of each USV is large, more USVs can obtain the
positive U2U data rates. From Fig. 3(c), we can observe
that the L2U data rate request of UAV decreases with
the increase of the L2U data rate price. Moreover, the
decrease speed of L2U data rate request is slow when
the demand degree of each USV is large. To sum up,
Fig. 3 demonstrates that the strategies of USVs, UAVs,
and LEO satellite have significant influences with each
other.

Fig. 4. shows the impact of time-varying data rate
demand degree on the network performance. Here, the
time horizon contains 50 time slots, and the length of
each time slot is 0.04 s. The number of USVs is set to
be 50 and the number of UAVs is set to be 7. The data
rate demand degree changes by %̃i,t = %̃i,t + ς every 4
time slots. The initial data rate demand degree of each
USV is 0.7. Fig. 4(a) shows the changes on average U2U
data rate request of USVs over time, Fig. 4(b) shows the
changes on average U2U data rate price of UAVs with
the change of time slots over time, Fig. 4(c) shows the
changes on the total utility of USVs over time. From Fig.
4(a), when the data rate demand degree increases over
time, i.e., ς > 0, the U2U data rate request decreases
with the evolution of time. Oppositely, the U2U data rate
request increases over time, when the data rate demand
degree decreases, i.e., ς < 0. This is because each USV
can obtain large satisfaction with a high data rate demand
degree, whereby the mobile user requests a small U2U
data rate to reduce the payment to the connected UAV.
From Fig. 4(b), the U2U data rate price increases over
time, when the data rate demand degree becomes larger
and larger. Since the U2U data rate request of each USV
becomes small when the demand degree is large, the
connected UAV increases the U2U data rate price to gain
profit. From Fig. 4(c), the total utility of USVs over time,
when the data rate demand degree increases, i.e., ς > 0.
As the higher data rate demand degree poses to the larger
satisfaction of the USV, though the U2U data rate price
increases, the utility of each USV, i.e., the difference
between satisfaction and payment, also becomes larger.
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Fig. 2. The convergence of ACGD based iteration algorithm. (a) The convergence with different initial L2U data rate prices. (b) The convergence
with different dissatisfaction degrees. (c) The convergence with difference demand degrees.
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Fig. 3. Interplays among strategies of USVs, UAVs and LEO satellite. (a) The total utility U2U data rate request of USVs vs. U2U data rate
price of UAV. (b) U2U data rate price of UAV vs. L2U data rate request of UAV. (c) L2U data rate request of UAV vs. L2U data rate price of
the LEO satellite.

We last carry out the comparison of the proposed
scheme with three benchmark schemes, which is shown
in Fig. 5. Wherein, Fig. 5(a) shows the comparison on the
total utility of USVs with the number of USVs. Fig. 4(b)
shows the comparison on the total utility of USVs with
the number of UAVs. Fig. 5(c) shows the comparison on
the total utility of USVs with the L2U data rate budget of
the LEO satellite. From Fig 5(a)-(c), we can observe that
the total utility of USVs in the proposed scheme is larger
than those in other three benchmark schemes. Especially,
from Fig. 5(c), the total utility of USVs increases to be
stable with the L2U data rate budget in the proposed
scheme, while the total utilities gradually decrease after
reaching the maximum values in uniform scheme, max-
min based scheme, and greedy scheme. This can be
explained as follows. In uniform scheme, the U2U data
rate is evenly assigned to USVs from the connected
UAVs, whereby USVs cannot obtain the optimal U2U
data rate to maximize their utility. In max-min based
scheme, the U2U data rate is only assigned based on
demands of USVs, where the U2U data price is not taken
into account. In greedy scheme, since L2U data rate and

U2U data rate are respectively assigned to UAVs and
USVs with large data rate demands, the UAVs or USVs
with small data rate demands may not obtain the data
rate. In the proposed scheme, the maximum utilities of
USVs are obtained by the three-stage Stackelberg game,
where each party makes the optimal strategy.

VII. CONCLUSION

In this paper, we have proposed hierarchical wireless
data rate provisioning in SAOINs to support ubiquitous
transmission services for USVs. Specifically, the data
rate provisioning problem among the LEO satellite,
UAVs and USVs has been formulated as a modified
three-stage Stackelberg game. Wherein, the utility of
each USV has been designed based on the individu-
al time-varying demand degree on the wireless data
rate and unsatisfactory degree on the quality of wire-
less transmission service. We have then employed the
backward induction approach to attain the Stackelberg
equilibrium as the solution of the formulated problem,
where the closed-form expressions on the optimal s-
trategies of both USVs and UAVs under different data
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Fig. 4. The impact of time-varying data rate demand degree. (a) Average U2U data rate request of USVs vs. time horizon. (b) Average U2U
data rate price of UAVs vs. time horizon. (c) The total utility of USVs vs. time horizon.
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Fig. 5. Comparison of the proposed scheme with uniform scheme, max-min based scheme and greedy scheme. (a) Comparison on the total
utility of USVs with changes in number of USVs. (b) Comparison on the total utility of USVs with changes in number of UAVs. (c) Comparison
on the total utility of USVs with changes in L2U data rate budget.

rate budgets are obtained by the nonlinear programming
method. Besides, an ACGD based iteration algorithm has
been designed to obtain the optimal strategies of LEO
satellites on the L2U data rate prices. Finally, extensive
simulations have been conducted to demonstrate that the
proposed scheme outperforms other benchmark schemes.
For the future work, we will study the security preserva-
tion during wireless data rate provisioning in SAOINs.

APPENDIX A
PROOF OF THEOREM 2

As P2-1(I) is a convex optimization problem, the
solution that follows the Karush-Kuhn-Tucher (KKT)
conditions is the optimal result. The Lagrangian function
is written by

L (pj,t) = (pj,t − cj)
M∑
m=1

(
λ

pj,t
− 1

αm,t

)
− po,trj,t

+ τ

(
rj,t −

M∑
m=1

(
λ

pj,t
− 1

αm,t

))
+ ω(pj,t − po,t − cj) + υ (λα1,t − pM,t) ,

(48)

where τ , ω and υ are non-negative Lagrangian co-
efficients associated with the constraints C1, C2, C3,
respectively. The KKT conditions are given by



K1 :
∂L(pj,t)
∂pj,t

= 0

K2 : τ
(
rj,t −

∑M
m=1

(
λ
pj,t
− 1

αm,t

))
= 0

K3 : ω(pj,t − po,t − cj) = 0
K4 : ζ (λαM,j,t − pj,t) = 0
K5 : ω ≥ 0; ζ ≥ 0; τ ≥ 0
K6 : C1,C2,C3

(49)

Based on the features of ω, ζand τ , we consider four
cases.

Case 1: Suppose ω = 0, ζ = 0 and τ = 0. According
to (48), the U2U data rate price of UAV j in the t-th
time slot is obtained by

p∗j,t =

√
Mλcj/

∑M

m=1
(αm,t)

−1 (50)

Substituting (50) into condition C1, the total U2U data
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rate of UAV j should satisfy

rj,t ≥

√√√√Mλ

cj

M∑
m=1

1

αm,t
−

M∑
m=1

1

αm,t
(51)

According to C2 and C3, the optimal U2U data rate price
should respectively meet p∗j,t ≥ cj + po,t, and p∗j,t ≤
λαM,j,t.

Case 2: Suppose ω = 0, ζ = 0 and τ 6= 0. According
to K2, it follows that rj,t −

∑M
m=1

(
λ
pj,t
− 1

αm,t

)
= 0.

The optimal U2U data rate price is then given by
p∗j,t = Mλ

rj,t+
∑M
m=1(αm,t)

−1 . From K1, we have −φj,M,t+
λMcj
(p∗j,t)

2 + τ λM
(p∗j,t)

2 = 0. As τ > 0, p∗j,t should satisfy

rj,t < λM√
λMcj
φj,M,t

− φj,M,t. To make p∗j,t satisfy C2

and C3, rj,t should meet rj,t ≤ λM
po,t+cj

− φj,M,t, and
rj,t ≥ λM

λαM,t
− φj,M,t.

Case 3: Suppose ω 6= 0, ζ = 0 and τ = 0. According
to K3, it follows that p∗j,t = po,t + cj . From K1, we

have p∗j,t >
√

Mλcj
φj,M,t

. According C1 and C3, p∗j,t should

satisfy rj,t ≥ λM
po,t+cj

− φj,M,t, and p∗j,t ≤ λαM,t.
Case 4: Suppose ω = 0, ζ 6= 0 and τ = 0. Based on

K4, the optimal U2U data rate price is p∗j,t = λαM,j,t.
From K1, as the first derivative of Lagrangian function
with respect to pj,t equals to zero, p∗j,t should satisfy

p∗j,t <
√

Mλcj
φj,M,t

. According C1 and C3, we have rj,t ≥
λM
λαM,t

− φj,M,t, and cj + po,t ≤ p∗j,t.
Besides, when two or three of ω, ζ, and τ simultane-

ously equal to zero, it’s just that the equal signs hold in
above inequalities. This completes our proof.

APPENDIX B
PROOF OF PROPOSITION 1

Firstly, we consider the “if” part. If rj,t ≥ LM2 , all the
indicator functions can be equal to 1. As such, from the
proof of Theorem 2, it is observed that the U2U data
rate price given by Theorem 2 is the optimal solution
of P2-1 when all the indicator functions are equal to 1.
Thus the “if” part is proved.

Next, we consider the “only if” part. Here, we use con-
tradiction to show the proof. We assume that LM−12 ≤
rj,t < LM2 . In this case, all USVs within the coverage of
UAV j can obtain U2U data rate. As such, it is undoubted
that the total amount of U2U data rate request is larger
than rj,t, which is contradict to the preassumption. This
completes our proof.

APPENDIX C
PROOF OF THEOREM 3

When LM̃+1
2 > rj,t ≥ LM̃2 , the utility of UAV j in

the t-th time slot is expanded as

Uj,t

(
QM̃z , rj,t

)
=
(
QM̃z − cj

) M̃∑
m=1

(
λ

QM̃z
− 1

αm,t

)
− po,trj,t,

z =


1, if rj,t ≥ LM̃1 and QM̃3 ≤ QM̃1 ≤ QM̃2 ,
2, if rj,t ≥ LM̃2 and QM̃3 ≤ QM̃2 ≤ QM̃1 ,
3, if rj,t ≥ LM̃3 and QM̃1 ≤ QM̃3 ≤ QM̃2 ,
4, if LM̃2 ≤ rj,t ≤ min

{
LM̃1 , L

M̃
3

}
.

(52)
According to expanded utility of UAV j, we consider
following three cases.

Case 1: QM̃3 ≤ QM̃1 ≤ QM̃2 . First, if rj,t ≥ LM̃1 ,
according to (52), z = 1 and the utility of UAV j in the
t-time slot is expressed as

Uj,t

(
QM̃1 , rj,t

)
=

√√√√λM̃cj
φ
j,M̃,t

− cj

 M̃∑
m=1

√λφ
j,M̃,t

Mcj
− 1

αm, t


− po,trj,t.

(53)

Apparently, Uj,t
(
QM̃1 , rj,t

)
has the negative relation-

ship with the L2U data rate request of UAV j, i.e.,
Uj,t

(
QM̃1 , rj,t

)
∝ 1

rj,t
. As such, if rj,t ≥ LM̃1 ,

the optimal L2U data rate request of UAV j is

r∗j,t
∣∣QM̃3 ≤QM̃1 ≤QM̃2
rj,t≥LM̃1

= LM̃1 . Then, if LM̃2 ≤ rj,t < LM̃1 ,
according to (1), z = 4 and the utility of UAV j in the
t-th time slot is

Uj,t

(
QM̃4 , rj,t

)
=

(
λM̃

rj,t + φ
j,M̃,t

− cj

)

×
M̃∑
m=1

(
rj,t + φ

j,M̃,t

M̃
− 1

αm,t

)
− po,trj,t.

(54)

The first derivative of Uj,t
(
QM̃4 , rj,t

)
with respect to

rj,t is

∂Uj,t

(
QM̃4 , rj,t

)
∂rj,t

=
λM̃φ

j,M̃,t(
rj,t + φ

j,M̃,t

)2 −cj−po,t. (55)

Besides, the second derivative of Uj,t
(
QM̃4 , rj,t

)
with
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respect to rj,t is

∂2Uj,t

(
QM̃4 , rj,t

)
∂rj,t2

= − 2λM̃φj,M,t(
rj,t + φ

j,M̃,t

)3 . (56)

As λM̃φj,M,t > 0, the second derivative of
Uj,t

(
QM̃4 , rj,t

)
is smaller than zero, such that

Uj,t

(
QM̃4 , rj,t

)
is a strictly concave function. As such,

through the analysis based on KKT approach [38], if
LM̃2 ≤ rj,t < LM̃1 , the optimal L2U data rate request of
UAV j is given by

r∗j,t
∣∣QM̃3 ≤QM̃1 ≤QM̃2
LM̃2 ≤rj,t<LM̃1

=


√

λM̃φ
j,M̃,t

cj+po,t
− φ

j,M̃,t
,

if po,t ≤
λα2

M̃,t

M φ
j,M̃,t

,

LM̃2 , otherwise.

(57)

Since Uj,t

(
QM1 , r

∗
j,t|

QM̃3 ≤Q
M̃
1 ≤Q

M̃
2

rj,t≥LM̃1

)
with

Uj,t

(
QM4 , r

∗
j,t|

QM̃3 ≤Q
M̃
1 ≤Q

M̃
2

LM̃2 ≤rj,t<LM̃1

)
, we have

Uj,t

(
QM4 , r

∗
j,t|

QM̃3 ≤Q
M̃
1 ≤Q

M̃
2

LM̃2 ≤rj,t<LM̃1

)
≥ Uj,t

(
QM1 , r

∗
j,t|

QM̃3 ≤Q
M̃
1 ≤Q

M̃
2

rj,t≥LM̃1

)
.

(58)

Thus, when QM̃3 ≤ QM̃1 ≤ QM̃2 , the optimal L2U data
rate request of UAV is

rM
∗

j,t =


√

λM̃φj,M̄,t
cj+po,t

− φ
j,M̃,t

, if W1,

M̃
α
M̃,t
− φ

j,M̃,t
, if W3.

(59)

Case 2: QM̃3 ≤ QM̃2 ≤ QM̃1 . As LM̃+1
2 ≥ rj,t ≥ LM̃2 ,

according to (52), z = 2 and the utility of UAV j in the
t-th time slot is

Uj,t

(
QM̃2 , rj,t

)
=
(
λα

M̃,t
− cj

) M̃∑
m=1

(
1

α
M̃,t

− 1

αm,t

)
− po,trj,t

(60)
The utility of UAV j is also negatively related to rj,t.
Thus, when QM̃3 ≤ QM̃2 ≤ QM̃1 , the optimal L2U data
rate request is

rM̃
∗

j,t =
M̃

α
M̃,t

− φ
j,M̃,t

, if W4. (61)

Case 3: QM̃1 ≤ QM̃3 ≤ QM̃2 . First, if rj,t ≥ LM̃3 ,
according to (52), z = 3 and the utility of UAV j in the

t-th time slot is

Uj,t

(
QM̃3 , rj,t

)
=po,t

M̃∑
m=1

(
λ

cj + po,t
− 1

αm,t

)
− po,trj,t.

(62)

Similarly, it is also negatively related to rj,t. As such,
if rj,t ≥ LM̃3 , the optimal L2U data rate request is

r∗j,t|
QM̃1 ≤Q

M̃
3 ≤Q

M̃
2

rj,t≥LM̃3
= LM̃3 . Then, if LM̃2 ≤ rj,t < LM̃3 ,

according to (52), z = 4 and the utility of UAV j in the t-
th time slot is same to (54). As such, through the analysis
based on KKT approach [38], if LM̃2 ≤ rj,t < LM̃3 , the
optimal L2U data rate request of UAV j is given by

r∗j,t
∣∣QM̃1 ≤QM̃3 ≤QM̃2
LM̃2 ≤rj,t<LM̃3

=



√
λM̃φ

j,M̃,t

cj+po,t
− φ

j,M̃,t
,

if po,t <
λα2

M̃,t
φ
j,M̃,t

M̃
− cj ,

LM̃2 ,

if
λα2

M̃,t
φ
j,M̃,t

M̃
− cj ≤ po,t < λM̃

φ
j,M̃,t

− cj .
(63)

By comparing Uj,t

(
QM3 , r

∗
j,t|

QM̃1 ≤Q
M̃
3 ≤Q

M̃
2

rj,t≥LM̃3

)
with

Uj,t

(
QM4 , r

∗
j,t|

QM̃1 ≤Q
M̃
3 ≤Q

M̃
2

LM̃2 ≤rj,t≤LM̃3

)
, we have

Uj,t

(
QM4 , r

∗
j,t|

QM̃1 ≤Q
M̃
3 ≤Q

M̃
2

LM̃2 ≤rj,t<LM̃3

)
≥ Uj,t

(
QM3 , r

∗
j,t|

QM̃1 ≤Q
M̃
3 ≤Q

M̃
2

rj,t≥LM̃3

)
.

(64)

Thus, when QM̃3 ≤ Q1M̃ ≤ QM̃2 , the optimal L2U data
rate request of UAV is

rM̃
∗

j,t =


√

λM̃φ
j,M̃,t

cj+po,t
− φ

j,M̃,t
, if W2,

M̃
α
M̃,t
− φ

j,M̃,t
, if W5.

(65)

Therefore, based on Case 1, Case 2, and Case 3,
Theorem 4 is proved.

APPENDIX D
PROOF OF PROPOSITION 2

We first prove the “if” part. If po,t ≤ λαM̃,t
− cj , the

U2U data rate price determined by UAV j can follow
po,t + cj ≤ pj,t ≤ λα

M̃,t
. According to analysis in

Sec. V-B, indicator function can be equal to 1. Since
the amount of requested U2U data rate by covered USVs
cannot exceed the requested L2U data rate from the LEO
satellite (refer to the condition in P2), the requested L2U
data rate of UAV j should meet rj,t ≥ LM̃2 . As such,
from the proof of Theorem 4, it is observed that the
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L2U data rate price given by Theorem 4 is the optimal
solution of P2-2 when rj,t ≥ LM̃2 . Thus, the “if” part is
proved.

Then, we use the contradiction to prove “only if part.
We assume that when λα

M̃,t
−cj < po,t ≤ λαM̃−1,t−cj ,

the optimal L2U data rate request given by Theorem
4 is the optimal solution of P2-2. In this case, since
rj,t ≥ LM̃2 , according to Theorem 3, the optimal U2U
data rate price of UAV j is p∗j,t = pM̃

∗

j,t , where po,t +

cj ≤ pM̃
∗

j,t ≤ λα
M̃,t

. As such, the L2U data rate price
should meet po,t + cj ≤ λα

M̃,t
, which is contradict to

the preassumption. Thus, the “only if” part is proved.
Therefore, combining the proofs of “if” part and “only

if” part, Proposition 2 is proved.

APPENDIX E
PROOF OF LEMMA 1

The first derivate of Uo,t with respect to po,t is

∂Uo,t (po,t)

∂po,t

=

F∑
j=1

√λM̃jφj,M,t

cj + po,t
− φ

j,M̃j ,t


− (po,t + cj)

1

2

F∑
j=1

(
(cj + po,t)

− 3
2

√
λM̃jφj,M,t

)
.

(66)
The second derivate of Uo,t with respect to po,t is

∂2Uo,t (po,t)

∂p2o,t
= −3

4

F∑
j=1

(√
λM̃jφj,M,t

)
. (67)

Since the second derivate of Uo,t(po,t) is smaller than
zero, Uo,t(po,t) is a strictly concave function with respect
to po,t. This competes our proof.

REFERENCES

[1] T. Yang, H. Feng, S. Gao, Z. Jiang, M. Qin, N. Cheng, and L. Bai,
“Two-stage offloading optimization for energy–latency tradeoff
with mobile edge computing in maritime internet of things,” IEEE
Internet of Things Journal, vol. 7, no. 7, pp. 5954–5963, 2019.

[2] Y. Zhao, Y. Ma, and S. Hu, “Usv formation and path-following
control via deep reinforcement learning with random braking,”
IEEE Transactions on Neural Networks and Learning Systems,
pp. 1–11, 2021.

[3] C. Lin, G. Han, J. Du, T. Xu, and Y. Peng, “Adaptive traffic engi-
neering based on active network measurement towards software
defined internet of vehicles,” IEEE Transactions on Intelligent
Transportation Systems, pp. 1–10, 2020.

[4] H. Zhang, X. Wang, X. Luo, S. Xie, and S. Zhu, “Unmanned
surface vehicle adaptive decision model for changing weather,”
International Journal of Computational Science and Engineering,
vol. 24, no. 1, pp. 18–26, 2021.

[5] J. Liu, Y. Shi, Z. M. Fadlullah, and N. Kato, “Space-air-ground
integrated network: A survey,” IEEE Communications Surveys
Tutorials, vol. 20, no. 4, pp. 2714–2741, 2018.

[6] J. Ye, S. Dang, B. Shihada, and M.-S. Alouini, “Space-air-
ground integrated networks: Outage performance analysis,” IEEE
Transactions on Wireless Communications, vol. 19, no. 12, pp.
7897–7912, 2020.

[7] T. Yang, Z. Jiang, R. Sun, N. Cheng, and H. Feng, “Maritime
search and rescue based on group mobile computing for un-
manned aerial vehicles and unmanned surface vehicles,” IEEE
Transactions on Industrial Informatics, vol. 16, no. 12, pp. 7700–
7708, 2020.

[8] 3GPP, “Study on new radio (nr) to support non-terrestrial net-
works,” 2019.

[9] B. Di, L. Song, Y. Li, and H. V. Poor, “Ultra-dense leo:
Integration of satellite access networks into 5g and beyond,” IEEE
Wireless Communications, vol. 26, no. 2, pp. 62–69, 2019.

[10] X. Li, W. Feng, Y. Chen, C.-X. Wang, and N. Ge, “Maritime cov-
erage enhancement using uavs coordinated with hybrid satellite-
terrestrial networks,” IEEE Transactions on Communications,
vol. 68, no. 4, pp. 2355–2369, 2020.

[11] S. Yan, M. Peng, and X. Cao, “A game theory approach for
joint access selection and resource allocation in uav assisted
iot communication networks,” IEEE Internet of Things Journal,
vol. 6, no. 2, pp. 1663–1674, 2019.

[12] F. Zeng, Z. Hu, Z. Xiao, H. Jiang, S. Zhou, W. Liu, and
D. Liu, “Resource allocation and trajectory optimization for qoe
provisioning in energy-efficient uav-enabled wireless networks,”
IEEE Transactions on Vehicular Technology, vol. 69, no. 7, pp.
7634–7647, 2020.

[13] A. I. Aravanis, B. Shankar M. R., P.-D. Arapoglou, G. Danoy,
P. G. Cottis, and B. Ottersten, “Power allocation in multibeam
satellite systems: A two-stage multi-objective optimization,”
IEEE Transactions on Wireless Communications, vol. 14, no. 6,
pp. 3171–3182, 2015.

[14] Y. Ruan, Y. Li, C.-X. Wang, R. Zhang, and H. Zhang, “Power
allocation in cognitive satellite-vehicular networks from energy-
spectral efficiency tradeoff perspective,” IEEE Transactions on
Cognitive Communications and Networking, vol. 5, no. 2, pp.
318–329, 2019.

[15] F. Zhou, Y. Wu, R. Q. Hu, and Y. Qian, “Computation rate max-
imization in uav-enabled wireless-powered mobile-edge comput-
ing systems,” IEEE Journal on Selected Areas in Communica-
tions, vol. 36, no. 9, pp. 1927–1941, 2018.

[16] M. Liu, B. Li, Y. Chen, Z. Yang, N. Zhao, P. Liu, and F. Gong,
“Location parameter estimation of moving aerial target in space-
air-ground integrated networks-based iov,” IEEE Internet of
Things Journal, pp. 1–1, 2021.

[17] Q. Chen, W. Meng, S. Han, and C. Li, “Service-oriented fair
resource allocation and auction for civil aircrafts augmented
space-air-ground integrated networks,” IEEE Transactions on
Vehicular Technology, vol. 69, no. 11, pp. 13 658–13 672, 2020.

[18] R. Liu, Y. Ma, X. Zhang, and Y. Gao, “Deep learning-based spec-
trum sensing in space-air-ground integrated networks,” Journal
of Communications and Information Networks, vol. 6, no. 1, pp.
82–90, 2021.

[19] F. Lyu, P. Yang, H. Wu, C. Zhou, J. Ren, Y. Zhang, and X. Shen,
“Service-oriented dynamic resource slicing and optimization for
space-air-ground integrated vehicular networks,” IEEE Transac-
tions on Intelligent Transportation Systems, pp. 1–15, 2021.

[20] R. Fei, K. Yang, and X. Cheng, “A cooperative social and vehic-
ular network and its dynamic bandwidth allocation algorithms,”
in Proceedings of IEEE INFOCOM, Apr. 2011, pp. 63–67.

[21] A. Esmailpour and N. Nasser, “Dynamic qos-based bandwidth
allocation framework for broadband wireless networks,” IEEE
Transactions on Vehicular Technology, vol. 60, no. 6, pp. 2690–
2700, Jul. 2011.

[22] B. Wang, H. Tian, B. Liu, S. Fan, and K. Sun, “A novel hierar-
chical bandwidth allocation approach in heterogeneous wireless
networks,” in Proceedings of IEEE CHINACOM, Aug. 2013, pp.
206–211.

[23] G. Nan, Z. Mao, M. Yu, M. Li, H. Wang, and Y. Zhang, “Stack-
elberg game for bandwidth allocation in cloud-based wireless

Authorized licensed use limited to: University of New Brunswick. Downloaded on June 09,2022 at 00:39:25 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3162400, IEEE
Transactions on Wireless Communications

18

live-streaming social networks,” IEEE Systems Journal, vol. 8,
no. 1, pp. 256–267, Mar. 2014.

[24] L. Xiao, T. Chen, J. Liu, and H. Dai, “Anti-jamming transmission
stackelberg game with observation errors.” IEEE communications
letters, vol. 19, no. 6, pp. 949–952, 2015.

[25] Z. Zheng, L. Song, Z. Han, G. Y. Li, and H. V. Poor, “A stack-
elberg game approach to proactive caching in large-scale mobile
edge networks,” IEEE Transactions on Wireless Communications,
2018.

[26] X. Kang and Y. Wu, “Incentive mechanism design for hetero-
geneous peer-to-peer networks: A stackelberg game approach,”
IEEE Transactions on Mobile Computing, vol. 14, no. 5, pp.
1018–1030, 2015.

[27] W. Wang, D. T. Hoang, D. Niyato, W. Ping, and I. K. Dong,
“Stackelberg game for distributed time scheduling in rf-powered
backscatter cognitive radio networks,” IEEE Transactions on
Wireless Communications, vol. PP, no. 99, pp. 1–1, 2018.

[28] Z. Liu, Y. Zhang, C. Yuan, and J. Luo, “Adaptive path following
control of unmanned surface vehicles considering environmental
disturbances and system constraints,” IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 51, no. 1, pp. 339–
353, 2021.

[29] C. Zhou, W. Wu, H. He, P. Yang, F. Lyu, N. Cheng, and X. Shen,
“Deep reinforcement learning for delay-oriented iot task schedul-
ing in sagin,” IEEE Transactions on Wireless Communications,
vol. 20, no. 2, pp. 911–925, 2021.

[30] N. Zhang, S. Zhang, P. Yang, O. Alhussein, W. Zhuang, and
X. S. Shen, “Software defined space-air-ground integrated vehic-
ular networks: Challenges and solutions,” IEEE Communications
Magazine, vol. 55, no. 7, pp. 101–109, 2017.

[31] H. Zhang, Y. Xiao, S. Bu, D. Niyato, F. R. Yu, and Z. Han,
“Computing resource allocation in three-tier iot fog networks:
A joint optimization approach combining stackelberg game and
matching,” IEEE Internet of Things Journal, vol. 4, no. 5, pp.
1204–1215, 2017.

[32] R. Xie, F. R. Yu, H. Ji, and Y. Li, “Energy-efficient resource
allocation for heterogeneous cognitive radio networks with fem-
tocells,” IEEE Transactions on Wireless Communications, vol. 11,
no. 11, pp. 3910–3920, 2012.

[33] G. Miao, N. Himayat, and G. Y. Li, “Energy-efficient link
adaptation in frequency-selective channels,” IEEE Transactions
on Communications, vol. 58, no. 2, pp. 545–554, 2010.

[34] W. Chen, Z. Su, Q. Xu, T. H. Luan, and R. Li, “Vfc-based
cooperative uav computation task offloading for post-disaster res-
cue,” in IEEE INFOCOM 2020 - IEEE Conference on Computer
Communications, 2020, pp. 228–236.

[35] R. Li, P. Hong, K. Xue, M. Zhang, and T. Yang, “Energy-efficient
resource allocation for high-rate underlay d2d communications
with statistical csi: A one-to-many strategy,” IEEE Transactions
on Vehicular Technology, vol. 69, no. 4, pp. 4006–4018, 2020.

[36] M. Allalouf and Y. Shavitt, “Centralized and distributed algo-
rithms for routing and weighted max-min fair bandwidth alloca-
tion,” IEEE/ACM Transactions on Networking, vol. 16, no. 5, pp.
1015–1024, 2008.

[37] Y. Lee, J. Loo, T. Chuah, and A. El-Saleh, “Fair resource
allocation with interference mitigation and resource reuse for
lte/lte-a femtocell networks,” IEEE Transactions on Vehicular
Technology, vol. 65, no. 10, pp. 8203–8217, 2016.

[38] G. B. Allende and G. Still, “Solving bilevel programs with the
kkt-approach,” Mathematical programming, vol. 138, no. 1, pp.
309–332, 2013.

Qichao Xu received Ph.D degree from the
school of Mechatronic Engineering and Au-
tomation of Shanghai University, Shanghai, P.
R. China, in 2019. His research interests are
in trust and security, the general area of wire-
less network architecture, internet of things,
vehicular networks, and resource allocation.

Zhou Su has published technical paper-
s, including top journals and top con-
ferences, such as IEEE JOURNAL ON
SELECTED AREAS IN COMMUNICA-
TIONS, IEEE TRANSACTIONS ON IN-
FORMATION FORENSICS AND SECU-
RITY, IEEE TRANSACTIONS ON DE-
PENDABLE AND SECURE COMPUT-
ING, IEEE TRANSACTIONS ON MO-
BILE COMPUTING,IEEE/ACM TRANS-
ACTIONS ON NETWORKING,and INFO-

COM. His research interests include multimedia communication,
wireless communication, and network traffic. Dr. Su received the
Best Paper Award of International Conference IEEE ICC2020, IEEE
BigdataSE2019, and IEEE CyberSciTech 2017. He is an Associate
Editor of IEEE INTERNET OF THINGS JOURNAL, IEEE OPEN
JOURNAL OF COMPUTER SOCIETY, and IET Communications.

Rongxing Lu (S’09-M’11-SM’15-F’21) is
an associate professor at the Faculty of
Computer Science (FCS), University of New
Brunswick (UNB), Canada. Before that, he
worked as an assistant professor at the School
of Electrical and Electronic Engineering,
Nanyang Technological University (NTU),
Singapore from April 2013 to August 2016.
Rongxing Lu worked as a Postdoctoral Fel-
low at the University of Waterloo from May
2012 to April 2013. He was awarded the most

prestigious “Governor General’s Gold Medal”, when he received his
PhD degree from the Department of Electrical & Computer Engineer-
ing, University of Waterloo, Canada, in 2012; and won the 8th IEEE
Communications Society (ComSoc) Asia Pacific (AP) Outstanding
Young Researcher Award, in 2013. Also, Dr. Lu received his first PhD
degree at Shanghai Jiao Tong University, China, in 2006. Dr. Lu is
an IEEE Fellow. His research interests include applied cryptography,
privacy enhancing technologies, and IoT-Big Data security and privacy.
He has published extensively in his areas of expertise (with H-index
76 from Google Scholar as of May 2021), and was the recipient
of 9 best (student) paper awards from some reputable journals and
conferences. Currently, Dr. Lu serves as the Vice-Chair (Conferences)
of IEEE ComSoc CIS-TC (Communications and Information Security
Technical Committee). Dr. Lu is the Winner of 2016-17 Excellence in
Teaching Award, FCS, UNB.

Authorized licensed use limited to: University of New Brunswick. Downloaded on June 09,2022 at 00:39:25 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3162400, IEEE
Transactions on Wireless Communications

19

Shui Yu obtained his PhD from Deakin
University, Australia, in 2004. He currently is
a Professor of School of Computer Science,
University of Technology Sydney, Australia.
Dr Yus research interest includes Big Data,
Security and Privacy, Networking, and Math-
ematical Modelling. He has published four
monographs and edited two books, more than
400 technical papers, including top journals
and top conferences, such as IEEE TPDS,
TC, TIFS, TMC, TKDE, TETC, ToN, and

INFOCOM. His h-index is 61. Dr Yu initiated the research field of
networking for big data in 2013, and his research outputs have been
widely adopted by industrial systems, such as Amazon cloud security.
He is currently serving a number of prestigious editorial boards,
including IEEE Communications Surveys and Tutorials (Area Editor),
IEEE Communications Magazine, IEEE Internet of Things Journal, and
so on. He served as a Distinguished Lecturer of IEEE Communications
Society (2018-2021). He is a Distinguished Visitor of IEEE Computer
Society, a voting member of IEEE ComSoc Educational Services
board, and an elected member of Board of Governor of IEEE Vehicular
Technology Society.

Authorized licensed use limited to: University of New Brunswick. Downloaded on June 09,2022 at 00:39:25 UTC from IEEE Xplore.  Restrictions apply. 


