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Abstract—With the rapid development of low earth-orbit (LEO)
satellites, the ultra-dense LEO satellite network (UDLSN) has
become a promising solution to provide Internet services for civil
aviation due to its wide coverage, exceptional flexibility and high
reliability. To guarantee the continuity and high-quality Internet
services, satellite-aircraft handover is inevitable because of the high
mobility of aircraft and satellites. However, the stringent passenger
communication requirements and the considerable increase in the
scale of candidate satellites pose huge challenges in satellite-aircraft
handover in UDLSNs. In this paper, we investigate multiple civil
aircraft handover issue including satellite handover, subchannel
allocation, and power selection in the UDLSN and consider differ-
ent levels of usersâ rate satisfaction, power overhead, and han-
dover overhead as handover criteria for performance measure.
The optimization problem is formulated to maximize the han-
dover satisfaction of all civil aircraft. Particularly, the formulated
handover problem is represented as a local cooperation game,
where each aircraft determines the handover action and the power
level by cooperating with other interference aircraft. We prove
that the proposed game has at least one Nash Equilibrium (NE)
solution in which no aircraft changes its handover strategy. The
NE solution in the proposed game is further proven to locally or
globally maximize the optimization objective and we then design
the parallel handover strategy update (PHSU) algorithm to find
the NE solution. Simulation results based on trajectories of real
civil aircraft demonstrate that, the designed algorithm is robust,
can effectively meet diverse user requirements, and reduce both
handover frequency and delays.

Index Terms—Ultra-dense LEO satellite network, civil aviation,
satellite handover, power selection, local cooperation game.

I. INTRODUCTION

ACCORDING to the data released by the International Civil
Aviation Organization (ICAO), global air passenger traffic
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in 2022 increased by 68.5% compared to the previous year [1].
Meanwhile, the communication needs of onboard passengers
are becoming increasingly diverse with a growing expectation
to experience the same level of Internet connectivity in the air as
they do with terrestrial networks. Therefore, the popularization
of in-flight Internet service is the future development trend of
civil aviation [2], [3]. According to the Union of Concerned
Scientists (UCS) satellite database updated on May 1, 2022, the
current number of satellites in orbit around the world reached
5,465. Low earth-orbit (LEO) space has become the focus of
global space development, ultra-dense low-orbit constellation
batch deployment into the peak [4]. A representative case is
SpaceX’s Starlink program [5], which schedules to deploy a
global coverage, high capacity, and low latency space-based
global communication system to provide high-speed broadband
access services for the world. Thus, ultra-dense LEO satellite
networks (UDLSNs) have great potential for providing in-flight
Internet services with the future development of the airborne
Internet [6], [7]. However, considering the natural mobility of the
satellites and aircraft, the satellite-aircraft link handover occurs
constantly to ensure the continuity of communication [8], [9]. In
addition, the expansion of the LEO satellite constellation scale
leads to an increase in the number of the aircraft’s candidate
satellites. Therefore, a reasonable handover strategy needs to be
designed to reduce handover frequency, guarantee the passenger
communication demand, and avoid link interruption as well as
network congestion [10].

Numerous studies have explored the handover issue in satel-
lite networks. Xu et al. in [11] proposed a quality of service
(QoS)-driven intelligent handover mechanism based on the se-
lection of access satellites by predicting service times and com-
munication subchannel resources. Xue et al. in [12] designed a
secure authentication protocol and an efficient handover mecha-
nism. It can efficiently reduce the handover delay. To reduce the
handover frequency, Kibinda et al. in [13] proposed a handover
scheme based on user-centralized collaborative transmission,
which captures the irregularities of the cooperative configuration
and thus reduces the handover cost. However, the complexity
of the handover algorithms is dramatically increasing with the
expansion of satellite scale, which is extremely demanding for
satellite configuration and adversely affects the handover time-
liness [14]. The rapid increase in the number of satellites also
leads to an increase in the number of potential overhead satellites
for users. Therefore, the execution of handover operations to
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ensure users’ QoS requirements is also a crucial consideration.
Furthermore, most of the preceding studies concentrate on the
individual user handover topic, while in practical applications,
handover requests are usually initiated by a substantial number
of users simultaneously, so it is crucial to examine the multi-user
handover issue from a practical perspective. In addition, the
interference effects between users have a detrimental impact
on passengers’ quality of service which requires to be evaluated
to ensure the link quality. Moreover, the majority of the ex-
isting handover strategies rely on ephemeris data, which lacks
robustness and anti-destruction. When there is an unexpected
situation such as a satellite malfunction, the accuracy of the
handover decision cannot be guaranteed. Based on the above,
effective aircraft-satellite link handover decisions in UDLSNs
to meet the QoS requirements of multi-aircraft are crucial though
difficult [15].

In this paper, inspired by [14], we implement a hierarchical
management architecture in UDLSN to cope with surge in
network nodes and rapid changes in network topology and guar-
antee timely network information interaction. Considering civil
passengers’ service requirements, the difficulty of deploying
hardware for airborne communications and the limited satellite
resources, civil aviation needs to make a trade-off between
economy and the QoS provided to air passengers. Based on the
above difficulties, we model the multiple civil aviation aircraft
handover, subchannel allocation and power selection problem
in UDLSN considering the communication requirements of
civil aircraft at various levels. To guarantee the timeliness and
effectiveness of the handover implementation, we model the
proposed problem as a local cooperative game. We then propose
the parallel handover strategy update (PHSU) algorithm to find
the Nash equilibrium (NE) solution of the proposed game, which
achieves an efficient and reliable handover strategy for civil
aviation.

The main contributions are summarised as follows:
� We formulate the downlink handover problem of satellite

handover, subchannel allocation, and power selection for
multiple civil aircraft in UDLSN. From the perspective
of passenger experience and economic benefits, we divide
the aircraft into different service levels. Based on this, we
construct the handover satisfaction function that consists
of three handover criteria (i.e., rate satisfaction, power
overhead, and handover overhead) for each aircraft. To
satisfy various QoS requirements of aircraft after handover,
we define the network utility as the aggregate of all air-
craft’s handover satisfaction functions. Our goal is to seek
a multi-aircraft handover strategy to maximize the network
utility.

� We represent the aircraft handover issue as a local coopera-
tive game where aircraft with interference collaborate with
each other for handover execution and power selection.
We prove the existence of the Nash equilibrium solution
for this game which maximizes the network utility locally
or globally.

� We design the PHSU algorithm to obtain the NE solution
by periodically collecting the interaction information, and
each aircraft decides the handover and power allocation

policy independently. Meanwhile, we design the handover
execution signaling flow to reduce the handover delay.
Simulation results verify the PHSU algorithm can meet
aircraft’s diverse communication requirements, effectively
improve the received rate of aircraft and reduce the power
overhead. In addition, considering real civil aviation flight
trajectory scenarios, the PHSU algorithm illustrates robust-
ness in different scenario configurations.

The subsequent sections of this paper are organized as:
Section II describes the related work, Section III presents the
scenario depiction, and the problem formulation. Section IV out-
lines the game analysis, while Section V describes the proposed
algorithm. Section VI presents the analytical results. Section VII
provides a summary of our work.

II. RELATED WORKS

With the flourishing of civil aviation, the demand for in-
flight Internet is also increasing, and numerous researchers have
studied civil aviation communications in recent years. Wang
et al. reveal through comparative simulations in [16] that the
time-sensitive resource management performance adopting the
dual-link mode in an aviation scenario is only a little superior to
that of the single-link mode, but requires more resources and is
more sophisticated. Therefore, it is reasonable and meaningful
to use single link mode. A channel model was designed for air-
space communication using the terahertz band and was evaluated
under different conditions in [17]. The results showed that using
this model link melting can reach 50-150 Gbps, enabling all
passengers on board to have a terrestrial cellular network-like
experience during the whole flight. Ultra-dense constellations
have become the future trend of satellite networks. Di et al.
proposed a hybrid network architecture that combines terrestrial
networks and ultra-dense LEO satellites constellations, enabling
more efficient data offloading than non-integrated networks [18].
Ma et al. in [14] proposed a multi-layer management architecture
for UDLSN with integrated medium-earth-orbit (MEO), LEO,
and satellite earth stations, introducing global controllers and
local controllers to achieve lightweight management. With the
above management architecture, mobility management can be
effectively implemented. Based on the above, civil aviation
can introduce UDLSN to ensure seamless coverage and guar-
antee reliable Internet service. Therefore, influenced by [14],
we adopt UDLSN as the civil aviation access Internet with a
single connection mode and design a combined global and local
controller network management architecture to cope with the
natural heterogeneity and high dynamics of UDLSN.

Information interaction between aircraft will require higher
communication rates, resulting in higher handover frequency.
This will increase the network burden and degrade the user
experience, which is more evident in UDSLN. Zhou et al.
implemented a user-handover operation based on the match-
ing algorithm and modified the particle swarm optimization
algorithm to improve the link rate [8]. Jiang et al. proposed
a multi-user scheduling algorithm under UDLSN based on the
Practical Iterative Subgradient Algorithm, which accelerates the
convergence speed and reduces the handover frequency. Existing
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handover algorithms designed for terrestrial networks may not
be able to handle the dynamic nature of LEO satellite networks.
The large scale of satellites creates challenges in managing
handovers efficiently and avoiding excessive signaling overhead.
What’s more, handover algorithms need to consider interference
management strategies to ensure seamless handover without
degradation in signal quality. All of the above-mentioned points
are urgent issues that need to be addressed.

The handover metrics are crucial to the civil passengers’ sub-
sequent communication experience and network performance.
Currently, many handover algorithms consider handover metrics
such as received signal strength (RSS), distance, etc. As the
most classic handover metric, RSS is used in [19], [20], [21].
There are also many studies (e.g., [13], [22], [23]) on design-
ing handover algorithms for satellite networks based on link
distance. Some other studies collaboratively consider multiple
handover metrics to design the handover algorithm. Jia et al.
in their paper [20] design a satellite-ground multi-indicators
handover method that jointly considers the attributes of link
quality, mobility, and throughout, which effectively reduces the
number of handovers and improves the network utilization. Qi
et al. propose a handover method including track prediction
in [21], which considers dwelling time and link quality, available
bandwidth, and handover frequency as handover indicators that
effectively reduce the number of handovers. However, RSS does
not accurately represent the link quality because of the long
satellite link distance and large path loss. The distance indicator
is very dependent on ephemeris data, and if the satellite is out
of order, the relevant information is not available. Therefore, it
is critical to choose the appropriate handover indicator in the
satellite network to ensure the user service experience and the
regular operation of the network.

The implementation of ultra-dense constellations is followed
by an upward trend of the network scale’s complexity, so it is
necessary to carefully select a suitable handover method to cope
with the variability and complexity of the network and to ensure
the timely and effective execution of the handover. In [24], Zhao
et al. suggest a storage strategy, which maps satellite networks to
virtual space using digital twins (DTs). To reduce the handover
frequency, a satellite-oriented storage handover strategy is pre-
sented, which takes into account the access time and satellite
capacity. Li et al. analyzed the multilayer satellite network
employing the Markov chain in [25] and proposed an improved
Markov approximation for the multi- radio access technology
selection algorithm, and the results proved that the proposed
method can reduce the handover processing time. Gao et al.
proposed a game-based handover method in the literature [26].
It outperforms existing solutions in several QoS metrics and
effectively solves the data transmission issue when the handover
in high-mobility vehicle networks takes place.

Although several handover algorithms have been considered
for satellite networks, few studies have been applied to ultra-
dense constellation scenarios, and with the expansion of the
network scale, the co-channel interference problem will become
more sophisticated, which seriously affects the user’s communi-
cation experience [22]. Therefore, how to consider the handover
factors to overcome the complexity and structural variability of

the nodes, as well as design a reasonable handover method to
guarantee the increasingly demanding communication needs of
the users are urgent issues to be addressed [27]. The large scale
of UDLSN requires high timeliness of handover algorithms,
potential games can handle uncertainty and changes in the envi-
ronment as they focus on local interactions rather than relying on
a global view. This robustness makes them suitable for dynamic
and evolving systems. Each player in the cooperative game gains
a little more than when it does not cooperate, which facilitates
the choice of multi-user handover strategy with interference.
Based on the above discussion, we adopt a game approach to
design the handover algorithm so as to reduce the complexity of
the algorithm and ensure the handover timeliness. Realistically,
receive power level can also affect passenger handover perfor-
mance [28], but is rarely discussed. In addition, the allocation
of subchannels and power selection under the influence of link
interference can couple to affect the user’s communication ex-
perience. In the civil aviation scenario, civil aviation companies
need to consider economic overheads such as power while pro-
viding communication services to passengers. Thus for a better
handover strategy and economic factors, we jointly consider
link handover, subchannel allocation, and power selection and
couple them to enhance the various QoS requirements of aircraft
and ensure efficient and robust handover execution in UDLSN.
This integrated approach ensures economic efficiency, effective
interference management, QoS differentiation, and practical
applicability, making it an effective option for addressing the
unique challenges of civil aviation handover scenarios.

III. SYSTEM MODEL

A. Network Model

As shown in Fig. 1, we demonstrate a classical application sce-
nario of ultra-dense LEO satellite constellations, i.e., an airborne
network for civil aviation services. It consists of LEO satellites
and user terminals, i.e., civil aircraft. During the mission, the
aircraft is equipped with satellite communication equipment that
enables a direct connection and visual range communication
with LEO satellites. Due to the high-speed movement of the
satellite, the connection between the aircraft and the satellite
is continuously varying, i.e., handover occurs. To meet the
high-capacity communication needs of the passengers on board
as much as possible, aircraft need to continuously perform
appropriate handover actions to ensure the QoS required by the
passengers on board.

We consider the satellite-to-aircraft downlink communication
process, which can be extended to uplink scenarios as well.
In UDLSN, all LEO satellites share the entire spectrum B
pre-divided by the system and the entire spectrum is uniformly
divided into K subchannels, each subchannel has the same
bandwidth W = B/K [29]. Inspired by work [14], the civil
aviation network based on ultra-dense LEO satellites considered
in this paper adopts a hierarchical control mechanism, where
each MEO satellite acts as the first-level manager of the LEO
satellites in its coverage area with maintaining the information
table of the LEO satellite constellation and observing the status
of the LEO satellites. The LEO satellites in the coverage area
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Fig. 1. Hierarchical control of civil aviation Internet handover scenario.

of each MEO satellite are divided into different groups. One
LEO satellite in each group is selected as the local controller
to manage the flow table of LEO satellites in the same group
and is responsible for the content distribution. In the UDLSN,
different LEO satellite groups interact with each other via the
local LEO satellite controller, and only the local LEO satellite
controller can communicate with MEO satellites. Work [14] -
[15] and [18] have verified that this two-tier management archi-
tecture is effective in reducing the load on the MEO satellites,
thus realizing the lightweight management in the UDLSN.

We consider an airspace R within a period of time T ,
whereT = {1, 2, . . . , T} and the time interval between adjacent
time slots is τ . The set of LEO satellites, aircraft, and sub-
channels in the system are represented as N = {1, 2, . . . , N},
M = {1, 2, . . . ,M} and K = {1, 2, . . . ,K} respectively. The
selected areaR is covered by a MEO satellite, and all LEO satel-
lites inR are in the same cluster, where one of the LEO satellites
is the local controller. The local controller is responsible for
maintaining the information of intra-cluster and inter-cluster.

Due to the deployment of an ultra-dense LEO satellite con-
stellation, there are dozens of LEO satellites over the aircraft at
all times, so the aircraft handover selection is different from the
traditional single strategy selection and should consider various
factors such as user demand and economy. In this paper, we con-
sider the user communication requirements and the economic
costs of airlines, and choose three factors, namely received rate
satisfaction, power overhead, and handover overhead, as the

handover indicators to establish the aircraft handover satisfac-
tion function. The specific metrics model is described in detail
below.

1) Received Rate Satisfaction: During a flight, each aircraft
needs to maintain access a satellite continuously over an idle
subchannel to guarantee the continuity of communication. Let
the 0-1 variable xk,t

m,n represents whether the aircraft m accesses
the satellite n over the subchannel k at the t-th moment, i.e.,
xk,t
m,n = 1 when the aircraft m accesses the satellite n over the

subchannel k at the t-th moment and otherwise xk,t
m,n = 0. We

define that each aircraft can access only one LEO satellite over an
available subchannel, while each LEO satellite can communicate
with a maximum of K aircraft, i.e.,

N∑
n=1

K∑
k=1

xk,t
m,n � 1,

M∑
m=1

K∑
k=1

xk,t
m,n � K. (1)

Thus the signal to interference plus noise ratio (SINR) of the
aircraft m is connected to the satellite n over the subchannel k
at the t-th moment is

Υ k,t
m,n =

xk,t
m,np

k,t
n

∣∣hk,t
m,n

∣∣2 (dtm,n

)−σ

∑
n′∈N ,n′ �=n x

k,t
m,n′p

k,t
n′

∣∣∣hk,t
m,n′

∣∣∣2 (dtm,n′

)−σ

+N0

,

(2)
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where pk,tn and pk,tn′ are the transmit power of the subchannel k
for aircraft m accessing satellite n and satellite n′ at moment t,
respectively, dtm,n and dtm,n′ are the distance from aircraft m to
satellite n and n′ at moment t, respectively, σ is the path loss
exponent, No is the additive noise power, No ∼ CN (0, σ2

0), the
satellite-to-aircraft link is modeled as Shadowed-Rician fading
channels [18], and hk,t

m,n and hk,t
m,n′ are the subchannel gain from

the subchannel k of the satellite n and n′ to the aircraft m at
the moment t, respectively. According to work [7] and [8], we
assume that the downlink channel state is known at the beginning
of each time slot t and the channel performs flat in each time
slot interval τ .

Thus, at the t time slot, the received rate Rk,t
m,n of the aircraft

m is expressed as

Rk,t
m,n = W log2

(
1 + Υ k,t

m,n

)
. (3)

Considering that aircraft belonging to different airlines provide
different levels of service and the importance of passengers
in-flight are also different, so the received rate requirements
of aircraft are not the same. Due to the variation in service
levels provided by aircraft from different airlines and the diverse
importance of passengers’ in-flight needs, aircraft have varying
received rate requirements. Accordingly, this paper categorizes
the received rate requirements of aircraft into L levels, which
are quantified as RL = {R1

o, R
2
o, . . . , R

L
o }, then the aircraft

rate requirements within the aircraft set RM
L = {Rm

o |Rm
o ∈

RL,m ∈ M, }. Define S-Function to denote the user received
rate satisfaction situation. Similarly to the meaning of QoE,
when the received rate Rk,t

m,n is lower than the required rate Rm
o ,

the rate satisfaction grows fast, while when the received rate
Rk,t

m,n is higher than the required rate Rm
o , the rate satisfaction

grows slowly. Refer to work [30], the received rate satisfaction
St
m of aircraft m at the t-th moment is denoted as

St
m =

N∑
n=1

K∑
k=1

Sk,t
m,n, (4)

where Sk,t
m,n denotes the received rate satisfaction obtained by

the aircraft m accessing the satellite n over the subchannel k at
the moment t, which is expressed as

Sk,t
m,n = 1 − e

−α
R

k,t
m,n
Rm

o , (5)

where α denotes the factor of satisfaction curve steepness.
Fig. 2 depicts the variation of the received rate satisfaction with
the received rate based on various rate demands and different
satisfaction factors. The satisfaction rate takes values from 0 to
1. Furthermore, the marginal rate of satisfaction enhancement
is decreasing, which is under the law of diminishing marginal
utility in economics. Similarly to work [30], we set α = 1.

2) Power Cost: Because civil aviation needs to consider the
company’s operational issues, the handover choice of the aircraft
also needs to consider economic factors. After the aircraft selects
a satellite for a certain idle subchannel access, it also needs to
pay for the transmit power provided by the satellite, so the airline
needs to make a trade-off between the level of service provided
to the customer and its own economic overhead. Considering

Fig. 2. Received rate satisfaction function for different rate requirements and
different satisfaction factors.

the technical cost and resource constraints, only discrete power
control is supported for the transmit power in the satellite to
aircraft downlink [31]. We define κL discrete power choices for
the transmit power of each LEO satellite, and the satellite can
choose any of the power levels in PL = {PL, 2 · PL, . . . , κL ·
PL} as the transmit power for a particular subchannel, wherePL

is the unit transmit power value. We define the power overhead
F-function to denote the power overhead of the aircraft, and at
the t-th moment, the power overhead of the aircraftm is denoted
as

F t
m =

{
π2 (p

t
m − po,tm ) + π1p

o,t
m , ptm � po,tm ;

π1p
t
m, ptm < po,tm ,

(6)

where ptm is the received power of the aircraft m in the t-th
time slot, which is denoted as ptm =

∑N
n=1

∑K
k=1 x

k,t
m,np

k,t
n , and

pk,tm,n ∈ PL. po,tm represents the satellite transmit power required
when the aircraft m meets the received rate requirement Rm

o in
the no-interference state. According to the signal-to-noise ratio
(SNR) expression we can obtain that

po,tm =

(
2

Rm
o

W − 1
)
·N0

hk,t
m,n

(
dtm,n

)−σ , (7)

where π1 and π2 denote the expenditure coefficients that trans-
form the power overhead into money for the different transmit
power cases chosen, respectively. It is clear that π2 > π1 and the
airline needs to pay a larger economic expenditure for higher
power than the threshold value. According to work [32], we set
π1 = 0.01, π1 = 0.02.

3) Handover Cost: Frequent handover between different
satellites leads to excessive handover signal overhead, increasing
the possibility of network congestion and link interruptions, so
the aircraft also needs to consider the handover overhead when
carrying out link access. Define the handover overhead of the
aircraft m at the t-th moment as Ct

m denoted by

Ct
m =

{
Co, xt

m �= xt−1
m ;

0, xt
m = xt−1

m ,
(8)
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where xt
m ∈ N denotes the access satellite selection of the

aircraft m at the t-th moment and Co > 0 is the fixed handover
overhead value. When the satellite accessed by the aircraft at
the current moment is different from the satellite accessed at
the previous moment, then the handover overhead is generated,
otherwise there is no handover overhead.

Considering the economic expenditure as well as user bene-
fits, define the handover satisfaction function of aircraft m at the
t-th time slot as

Γ t
m = St

m − Ct
m − ωl · F t

m, (9)

it contains the above three considerations, whereωl is the weight
coefficient of the power cost when the aircraft received rate level
is Rl

o and 0 < ωl < 1. ωl and Rl
o are inversely proportional,

i.e., the higher Rl
o, the lower the weighting coefficient ωl for

the power overhead and otherwise the lower Rl
o, the higher

ωl. The adjustment of the weighting coefficients aligns with
the principles of market economy, where the aircraft with high
service level are willing to pay more to get higher service quality.

B. Problem Formulation

Setting the beginning of each time slot to execute the handover
algorithm, thus for the simplicity of expression, we omit the
superscript t of xk,t

m,n, i.e., xk,t
m,n → xk

m,n. Define the set of
handover actions for the aircraft set M and the set of power
selection actions as A = {xk

m,n|m ∈ M} and P = {pm|m ∈
M}, respectively.xk

m,n, pm are the satellite handover and power
selection actions for aircraft m, respectively. The set of action
strategy spaces for aircraftm isAm = {xk

m,n|n ∈ Vm, Ck
n > 0}

and Pm = {pm|m ∈ M, pm ∈ PL}. Vm is the set of visible
satellites of aircraft m, Ck

n is 0-1 variable, which denotes the
state of subchannel k of LEO satellite n and is a criterion for
whether aircraft m can access LEO satellite n via subchannel k.
Ck
n = 0 means subchannel k of LEO satellite n is occupied and

cannot be accessed by other aircraft, and Ck
n = 1 means that the

subchannel can be occupied by other aircraft. We characterize
the system utility as the satisfaction of the service provided by
UDLSN to civil aviation passengers in this airspace, which is
expressed as

U(A,P ) =
M∑

m=1

Γm. (10)

Our goal is to maximize the satisfaction of service demand
received by all aircraft passengers, so we model the optimization
problem as

(A∗, P ∗) = arg max
A∈A,P∈P

U(A,P ), (11)

where A and P are the handover actions for all aircraft and the
strategy space for power selection, respectively.
A∗ andP ∗ are the optimal policy solutions of the proposed op-

timization problem. The strategy space for each aircraftm isκL ·
K · |Vm|. The solution set space of the proposed problem is |V1| ·
|V2| · · · |VM | · (κLK)M . Thus, the computational complexity
of the optimization goal (11) is O(N · 2|V1|·|V2|···|VM |·(κLK)M ),
it is non-polynomial, so the optimization objective belongs
to deterministic Polynomial (NP) problem [33]. Thus, it is

challenging to find the optimal policy solution by using stan-
dard optimization techniques directly. Furthermore, the common
optimization methods will lead to exponential growth in time
complexity, while the handover problem requires decisions to be
made quickly, so we need to design a novel handover algorithm
that can handle this high-complexity problem timely and can be
applied practically.

IV. LOCAL COOPERATION GAME FOR AIRCRAFT HANDOVER

Game theory is a mathematical method for studying phe-
nomena of a struggle or competitive nature. Cooperative games
emphasize efficient, fair, and equitable group rationality, where
the overall benefit to the cooperative participants will be higher
than the sum of the benefits to each participant when operating
individually, and each member can gain more than they would
have without the cooperation. In this section, we transform the
proposed problem (11) into a local cooperative game problem,
where each aircraft as a player cooperates with others who
have an interference relationship to find the maximum value
of the overall benefit, and aircraft who have no interference
relationship with each other seek to maximize their handover
satisfaction respectively. Then, we prove the proposed game is
an exact potential game that has at least one pure strategy NE.
The proposed game can reasonably characterize the independent
individual properties of strategy interactions and has a strong
performance enhancement for hierarchical network architec-
tures.

A. Game Model

We define the players of the local cooperation game as the set
of aircraft M. Since there exists interference effects between
aircraft, the handover satisfaction of each aircraft will be affected
by the handover action of other aircraft. So we present the defi-
nition of the potential aircraft interference set Z to describe the
interference relationship between aircraft. The potential aircraft
interference set of aircraft m is denoted as

Zm = {m′|∃n ∈ Vm,Vm′ } . (12)

This suggests that if there exists a LEO satellite n that is both
a visible LEO satellite of player m,m′, then the two players
m,m′ have a potential interference relationship, i.e., m′ ∈ Zm.
If player m′ is connected to m’s visible LEO satellite n′ and
both players m,m′ are connected to the LEO satellite over
subchannelk, the downlink from satelliten′ to aircraftm′ will in-
terfere with aircraft m, so interference relationship is generated
between them. According to the definition of Z , if m′ ∈ Zm,
then m ∈ Zm′ . If m′ /∈ Zm, there is no interference effect on
aircraft m no matter what handover action of aircraft m′. To
reasonably characterize the cooperation between the players and
allow the cooperation relationship to consolidate and persist, we
define that, for each player m, aircraft in the potential aircraft
interference set Zm are player m’s cooperators. Players with
potentially interfering relationships can cooperate to minimize
the effects of interference between them and thus obtain higher
benefits than if they perform the operations individually.

Based on the above cooperative relationships, we de-
fine the local cooperative game G = {M, {Am ⊗ Pm}m∈M,
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{Um}m∈M}, where the game players are the aircraft set M,
Am ⊗ Pm is the handover strategy space of player m, and Um

is the utility function of player m. Considering the resource
allocation and benefits assignment among cooperative members,
the utility function of player m is defined as

Um (am, A−m, pm, P−m) = Γm +
∑

m′∈Zm

Γ ′
m, (13)

where am ∈ Am and pm ∈ Pm are the handover decision and
power selection action of player m, A−m, P−m denote the
handover decisions and power selection actions of players except
for participant m, respectively. The utility function of player m
contains not only its handover satisfaction but also that of the
players within its cooperative set Zm. This demonstrates that
each player needs to consider not only its interests but also the
benefits of allied users collaboratively, thus conforming to the
actual socioeconomic life system. Then the goal of each player
m in the local cooperative game G to make a strategy choice can
be expressed as

(G) : max
am∈Am,pm∈Pm

Um (am, A−m, pm, P−m) , ∀m ∈ M.

(14)
Each player chooses a strategy that jointly maximizes its han-
dover satisfaction with the cooperating aircraft, i.e., maximizing
the network utilityU(A,P ), which is equivalent to the optimiza-
tion problem (11).

B. Game Analysis

NE is a concept of solution in game theory, and this subsection
will describe the definition of NE and prove the existence of NE
solution for the proposed local cooperative game.

Definition 1 (Nash Equilibrium): A joint profile of handover
and power allocation A∗ = (a∗m, A∗

−m, p∗m, P ∗
−m) is defined as

a NE if any one player m chooses a strategy a∗m ∈ Am that is
optimal while all other players A−m stay theirs actions constant,
i.e., the following conditions are satisfied

Um

(
a∗m, A∗

−m, p∗m, P ∗
−m

)
� Um

(
am, A∗

−m, pm, P ∗
−m

)
,

∀m ∈ M, ∀am ∈ Am\{a∗m}. (15)

This suggests that each player’s equilibrium strategy is de-
signed to maximize its utility benefit, while all other players
follow such a strategy. In economics, the NE point means that on
a certain strategy profile, no player will benefit from changing
strategies individually. Therefore, finding the NE point of the
proposed game G means finding the solution to the optimization
problem.

Definition 2 (Exact Potential Game): In a game, if there
exists a potential function Φ → R, ∀m ∈ M, when its strat-
egy 〈am, pm〉 → 〈a′m, p′m〉, the actions of other players remain
unchanged, the difference of the utility function Um and the
potential function Φ satisfies the following condition,the game
is said to be an exact potential game.

Φ (a′m, A−m, p′m, P−m)− Φ (am, A−m, pm, P−m)

= Um (a′m, A−m, p′m, P−m)− Um (am, A−m, pm, P−m) .
(16)

According to the characteristic of an exact potential game,
there must be an NE solution for an exact potential game, so we
propose Theorem 1 to show that the proposed local cooperative
game G is an exact potential game and design a reasonable
potential function Φ to prove Theorem 1.

Theorem 1: The proposed local cooperation game G is an
exact potential game which has at least one pure strategy NE.

Proof: The proof idea is influenced by the paper [30].
First define the potential function Φ of the proposed local

cooperation game G as

Φ(A,P ) =

M∑
m=1

Γm (am, A−m, pm, P−m). (17)

Based on the definition of the potential interference set Zm for
aircraft m, we obtain that

Γm (am, A−m, pm, P−m) = Γm (am, AZm
, pm, PZm

) . (18)

Propose an information interaction set Dm definition based
on the aircraft m potential interference set Zm:

Dm = ∪
m′∈Zm

Zm ∪ Zm′ . (19)

Player m obtains the value of its utility function Um by
interacting with some players, but not all players and the set
of interactions Dm contains the group of aircraft with whom
playerm needs to interact. Thus we can simplify the information
interaction complexity:

Um (am, A−m, pm, P−m) = Um (am, ADm
, pm, PDm

) . (20)

Based on the above information interaction simplification, we
can represent the potential function Φ as

Φ(A,P ) =
M∑

m=1

Γm (am, AZm
, pm, PZm

)

= Γm (am, AZm
, pm, PZm

)+
∑
i∈Zm

Γi (ai, AZi
, pi, PZi

)

+
∑

j∈M,j/∈Zm,j �=m

Γj

(
aj , AZj

, pj , PZj

)
. (21)

Denote the potential function Φ as the sum of the utility
functions of three types of aircraft including player m, the set of
potentially interfering aircraftZm of playerm and the remaining
aircraft in the user set M.

We can obtain the change in aircraft m’s utility function as

Um (a′m, ADm
, p′m, PDm

)− Um (am, ADm
, pm, PDm

)

= Γm (a′m, AZm
, p′m, PZm

) +
∑
i∈Zm

Γi

(
ai, A

′
Zi
, pi, P

′
Zi

)

− Γm (am, AZm
, pm, PZm

)−
∑
i∈Zm

Γi (ai, AZi
, pi, PZi

).

(22)

The potential function changes as

Φ (a′m, A−m, p′m, P−m)− Φ (am, A−m, pm, P−m)

= Γm (a′m, AZm
, p′m, PZm

)− Γm (am, AZm
, pm, PZm

)
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+
∑
i∈Zm

(
Γi

(
ai, A

′
Zi
, pi, P

′
Zi

)
− Γi (ai, AZi

, pi, PZi
)
)

+
∑

j∈M,j/∈Zm,j �=m

(
Γj

(
aj , A

′
Zj
, pj , P

′
Zj

)

− Γj

(
aj , AZj

, pj , PZj

))
. (23)

Since only the aircraft handover satisfaction in the potential
interference setZm of aircraftm changes regardless of the player
m’s policy, while other aircraft are unaffected, thus

Γj

(
aj , A

′
Zj
, pj , P

′
Zj

)
= Γj

(
aj , AZj

, pj , PZj

)
,

∀j ∈ M, j /∈ Zm, j �= m. (24)

Then the change in the potential function can be expressed as

Φ (a′m, A−m, p′m, P−m)− Φ (am, A−m, pm, P−m)

= Γm (a′m, AZm
, p′m, PZm

) +
∑
i∈Zm

Γi

(
ai, A

′
Zi
, pi, P

′
Zi

)

−Γm (am, AZm
, pm, PZm

)−
∑
i∈Zm

Γi (ai, AZi
, pi, PZi

).

(25)

Based on the above analysis we conclude that when any player
m changes its strategy arbitrarily, we can obtain that

Um (a′m, ADm
, p′m, PDm

)− Um (am, ADm
, pm, PDm

)

= Φ (a′m, A−m, p′m, P−m)− Φ (am, A−m, pm, P−m) . (26)

Thus Theorem 1 is proved.
Theorem 2: The NE of the proposed game G can maximize

the network utility locally or globally.
Proof: All NEs are either the local or global maximizing

individuals of the potential functionΦ, according to D. Monderer
and L. S. Shapley [34]. As stated in the definition of network
utility, it is known that the network utility is the sum of handover
satisfaction of overall aircraft, which is the same as the descrip-
tion of the proposed game’s potential function, thus the NE of
the proposed game G can maximize the network utility locally
or globally. Hence Theorem 2 is proved and it is worth noting
that the best NE solution is the optimal solution that maximizes
the network utility value.

V. ALGORITHM DESIGN FOR FINDING NES

In this section, we propose parallel handover strategy update
algorithm to obtain NE solutions. Under the hierarchical con-
trol mechanism, civil aircraft can make the handover decision
autonomously based on the satellite-related information, and its
convergence is faster and less complex, which is suitable for
scenarios with high requirements on time efficiency.

A. Parallel Handover Strategy Update (PHSU) Algorithm

Several approaches to find NEs for potential games have
been proposed, such as best response dynamic [35], fictitious
play [36], and no-regret learning [37]. However, they all aim to
achieve equilibrium solutions and are prone to fall into undesired

Algorithm 1: Parallel Handover Strategy Update Algorithm.
Input:Initial the iteration e = 0 and ∀m ∈ M randomly
selects a visible satellite and a idle subchannel am to
handover and also chooses a random transmit power level
pm.

Output:Uplink handover selection and power allocation
policy (A∗, P ∗).
1: for Loop e = 1, . . ., Le do
2: A group of non-interfering players m1,m2 ∈ Ne is

randomly selected, where
∀m1,m2 ∈ M,m1 /∈ Dm2 ;

3: ∀m ∈ N (e) calculates its utility function Um(e) by
(13);

4: Each player m randomly selects a handover strategy
{afm, pfm} in {Ae

m,Pe
m};

5: Through interacting with players in Zm, each player
m calculates the utility function value of exploration
Uf
m(e);

6: Each player m calculates the policy update
probability πm(e);

7: Each player m updates its action according to the
rule πm(e). Meanwhile, other players keep the
original method unchanged, i.e., {am′(e), pm′(e)} =
{am′(e− 1), pm′(e− 1)}, ∀m′ ∈ M,m′ /∈ Ne

8: if Convergence condition reached then
9: break

10: else
11: e = e+ 1.
12: end if
13: end for

equilibria. In recent years, γ-logit methods [38] have attracted
a lot of attention in potential game theory due to their good
equilibrium selection and the nature of exploring the global op-
timum. Therefore influenced by the γ-logit method we propose
the PHSU algorithm to find the NE solution.

In each iterative e, the strategy chosen by player m is defined
as {am(e), pm(e)}. To speed up the computation, a set of play-
ers m1,m2 ∈ Ne that do not interfere with each other can be
updated iteratively in parallel, i.e., m1 /∈ Dm2 and m2 /∈ Dm1 .
During the exploration phase, player m can randomly select a
handover strategy {afm, pfm} from the set of actions {Ae

m,Pe
m}.

It only needs to interact with its cooperative aircraft Zm to
compute the exploration utility function value Uf

m(e) without
global message delivery, which greatly reduces the signaling
interaction overhead and algorithm complexity. Based on the
exploration utility value Uf

m(e) and the utility value Um(e)
obtained by the current iterative e, the following policy update
rules are used to perform the policy update.

πm(e) =

⎧⎨
⎩

eµU
f
m(e)

eµU
f
m(e)+eµUm(e)

, sm(e) = sfm(e);

eµUm(e)

eµU
f
m(e)+eµUm(e)

, sm(e) = sm(e),
(27)

where sm(e) denotes {am(e), pm(e)}, sfm(e) denotes
{afm(e), pfm(e)} and μ is the exploration factor. The smaller μ
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is, the more the aircraft tends to explore more strategy options.
For other players ∀m′ ∈ M,m′ /∈ Ne, their strategy remains
the same: {am′(e+ 1), pm′(e+ 1)} = {am′(e), pm′(e)}.

This iterative process is explored cyclically until the conver-
gence condition is reached. Algorithm 1 contains information
about the PHSU algorithm in detail.

Theorem 3: If all players use the proposed policy update
algorithm, the unique stationary distribution of any handover
policy is

π(A,P ) =
eμΦ(A,P )∑

{A,P }∈{A,P} e
μΦ(A,P )

. (28)

Proof: We define the system handover policy in the iterative
e as {A(e), P (e)}, and we know that {A(e), P (e)} is a discrete
Markov process. Therefore, it has a unique stationary distribu-
tion. We define any iterative process e in which two systematic
random policy transitions select states S = {A,P}, S′ =
{A′, P ′}, whereA={a1, a2, . . . , a|Ne|, a|Ne|+1, . . . , aM}, A′ =
{a′1, a′2, . . . , a′|Ne|, a|Ne|+1, . . . , aM}, P = {p1, p2, . . . , p|Ne|,

p|Ne|+1, . . . , pM}, P ′ = {p′1, p′2, . . . , p′|Ne|, p|Ne|+1, . . . , pM}.
Assume that the probability of the selected player updating the
policy is ε, then

π(S)P (S ′|S) = eμΦ(S)∑
S∈Se eμΦ(S)

· ε

κL

·
∏

m∈Ne

eμUm(a′
m,A′

Dm
,p′

m,P ′
Dm)

eμUm(am,ADm ,pm,PDm ) + eμUm(a′
m,A′

Dm
,p′

m,P ′
Dm)

.

(29)

We can rewrite it as

π(S)P (S ′|S) = ε

κL

∑
S∈Se eμΦ(S)

·
∏

m∈Ne

1

eμUm(am,ADm ,pm,PDm ) + eμUm(a′
m,A′

Dm
,p′

m,P ′
Dm)

· eμΦ(S)+μ
∑

m∈Ne
Um(a′

m,A′
Dm

,p′
m,P ′

Dm). (30)

For the concise presentation, we define

κ =
ε

κL

∑
S∈Se eμΦ(S)

·
∏

m∈Ne

1

eμUm(am,ADm ,pm,PDm ) + eμUm(a′
m,A′

Dm
,p′

m,P ′
Dm)

.

(31)

Thus we state that

π(S)P (S ′|S) = κ · eμΦ(S)+μ
∑

m∈Ne
Um(a′

m,A′
Dm

,p′
m,P ′

Dm).
(32)

Analogously, we can see that

π (S ′)P (S|S ′) = κ · eμΦ(S′)+μ
∑

m∈Ne
Um(am,ADm ,pm,PDm ).

(33)
We define that

1 ≤ i ≤ |Ne| , Si ={
{a′1, . . . , a′i, ai+1, . . . , aM} ,

{
p′1, . . . , p

′
i, pi+1, . . . , pM

}}
.

Then S ′ = S|Ne|, it is seen that

Φ (S ′)− Φ(S)

= Φ
(
S|Ne|

)
− Φ(S)

=
∑
m∈Ne

(Φ (Sm)− Φ (Sm−1))

=
∑
m∈Ne

(Um (Sm)− Um (Sm−1)). (34)

∀m ∈ Ne, they are non-interfering aircraft of each other, and
the policy results do not affect each other, so

Φ (S ′)− Φ(S)

=
∑
m∈Ne

(
Um

(
a′m, A′

Dm
, p′m, P ′

Dm

)

−Um (am, ADm
, pm, PDm

)
)
. (35)

According to (32) and (33), we can obtain

π(S)P (S ′|S) = π (S ′)P (S|S ′) . (36)

Therefore, we draw the derivation∑
S∈S

π(S)P (S ′|S) =
∑
S∈S

π (S ′)P (S|S ′)

= π (S ′)
∑
S∈S

P (S|S ′) = π (S ′) , (37)

where S is handover strategy space for all players.
Since the proposed PHSU algorithm has a unique stationary

distribution and the given distribution satisfies its Markov pro-
cess’s equilibrium equation. We can conclude that its stationary
distribution must be (28). Thus, Theorem 3 is proved.

Theorem 4: Whenμ is sufficiently large, the PHSU algorithm
achieves the globally optimal solution of maximizing the system
utility value issue with arbitrarily high probability.

Proof: We define {A∗, P ∗} to be the optimal solution of the
proposed problem, which is the pure NE solution of the proposed
local cooperative game G according to the proven Theorem 2,
so we can obtain

(A∗, P ∗) = arg max
A∈A,P∈P

Φ(A,P ). (38)

Thus whenμ→∝, eμΦ(A∗,P ∗)�eμΦ(A′,P ′), {A′, P ′}∈{A,P}\
{A∗, P ∗}. So according to the probability distribution of Theo-
rem 3 we know

lim
μ→∝

π (A∗, P ∗) = 1. (39)

It is shown that the proposed algorithm converges to the global
optimum with arbitrarily high probability.

Complexity: In each iteration, the complexity for each air-
craft m to compute their handover satisfaction is O(|Zm|), and
thus the complexity to obtain the aircraft’s utility function is
O(|Zm|2). While the total complexity of the PHSU algorithm
is also related to the number of convergences, which is coupled
with the algorithm performance, it will be analyzed in the sim-
ulation. The PHSU algorithm’s complexity is greatly reduced
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Fig. 3. PHSU algorithm execution signaling process.

compared to the computational complexity of the original prob-
lem O(N · 2|V1|·|V2|···|VM |·(κLK)M ), which alleviates the compu-
tational power requirements and improves the time efficiency.

B. PHSU Algorithm Procedure

Fig. 3 illustrates the execution process of the PHSU algorithm,
which is mainly divided into three parts: handover measurement,
handover decision, and handover execution. First, in the han-
dover measurement phase, the aircraft periodically sends a mea-
surement report to the current access satellite and the measure-
ment report consists the relevant information needed to make
the handover decision. If the local controller has incomplete
information, it further interacts with other local controllers to
obtain all the required measurement information. After receiving
the request, the local controller performs resource reservation
confirmation to ensure that the aircraft can handover, returns Ack
information, and synchronizes the handover information to other
local controllers. After the current access satellite receives the
Ack information, if there are any uncompleted packets, they are
submitted to the target handover LEO satellite through the local
controller. Finally, the aircraft executes the handover action, and
after the handover is completed, the previous access satellite
releases the resources.

It is worth noting that the measurement information re-
quired for handover is usually stored in the local controller that
manages the current access satellite. When it is necessary to
interact with other local controllers for information required
for making handover decisions, the interaction delay is also
within a few milliseconds, so the signaling interaction delay
for obtaining the measurement information is very short and
no information delay affects the accuracy of the handover
decision.

Therefore, according to the signaling process, the handover
delay Th is defined by

Th = Ts + 2 × Thd + 2 × The + Tp, (40)

where Ts is the processing delay for the aircraft to make the
handover decision, Thd is the signaling delay required for the
aircraft to report the handover request to the local controller
during the handover decision phase,The is the delay for handover
to the target satellite during the handover execution phase, and
Tp is the packet transmission delay.

VI. NUMERICAL SIMULATIONS

In this section, we select the trajectory of the aircraft over
the Indian Ocean in the Europe-North America East Coast route
for simulation to analyze the performance of the PHSU algo-
rithm [39]. We choose different phases of Starlink constellation
configuration as the satellite access network for civil aviation and
evaluate the performance obtained by the PHSU algorithm for
different cases. To verify the superiority of the PHSU algorithm
from multiple perspectives, we compare the PHSU algorithm
with two benchmark algorithms commonly used for handover,
i.e., maximum rate (MR) algorithm and shortest distance (SD)
algorithm. The MR algorithm’s rule is accessing the LEO satel-
lite which can provide the maximum received rate for the aircraft
and the SD algorithm’s rule is selecting the LEO satellite with
the shortest distance from the aircraft. Other detailed simulation
settings are listed in Table I.

A. Convergence

Considering the limited resources on the satellites, we set
Starlink’s phase I of 4,408 LEO satellites to provide communi-
cations services for civil aviation. The number of aircraft in the
simulation is 100 and the number of aircraft with the received
rate requirement R1

o and R2
o is 10 and 90 respectively.
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TABLE I
SIMULATION PARAMETERS

Fig. 4. Convergence performance comparison at different µ cases.

Fig. 4 depicts the convergence tendency of the PHSU al-
gorithm with different updating parameters. It indicates that,
when the learning rate is set to a larger value, it can accelerate
the convergence process, but the performance of the obtained
solution is relatively poor, in contrast to the previous case, with
a small learning rate, it converges towards a better solution,
but the convergence speed is slow. We can observe that, the
convergence rate of μ = 5 is very close to that of μ = 10,
while the former obtains better network utility than the latter. In
addition, the performance of μ = 5 is close to the performance
of μ = 3 which is the optimal in above three cases. Thus, to
balance convergence speed and solution quality, we set μ = 5
in follow-up simulations. The network utilities obtained by the
two benchmark algorithms are also given in Fig. 4, which are
much lower than to that of the PHSU algorithm.

To further explore the robustness of our algorithm, we simu-
lated scenarios where some links suddenly disconnect. As shown
in the Fig. 5, the algorithm initially reaches a stable state after
26 iterations. When some links disconnect at the 57th iteration,
the algorithm re-iterates and reaches a new Nash equilibrium at
the 82-th iteration. Similarly, during the second convergence
phase, another link disconnection occurs, and the algorithm
again quickly converges after 22 iterations. These results demon-
strate that our algorithm can swiftly adapt to topology changes,
highlighting its robustness in dynamic environments.

B. Performance Analysis

For more performance analysis, we set the number of available
subchannels of each LEO satellite to 15. To prevent network
congestion, we set the number of reserved subchannels of each

Fig. 5. Convergence performance of the PHSU algorithm under dynamic
scenario.

Fig. 6. The average received rate obtained by PHUS, MR, and SD algorithms.

LEO satellite to 5. Define the satellite load as the ratio of the
number of occupied subchannels of each LEO satellite to the
total number of subchannels except the reserved subchannels. To
show the superiority of the PHSU algorithm, we compare it with
two benchmark algorithms in terms of the aircraft’s received rate
and the transmit power for different satellite load cases.

Fig. 6 describes the average received rate with different
aircraft’s priority levels. Manifestly, the aircraft’s received rate
decreases overall with the increase of satellite load, because as
the satellite resources become congested, the aircraft’s options
are reduced accordingly. However, high-priority aircraft are
more willing to pay more economic overhead to obtain a higher
quality of services, so they obtain higher received rates than
low-priority aircraft. The PHSU algorithm obtains the best over-
all rate results, because the PHSU algorithm takes into account
the interference among aircraft, and it can cooperate with the
handover aircraft to obtain higher received rate satisfactions as
much as possible, thus, the received rate of cooperated aircraft
can be improved. As a contrast, the MR algorithm does not
consider the interference effect, which leads to a low received
rate. The SD algorithm only considers the distance factor and
does not consider the subchannel quality, so the lowest received
rate is obtained.
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Fig. 7. The average transmit power obtained by PHUS, MR, and SD
algorithms.

Fig. 8. The network utility value at different satellite network scales.

Fig. 7 displays the average downlink transmit power of dif-
ferent priority aircraft. The more congested the network is,
the higher downlink transmit power aircraft need to get better
communication quality. Hence, the average transmit power is
proportional to the satellite load. High-priority aircraft have
higher rate requirements, so they need higher transmit power
than low-priority aircraft. We can observe that, the MR algorithm
requires the highest transmit power because the MR algorithm
aims to obtain the highest SNR value. Therefore, the MR al-
gorithm prefers to choose a high power value, while the SD
algorithm does not care about the power overhead and randomly
selects the power value. The PHSU algorithm incorporates the
power overhead into the optimization index so that the aircraft
will choose the low power value as much as possible. As a result,
the PHSU algorithm reduces the transmit power value and can
obtain the lowest power overhead.

C. Impact of Satellite Scale

With the explosion of LEO satellites, it is essential to investi-
gate the optimal LEO satellite network scale for civil aviation.
Thus, we simulate and analyze the service performance in civil
aviation at different phases of Starlink’s constellation scale.

Fig. 9. The average rate and transmit power at different satellite network
scales.

Fig. 8 shows the network utilities obtained by PHSU, MR and
SD algorithms with different satellite constellation scales. No-
tably, the network utility value obtained by the PHSU algorithm
grows when the LEO satellite constellation scale gets bigger
and is always the optimal. While the performances obtained
by the MR algorithm and SD algorithm are not proportional
to the number of the LEO satellites. This is because when the
satellite scale increases, the aircraft’s strategy space expands,
so worse handover strategies emerge. Both the two benchmark
consider only a single indicator, which is easy to fall into the
strategy trap and choose a worse handover strategy. Thus, it is
clear that the classical single indicator handover algorithm is not
well applicable for UDLSN.

Fig. 9 shows the average rates and transmit power values
obtained by all the three algorithms. With the satellite scale in-
creasing, the average aircraft received rate obtained by the PHSU
algorithm shows an increasing trend and the average transmit
power shows a decreasing trend. This shows that providing a
larger number of LEO satellites to serve civil aviation could
effectively improve the quality of communication for users and
reduce power overhead. Moreover, the PHSU algorithm admits
the best performance for all constellation sizes, which reflects
the adaptability and flexibility of the PHSU algorithm.

D. Impact of Aircraft Number

The number of civil aviation flights can fluctuate up and down
due to holidays and other reasons. Therefore, it is desirable to
discuss the effect of aircraft density on performance in airspace.
Fig. 10 depicts the impact of the number of aircraft on the three
algorithms.

From Fig. 10, the PHSU algorithm can always obtain the
best utility function value and admits an increasing trend with
the increase of aircraft number. When the amount of aircraft is
small, the network utilities derived by the MR algorithm and SD
algorithm are both inversely correlated with the number of air-
craft. But when the number of aircraft is larger, the MR algorithm
as well as the SD algorithm shows unsuitability, and the utility
function value appears a decreasing trend successively. This is
because the co-channel interference becomes more serious with
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Fig. 10. The network utility value at different civil aircraft numbers.

Fig. 11. The network utility value at different subchannel numbers.

the number of aircraft increasing. The interference between air-
craft becomes severe with the number of aircraft increasing. The
performance obtained by the MR algorithm starts to fluctuate
first because the MR algorithm only considers SNR, so it is
severely affected. Since the SD algorithm prefers to select the
nearest satellite within a short period and generally maintains
the current strategy as much as possible, so the performance
drops slightly later than the performance of the MR algorithm,
i.e., the network utility obtained by the SD algorithm starts to
fall when the number of aircraft is 90, while the network utility
obtained by the MR algorithm starts to fall when the number of
aircraft is 70. It can be seen that the PHSU algorithm can make
the multi-aircraft handover decision considering the influence
of interference. On the contrary, the performance of the PHSU
algorithm keep increasing when the aircraft number gets larger,
which reflects the robustness of the PHSU algorithm.

E. Impact of Subchannel Number

The number of subchannels is closely related to the interfer-
ence among aircraft. Fig. 11 shows the utility function values
obtained by the three algorithms with different numbers of
subchannels. Manifestly, the utility function values obtained by
the PHSU algorithm grow with the increasing number of sub-
channels and always outperform the two benchmark algorithms.
The network utility values obtained by the MR algorithm and

Fig. 12. The handover frequency at different subchannel numbers.

Fig. 13. The handover frequency at different satellite network scales.

SD algorithm show larger fluctuations than the PHSU algorithm
with the increase of subchannel numbers. It indicates that the
two algorithms do not consider the influence of interference and
are highly influenced by environmental factors. Thus, they are
not robust and cannot adapt to the dynamic changes of aircraft
and the UDLSN. It further demonstrates that the PHSU algo-
rithms can adapt to the complex policy space and make optimal
handover decisions.

F. Handover Frequency

The handover frequency is an important indicator to judge a
handover strategy. If handover occurs frequently, the interrup-
tion probability will greatly increase, which affects the user’s
service experience. We simulate the aircraft’s average handover
times of the three algorithms for 30 minutes. Figs. 12 and 13
analyze the effect of different available subchannel numbers
and different satellite network scales on the handover times,
respectively. It can be seen that, as the number of available sub-
channels or satellites increases, the choice of handover strategies
increases, and therefore the handover times increase. The PHSU
algorithm obtains the smallest handover times, which is much
lower than the other two benchmark algorithms. This is because
the PHSU algorithm takes into account the handover overhead
and can minimize unnecessary handover. The MR algorithm
requires the aircraft to always choose the satellite with the largest
SNR to handover, and the SD algorithm needs to constantly
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Fig. 14. The handover delay at different subchannel sizes.

Fig. 15. The handover delay at different satellite sizes.

change the access satellite to the closest satellite. The MR and
SD algorithms do not consider the handover cost, so the handover
times are much higher than the PHSU algorithm. Additionally,
the handover frequency fluctuates more slowly with the change
in the number of subchannels and LEO satellites compared with
the two benchmark algorithms, which reflects the robustness of
the PHSU algorithm.

G. Handover Delay

We focus on the impact of the handover execution process
on the handover latency, thus we set the downlink transmission
packet size to 1.7 KB per time slot interval. Figs. 14 and 15 show
the average handover delay of aircraft with the different numbers
of subchannels and different satellite scales, respectively. It can
be seen that the increasing number of subchannels and satellites
can effectively reduce the handover delay, and the performance
of the PHSU algorithm is optimal. When the number of sub-
channels continues to increase to 15, the performance obtained
by executing algorithms successively shows the limitation of the
enhancement, the MD algorithm only considers the link distance
index, and does not consider the influence of the subchannel
configuration, so the MD algorithm first exhibits the limitation of
increasing the number of subchannels to improve the handover
delay. The MR algorithm only considers the link rate factor,
and the obtained handover performance greatly depends on the

channel conditions, so the change in the number of subchannels
has the greatest impact on the MR algorithm. With the increase in
the subchannel or the expansion of the satellite scale, the PHSU
algorithm can decide aircraft to handover to the LEO satellites
with better subchannel conditions, thus greatly reducing the
transmission delay. The PHSU algorithm considers the effect
of co-channel interference so that all aircraft can minimize the
effect of interference. Particularly, when the number of satellites
is expanded from 4,408 to 11,927, the handover delay obtained
by the SD algorithm increases. It is because although new LEO
satellites with lower distances are selected, their subchannel con-
ditions are not necessarily improved, which leads to an increase
in the handover delay instead. The PHSU algorithm takes into
account the various factors affecting the handover delay and has
a strong adaptability to the environment, which can be adapted as
much as possible to improve the system performance, thus the
proposed algorithm demonstrates robustness and adaptability
compared to the benchmark algorithms.

VII. CONCLUSION

In this paper, we have investigated multiple civil aircraft
handover issue in UDLSN. First, we have considered different
priorities of civil aircraft and have constructed a handover sat-
isfaction function including rate satisfaction, power overhead,
and handover overhead as handover criteria. To maximize the
handover satisfaction of all aircraft, we have modeled the han-
dover problem as a local cooperative game, in which each aircraft
cooperates with other interference aircraft to make the handover
decision. We have proved the existence of the NE solution (i.e.,
local or global optimal solution) for the proposed game and have
proposed the PHSU algorithm to find an NE solution. Simulation
results have demonstrated that the PHSU algorithm can meet
different service levels of aircraft and effectively reduce the
handover delay and the handover times, which highlights the
superiority of the proposed algorithm in UDLSN. We believe
that this study will shed light on the satellite handover for civil
aviation and would provide an effective handover algorithm for
the application of UDLSN. In the future, we will investigate
the LEO satellite handover strategy in the passenger-to-LEO
communication scenario by considering the handover failure
rate and ping-pong effect.
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