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Abstract: With the deployment of ultra-dense low
earth orbit (LEO) satellite constellations, LEO satellite
access network (LEO-SAN) is envisioned to achieve
global Internet coverage. Meanwhile, the civil avi-
ation communications have increased dramatically,
especially for providing airborne Internet services.
However, due to dynamic service demands and on-
board LEO resources over time and space, it poses
huge challenges in satellite-aircraft access and ser-
vice management in ultra-dense LEO satellite net-
works (UDLSN). In this paper, we propose a deep
reinforcement learning-based approach for ultra-dense
LEO satellite-aircraft access and service management.
Firstly, we develop an airborne Internet architecture
based on UDLSN and design a management mecha-
nism including medium earth orbit satellites to guar-
antee lightweight management. Secondly, consider-
ing latency-sensitive and latency-tolerant services, we
formulate the problem of satellite-aircraft access and
service management for civil aviation to ensure ser-
vice continuity. Finally, we propose a proximal pol-
icy optimization-based access and service manage-
ment algorithm to solve the formulated problem. Sim-
ulation results demonstrate the convergence and effec-
tiveness of the proposed algorithm with satisfying the
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service continuity when applying to the UDLSN.
Keywords: civil aviation; deep reinforcement learn-
ing; satellite-aircraft access; service management;
ultra-dense LEO satellite network

I. INTRODUCTION

The International Air Transport Association (IATA)
has predicted that by 2036, there will be 7.8 billion
civil aviation passengers world-wide, roughly dou-
bling from the current level [1]. At the same time,
it also brings an increase in the communication and
service needs of aircraft passengers, such as real-time
communication needs for safety in the cockpit and
broadband communication needs for entertainment in
the cabin [2, 3]. From the perspective of driving safety
and passenger experience, it has become an inevitable
trend for civil aviation to provide in-flight networking
services [4, 5]. At present, there are two main tech-
nical schemes for the airborne communication sys-
tem: air-to-ground (ATG) communication and satel-
lite communication [6, 7]. Base stations on the ground
offer a better Internet experience but have the natural
disadvantage of being unable to support cross-ocean
flights. Furthermore, as an indispensable technical
means of 6G [8-10], the layout of LEO satellite ac-
cess network (LEO-SAN) is progressing rapidly, and
many high-tech companies such as SpaceX [11] have
invested in the field of low earth orbit (LEO) satellite
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communications, proposing ultra-dense LEO satellite
networks (UDLSNs) such as Starlink to achieve global
Internet coverage. The EMEA Satellites Operators
Association (ESOA) states that the integration of ultra-
dense satellite communications as a key technology
for future communications development can provide
extensive and reliable broadband connectivity [12].
Therefore, in order to fully meet the needs of global
aviation users, airborne Internet will gradually transi-
tion from ground base station access to satellite for-
warding access [13, 14].

Meanwhile, along with the booming air transport in-
dustry, the communication requirements of civil avia-
tion have increased exponentially, and people are des-
perately seeking fast connections and high-capacity
communication all the time [15]. Therefore, there
are various sorts of services that civil aviation Inter-
net needs to carry, and in order to guarantee the differ-
ent service requirements of civil aviation, aircraft must
select the appropriate satellite to access on time and
manage the service effectively and flexibly to ensure
a long-term connectivity experience [16]. However,
unlike traditional terrestrial networks, the large scale
and rapidly changing topology of UDLSN pose a sig-
nificant challenge to service management, while lim-
ited on-board resources for LEO satellites and more
demanding user service requirements make it urgent
to propose a timely and effective method for aircraft-
satellite access and service management. Access and
service management methods have been studied in re-
cent years. Lin et al. in [17] adopt multicast trans-
mission to increase the received rate for all customers
under the constraints of the quality of service (QoS)
requirements. Jia et al. in [18] propose an adaptive
access control and resource allocation scheme that en-
ables the duration of the update gap to vary accord-
ing to the flow. Zhang et al. in [19] conduct re-
source allocation optimization for terrestrial-satellite
links within the constraints of the backhaul rate and
the QoS of the users. However, the complexity of
the algorithm grows exponentially as the size of the
satellite increases, so these algorithms cannot be ap-
plied to UDLSN. Furthermore, these studies also do
not take into account the diversity of user requirements
and do not enable high-capacity communications. In
addition, most of the existing algorithms are one-off
optimization algorithms, which cannot be adapted to
complex and dynamic satellite topologies and have no

robustness to ensure stable connectivity through fast
updating access and service delivery decisions based
on dynamic network information. Thus, it is necessary
but challenging to efficiently conduct satellite-aircraft
access and service management in the UDLSN to meet
different service demands.

In this paper, based on the diversity of civil avia-
tion carrying services, we consider two types of air-
borne Internet service requirements: latency-sensitive
voice services, such as telephone calls and video
calls, and latency-tolerant streaming services, such as
video on demand (VoD) and interactive personality
TV (IPTV). We propose an optimization problem of
satellite access and service management for civil avi-
ation in UDLSN. To cope with the complexity of net-
work nodes as well as their flexibility and variabil-
ity, we adopt a lightweight management architecture
in UDLSN. The deep reinforcement learning (DRL)
method is utilized to address the problem, which en-
ables efficient and intelligent management of airborne
satellite communication systems.

The main contributions and innovations of this pa-
per are listed below:

* We propose an airborne network architecture that
considers the ultra-dense LEO satellite constella-
tion as the LEO-SAN. In this architecture, we use
a two-level control management mechanism com-
bining medium earth orbit (MEO) satellites and
partial LEO satellites to guarantee lightweight
control, and the aircraft access decisions are made
by the two-level controllers.

» To achieve efficient ultra-dense LEO satellite-
aircraft access and service management in
civil aviation, we propose a proximal policy
optimization-based access and service manage-
ment (PPO-ASM) algorithm, which meets the
demands of two types of civil aviation services
with different latency sensitivities and balances
the satellite load.

* To evaluate the performance of the proposed
PPO-ASM algorithm, we compare it to other
commonly used methods. The numerical results
demonstrate that the proposed method can suc-
cessfully deal with the dynamic challenges of hu-
mongous nodes, achieve efficient service manage-
ment, and enhance user satisfaction.

The remainder of this paper are structured as fol-
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lows. Section II contains the related work about satel-
lite access and service management. Section III de-
scribes the system depiction. Section IV depicts the
problem formulation, Section V gives the PPO-ASM
algorithm. Section VI presents the performance eval-
uation. Section VII concludes our work.

II. RELATED WORKS

Given the burgeoning of civil aviation, the requirement
for airborne Internet is growing, and many researchers
have explored the communication need of civil avia-
tion in recent years.

In [20], the authors compared the performance of
delay-aware resource control using dual-connected
and single-connected modes for aviation network sce-
narios. The conclusion is that the dual-connected
mode performs only slightly better than the single-
connected mode but takes up more resources and is
more complex, so it only makes more sense to use the
single-connected mode. Deng et al. in [21] proposed
a channel model for aircraft-satellite terahertz band
communications and applied the model to estimate the
characteristics of the aviation terahertz link under dif-
ferent conditions. The final results show that the ca-
pacity of the airborne satellite terahertz link can reach
50-150 Gbps, which is sufficient to enable all passen-
gers and crew on board to obtain data transmission
rates equivalent to those of ground base station com-
munications throughout the flight. Nowadays, ultra-
dense LEO satellite constellations have become a po-
tential solution to address the diversity of communica-
tion services for dense users, and many scholars have
explored ultra-dense constellation configurations. The
authors in [22] and [23] constructed constellation con-
figurations that minimize the network’s total amount
of satellites while considering the user terminal back-
haul requirements as well as the overall service effi-
ciency, respectively. Dense constellations are becom-
ing a fundamental component of future technologies
for 6G and beyond. On this basis, we set the civil avi-
ation Internet to communicate in a single connection
mode and use a UDLSN as a communication network
for real-time communication as well as service man-
agement.

Unlike traditional terrestrial networks, satellite-
based airborne network in which aircraft and LEO
satellites are in high-speed motion, the topology

changes rapidly and carries a wide variety of services,
so the traditional static access and resource allocation
methods will no longer be applicable, and there is an
urgent requirement to find management methods to
adapt the complex network of highly dynamic multi-
nodes. For satellite networks, a user-centric switching
method is presented in [24] to address the issue of fre-
quent switching and to provide a higher QoS, which
provides an improvement in throughput and end-to-
end delay over the traditional methods. YAN et al.
in [25] designed a space-ground integration architec-
ture based on a software-defined network (SDN). To
manage users’ access with different priorities and si-
multaneously meet the requirements on the probabil-
ity of successful access, a dynamic channel resource
allocation method is provided. A new global coverage
LEO/MEO double-layer satellite network is designed
using the street-of-coverage technique in [26], whose
simulations indicate that the proposed constellation
configuration provides complete coverage of China on
average, and covers 99.9% of the global area. There-
fore, we adopt double-layer satellite network for net-
work management in the civil aviation satellite In-
ternet scenario, where MEOs and some LEOs act as
global controllers and local controllers responsible for
mobility management and content distribution, respec-
tively, thus improving network robustness and ensur-
ing lightweight management. For the access of civil
aircraft and the allocation of time and frequency re-
sources of satellites, we consider the communication
requirements of two types of civil aviation classical
services, namely voice services and streaming ser-
vices, in order to guarantee the satisfaction of all civil
aviation users.

Most of the existing studies use one-time optimiza-
tion algorithms, such as convex optimization or ge-
netic algorithms, which cannot be adapted to changes
in the environment to achieve access decisions and
maintain flexible network control continuously. The
performance of these techniques will be constrained
as the issue’s complexity rises. Control management
for UDLSNs is more flexible attributable of the adop-
tion of DRL methods. By interacting with the envi-
ronment, it can adjust to situations that change over
time and make prompt decisions. Moreover, DRL
methods can further improve the performance of satel-
lite networks to maximize long-term benefits. To de-
crease the frequency of satellite switching and increase
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long-term system throughput, [27] proposed a scheme
based on terminal-driven DRL, in which the deep Q-
network parameters are trained by a centralized intelli-
gent agent installed on the backhaul side of the satellite
base station, and at the end of the training each termi-
nal can independently make appropriate access deci-
sions based on the trained parameters. In [28], the au-
thors adopted SDN architecture to operate the satellite
network and implement a deep Q-learning technique
to resource management to enhance network perfor-
mance. For the limited available frequency band-
width and fast-changing user requirements, the au-
thors in [29] proposed a satellite resource allocation
algorithm based on the DRL algorithm for satellite
time-frequency resource allocation to meet the time-
sensitive requirements of users. Compared with con-
ventional optimization algorithms, the application of
DRL brings more flexibility to the resource allocation
of satellite networks. It can adapt to time-varying sit-
uations and dynamically allocate resources by inter-
acting with the environment. Based on the trained
model with the management architecture, the aircraft
can make timely access actions to guarantee the con-
tinuity of services and effectively solve the high com-
plexity of the ultra-dense constellation scenario [30].
Therefore, we use the DRL algorithm to solve the op-
timization problem and effectively cope with the high
dynamics of large-scale nodes in the satellite network,
so that realize the intelligent management of the air-
borne network.

Existing studies rarely consider the UDLSN and
civil aviation Internet services. Based on the above
discussion, this paper considers the UDLSN as LEO-
SAN for civil aviation and adopts layered lightweight
management architecture to control large-scale nodes
timely and effectively. According to the demand for
civil aviation, we consider voice service and streaming
service as civil aviation primary services, and the DRL
algorithm is applied to learn the satellite access selec-
tion and perform service management so as to maxi-
mize the satisfaction of civil aviation passengers.

III. SYSTEM MODEL

3.1 Network Model

The UDLSN-based airborne internet architecture is
depicted in Figure 1. Inspired by [31], we use a

double-layer hybrid network architecture to ensure the
reliability of network management, where MEO satel-
lites are selected as the network manager to centrally
control and maintain LEO satellites in the coverage
area. Ultra-dense LEO satellite constellation builds
LEO-SAN to provide connectivity services for aircraft
during their flight missions. In order to prevent the
MEDO satellite controllers from overloading, we fur-
ther divide the LEO satellites into multiple clusters
and select one LEO satellite in each cluster as a lo-
cal manager to control all LEO satellites in the cluster,
and only the local LEO managers can communicate
with MEOs, thus effectively alleviating the burden of
MEO:s and realizing light weight management. In the
two-level control architecture proposed above, the ac-
cess decision of the aircraft is made by the MEO con-
troller or the local LEO controller. While the inter-
ference impact between aircraft is usually presented
in a limited area, aircraft are usually managed by the
same local LEO controller. In this scenario, the state
information of the aircraft is uploaded from each air-
craft to the current access satellite and then relayed
between LEO satellites until it reaches the local con-
troller. The local controller LEO satellite then per-
forms model training based on the received state in-
formation, followed by sending decision instructions
back to the aircraft to complete the policy update. If
a small probability event occurs and the aircraft flies
across domains, the local controller of both domains
can further upload information to the global controller
MEO for model training, and the global controller
MEQO then send it down to the local controller and fur-
ther to the aircraft.

Within the selected time period 7, the selected area
‘R is covered by a MEO satellite ¢, and all LEOs in
the airspace R are in the same cluster, where LEO [/
is the manager inside the cluster. Based on our pro-
posed architecture, the LEO satellite [ serves as a local
controller, which is responsible for collecting environ-
mental status information of aircraft and LEO satel-
lites in the region R so as to make access decisions,
and broadcasts them to the other satellites in the re-
gion R, which are then distributed to the aircraft.

Due to the movement of civil aircraft and satellites,
the network topology changes dynamically. Thus,
time periods are equally divided into multiple small
time slots in this paper, which are expressed as 7 =
{1,2,...t...,T}. The set of LEO satellites and civil

280

© China Communications Magazine Co., Ltd. - January 2025

Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 11:27:43 UTC from IEEE Xplore. Restrictions apply.



Global Controller
MEO: mmi=m=
7 ~,
7 \\
Local Controller,~, N,
7

7

LEO !

Civil Aviation Users

JUIWITRURBIA] IIIAIIS

=Alololo|o] ~

ZM olololo| &

1l o

@

® g ojojojo| g

Q 0ol0 0 0 B

2 . F

=3

Time =

i g

¥ Y

2

_—— \N\ - 1/0/0fo’g
f—

Nz 10000 2

' <

£ 1|lojo|o| &

54 2

<] N 0l0j0jo]E

. g

[+

2

B servicel ||»

Civil Aviation Service Demand Queue

Figure 1. Two-level control-based airborne network.

aircraft in the selected region R are represented as
N ={1,2,.n..,N} and M = {1,2,..m..., M}
respectively, where NV and M are the total numbers
of LEO satellites and civil aircraft, respectively. De-
note x,, »[t] € {0, 1} represents whether the civil air-
craft m is connected to LEO satellite » in time slot £,
Zm.n[t] = 1 represents that the civil aircraft m is con-
nected to LEO satellite n in time slot ¢, z,,, ,[t] = 0
represents that the civil aircraft m is not connected to
the LEO satellite n in time slot ¢. Assume that each
time slot is of short duration, the network topology
does not change in any time slot ¢.

3.2 Service Model

This section selects two classic aviation service types
for research: one is a secure, delay-sensitive voice ser-
vice, and the other is a high-capacity, delay-tolerant
stream service. The data arrival models of these two
services will be described respectively.

3.2.1 Voice Service

Voice service is a real-time service and has strict re-
quirements for latency. Suppose that the data arrival of
voice service of user u obeys the Poisson process from
the active state ({“[t] = 1) to the silent state (I"[t] = 0),
that is, ON/OFF model [32]. The state of time slot ¢
is {"[t], and the transition of ON/OFF state occurs in
different time slots. The state transition probability is
shown in Figure 2, where 7 is the duration of a time
slot and 71 and 7, are respectively the durations of the

active and silent states.

1—e e

T
P

1—e™

Figure 2. Voice service data arrival ON/OFF state transi-
tion probability diagram.

Therefore, when the state of the voice service ¢ in
time slot ¢ is [} [¢] and the unit data volume in the active
state is ¢“, the data volume of the voice service 7 in the
time slot ¢ is

Qi'[t] = L[] * ¢“. (1)

3.2.2 Streaming Service

Civil aircraft passengers expect to enjoy VoD at any
time during the flight, so streaming service is an-
other main service demand of civil aircraft passengers,
which is not as sensitive to latency as session class ser-
vice. Suppose that the data arrival of streaming service
is subject to the Markov process of discrete state in
continuous time, and the data quantity arriving at each
time slot is quantified as G + 1 level, and the unit data
quantity is ¢°.

Then the data quantity arriving at each level [33] is
205, 21 % ¢°, ..., 2C % ¢°. The state level of time slot ¢
is I°[t] = ¢, g € {0,1, ..., G} and the transition of the
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state level takes place in different time slots.
Then the transition probability of the state level in
the next time slot £ 4 1 is

Pt +1] = g+ p|I°[t] = g)

wiu(l - e—(w+u)7)7p =1
I I S

w+
eit‘FHJ)T’ p = Oa

where p = g*xa,w = (G — g) * 3, a, and /3 represent
transition rates; p = 1 indicates that the state level
of the next time slot jumps to a higher level; p = —1
indicates that the state level of the next time slot jumps
to a lower level; p = 0 indicates that the state level of
the next time slot does not change.

Therefore, when the state level of the streaming ser-
vice j in time slot ¢ is [$[t], the data volume of the
streaming service j in the time slot ¢ is

Q5lt) = 251 =, @)

It is assumed that the total number of voice and
streaming services generated in each time slot on air-
craft m is U,,, the proportions are r, and 7y, respec-
tively, and r%, 7S, € [0,1], 7% + rS, = 1. Then the
number of voice and streaming services generated by
aircraft m is U, * r;;, and U,,, * ry,, respectively.

Denote QU [t] and Q5,[t] as the newly arrived data
volumes of voice services and streaming services of
civil aircraft m at time ¢, respectively. Then Q¥ [t] and

Q¢ [t] can be expressed as
U] Um*ry, ufy 3
Qul) =" Qu, 3)

Qi =3 """ Qs )

3.3 Communication Model

This paper mainly considers the uplink data transmis-
sion process from civil aircraft to LEO satellite, the
downlink transmission is similar to the uplink, and the
communication model will be formulated below.

3.3.1 Channel Model

In air-space links, path fading is serious and the link
loss is high, so it is crucial to guarantee the qual-

ity of link communication. The signal-to-noise ratio
(SNR) of data transmission from civil aircraft m to
LEO satellite n in the time slot ¢ is expressed as

Py,

Yrnumlt] = |hamnt]? * d,,0 [t] * R

m,n

&)

where d,, ,,[t] is the distance between aircraft m and
LEO satellite n in time slot ¢, ¢ is the path fading in-
dex, P, is the transmitting power of civil aircraft m,
and NN is the additive Gaussian noise variance [34].
The satellite-aircraft links are modeled as Shadowed-
Rician fading channels [35]. Thus, according to the
Shannon formula, the data transmission rate of the up-
link communication link between civil aircraft m and
LEO satellite n in time slot ¢ is

s

By,
Ryalt] = 5 #logy(L+ Tl (6)

where B,, represents the total bandwidth of the LEO
satellite n in the uplink and C), is the number of carrier
channels of the LEO satellite » in the uplink.

3.3.2 Delay Definition

Latency is an important metric that affects the user ser-
vice experience. We consider latency as one of the key
factors to measure system performance. The total de-
lay of uplink communication between civil aircraft and
LEO satellite includes propagation delay, transmission
delay, and handover delay. The following three types
of delays are described, respectively.

Propagation Delay: The uplink propagation delay
from aircraft m to LEO satellite n in time slot ¢ is

o [t]

Dfn,n[t] = mm,n[t] * ( )s (7

where d,, ,, [t] denotes the distance between satellite n
and aircraft m in time slot ¢, and c is the speed of light.

Transmission Delay: The uplink transmission delay
from aircraft m to LEO satellite n in time slot ¢ is

; ®)
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where (), [t] is the total amount of data to be transmit-
ted by civil aircraft m in time slot ¢. It is assumed that
all data arriving can be transmitted within one time
slot, so
Qmlt] = Q[t] + Q7 [t]- )

Handover Delay: Because of the simultaneous mo-
bility of aircraft and satellites, civil aircraft will con-
stantly switch between the ultra-dense LEO satellite
constellations, so the handover delay is also taken into
account in this paper. The uplink handover delay from
civil aircraft m to LEO satellite n in time slot ¢ is

DI 1t = Dylgsigan, o jf=1&am njt—1=0},  (10)
where Dy is the single handover delay, and when
the logical variable condition in Tjcongition} is True,
I[{condil‘,io'n,} = 1. On the contrary, ]I{condition} = 0, that
is, only when ¢ > 1, ,, [t — 1] = 0 and z,, ,[t] = 1,
there will be handover delay.

Therefore, the total time delay of uplink communi-
cation between civil aircraft m and LEO satellite n in
time slot ¢ is:

Dm7n[] Dfn7L[]+Dﬁn,n[t]+Dfn,n[t] (11)

Then the uplink communication delays for voice
and streaming services are as follows:

Dl = Dt T2 DI, 12
DS, o[t]= D2, [+ [t]% RQ,:n[[i]_’_Dh S, (13)

IV. PROBLEM FORMULATION

In this section, we will define the decision variable,
objective function, and constraints for the problem of
satellite-aircraft access and service management for
the different communication requirements of the two
types of civil aviation services.

We need to choose which LEO satellite access n
for each civil aircraft m in each time slot ¢ accord-
ing to LEO satellite time and frequency resource state
information and civil aircraft service demand state in-
formation, that is, to determine the decision variables

Tmnlt]. After determining z,, ,[t], one carrier chan-
nel of LEO satellite n is allocated to each civil aircraft
m for the transmission of data in the service queue, so
as to meet the service requirements of civil aircraft m
as far as possible.

The optimization objective of this paper is to meet
the service requirements of all civil users as far as pos-
sible, and because of the diversity of civil aviation ser-
vice types, we need to consider the different service re-
quirements of both voice and streaming service users.

For users of delay-sensitive voice services, we need
to meet the maximum tolerable delay of the service as
much as possible to ensure user satisfaction. There-
fore, for this type of service we define the optimiza-
tion objective as minimizing the number of times that
the voice service communication delay is higher than
the maximum tolerable delay, and define the number
of times that the voice service communication delay
of civil aircraft m over the maximum tolerable delay
Dy at time slot ¢ as

uolt
i =3 (e, e, a8

qu

so for all civil aircraft at time ¢, the optimization ob-
jective for voice services is

T"[t] = [1]. (15)

1=
:3

For delay-tolerant streaming service users, the re-
quirement is to maintain the fairness of user communi-
cation and the high efficiency of resource utilization as
much as possible, so the optimization objective should
be to minimize the average communication delay of
the whole user. Define the average time delay of all
civil aircraft streaming services in time slot ¢ as

_ % SUST phe a6

We set the optimization goal to meet the service
needs of all civil aircraft in the entire time slot 1" as
much as possible. Therefore, in order to meet the ser-
vice needs of civil aviation users and bring them an
improved service experience, this paper establishes a
multi-objective optimization problem of UDLSN ac-
cess and service management for two types of civil
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aviation services, namely, delay-sensitive and delay-
tolerant services, using as z,, ,[t| decision variables
which is shown as

T
(1 Tu[t] Te[t]>
min | —= w1 * + wg * ,
T, n ] (T ; < 1 Nip, 2 Dy,

N
s.t. C1: Z  Tmalt] SLVEET,me M,

Cc2: ZM Tmanlt] < Cp,Vt € T,n €N,
m=1

17
where w; and ws are weight coefficients used to mea-
sure the importance of voice and streaming services,
w1 + we = 1, Ny, is the threshold for the number of
voice services that exceed the tolerated delay, and Dy,
is the set delay threshold for streaming services.

It is stipulated that each time slot can only be con-
nected to one LEO satellite at most, and the total num-
ber of aircraft connected to the same LEO satellite at
the same time cannot exceed the carrier channel num-
ber of the uplink of this LEO satellite.

V. ALGORITHM DESIGN

To address the optimization problem raised above,
this paper proposes a proximal policy optimization-
based access and service management (PPO-ASM) al-
gorithm using a DRL approach called PPO [36] to ob-
tain the optimal access decision for civil aircraft. The
architecture, process, and details of the PPO-ASM al-
gorithm are given in this section.

5.1 Algorithm Architecture

Traditional reinforcement learning methods, such as
Q-learning [37] and Sarsa [38], store and update ac-
tion value estimation in the form of tables. How-
ever, when the problem solution space dimension is
too high, it will encounter great bottlenecks in storage
space and computational efficiency, so it cannot solve
many practical problems. The method of the DRL
combines the perception ability of the deep learning
method with the decision-making ability of reinforce-
ment learning method, which has successfully solved
many challenging problems recently.

The PPO algorithm is a DRL algorithm proposed by
the OpenAl team in 2017 to overcome the shortcom-
ings of the Trust Region Policy Optimization (TRPO)
algorithm [39], which modifies the constraints in the

objective function of the TRPO algorithm to a penalty
term that penalizes larger policy updates, thus elimi-
nating the conjugate gradient calculation. Compared
with other DRL algorithms, the PPO algorithm has
higher data validity and robustness, which makes it
ideal for application in UDLSNs to cope with the large
number of nodes and the pursuit of efficient and reli-
able civil aviation service needs. Therefore, this paper
solves the proposed problem based on the PPO algo-
rithm, copes with the dynamization of civil aviation
satellite network nodes, and proposes the PPO-ASM
algorithm to satisfy the different service demands of
two types of delay sensitivity while maximizing the
long-term benefits to users and achieving dynamic and
efficient control management in UDLSN scenario.

In the proposed architecture, the UDLSN is consid-
ered an environment interacting with the Deep Neural
Networks (DNN), and MEO satellite ¢ or local LEO
controller [ acts as intelligent agent using a chain de-
cision method to update the aircraft access decision
one by one. At time slot ¢, satellite controller needs
to make the access decision for each civil aircraft m
based on the current civil aircraft’s service require-
ments and the satellite time-frequency resource status
information s,,[t], and the environment returns a re-
ward 7,,[t] based on the civil aircraft’s action a,,|[t]
and moves to the next state s,,+1[t]. The states, ac-
tions, rewards, and next states at time ¢ constitute
experienced data (s, [t], am[t], "m[t], Sm+1[t]) and are
stored in the experience buffer B,. When the num-
ber of experienced data reaches an empirical threshold
Cp, the network will randomly select a batch of ex-
perienced data for learning and adjust the network pa-
rameters according to the loss function so as to effec-
tively enhance the satisfaction of civil aviation users.

Aircraft %&
%

Collect aircraft state information

Centralized manager MEO Q
- - )
--—,—-z-- or Local manager LEO Q»y Other LEOs

Collect LEOs and aircraft information

Make decisions

Send strategies information

Execute access decisions

Update LEOs state information

Figure 3. Centralized decision updating process.

Based on a large number of UDLSN satellite nodes
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and a large amount of information, this paper designs
a centralized decision-updating process. A trained
learning model is deployed in the civil aviation satel-
lite network environment, and the satellite controller
determines aircraft update strategy. The decision up-
dating process is shown in Figure 3. The state in-
formation of the aircraft is uploaded from the aircraft
to the current access satellite and then passed to the
local LEO controller through the cluster. The local
controller makes access decisions based on the trained
model and the collected state information, then sends
the decisions to the current access satellite of the air-
craft through the inter-satellite link, and then sends
them back to the aircraft to complete the policy update.
In case of a small probability event such as an air-
craft flying across domains, the local LEO controller
of both domains can further upload information to the
global controller MEO for model training, and then
send it down to the local LEO controller and back to
the aircraft.

5.2 Algorithm Procedure

Based on the above proposed architecture, the specific
steps of the PPO-ASM algorithm will be given, start-
ing with the specific definitions of state .S, action A
and reward R respectively.

5.2.1 State

For each time slot, the satellite controller needs to ob-
serve the state of the environment and make access de-
cisions for each aircraft based on information such as
the service volumes of the aircraft and the state of vis-
ible satellites. Consequently, the observation state of
civil aircraft m in time slot ¢ includes three parts:

« Information about civil aircraft m (s?, [t]) : Identi-
fier of civil aircraft m, amount of data to be trans-
mitted for voice services Q% [t] and streaming ser-
vices Q¢ [t];

e Information about visible LEO satellites set
Np[t] (sih[t]) : Identifier of LEO satellite n, the
distance between LEO satellite n and aircraft m
dm.n[t], LEO satellite uplink channel information
|Pm.n[t]|?, number of idle channels C,, [t];

* The satellite accessed by aircraft m in the last
time slot, that is, the action of aircraft m in the

last time slot a,,[t — 1], and when ¢ = 0, the last
time slot action does not exist, a,, [t — 1] = —1.

Therefore, the observation state space of civil air-
craft m in time slot ¢ is expressed as

S (1] = {sba 161, {57 [} g [ = 1]
(18)

5.2.2 Action

The civil aircraft needs to select a visible satellite to
access at each time slot and the satellite to be accessed
is not at full payload, so the action space for time slot
t civil aircraft m is expressed as

am[t] = {1 [t} [ [t] € Nin[t] 1, (19)

where the action of civil aircraft m must satisfy
Ci[t] # 0 to guarantee effective satellite access.

5.2.3 Reward

At each time slot ¢, after the civil aircraft m executes
an action, a reward r,,[t] needs to be given back to
evaluate the goodness of the action. Based on the ser-
vice types of the civil aircraft, the reward needs to take
into account both streaming and voice service require-
ments. So we define the reward expression for the
civil aircraft m at time slot ¢, after executing the ac-
tion a,, [t] in state s,,[t], as follows:

T 1] D [1]

w ] = —wp x —m e T (g
Tm [t] Wy * No, W * Di (20)

For each of the two service types, the reward gives
a penalty based on the service characteristics and con-
tains the average streaming service delay per passen-
ger over the entire time slot 7 and the proportion of
voice services that exceed the tolerated delay. Then
the cumulative discount reward R is defined as:

1 M
R:M*TZZrm[t]. (21)

t=1 m=1

Thus, when minimizing R, the service needs of all
aircraft passengers are maximized in the long run, and
this is what we are working on.
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The PPO-ASM algorithm adopts an Actor-Critic
framework with two neural networks, Actor and
Critic, where the Actor network estimates the policy
function 7y, (a[t]|s[t]) to perform the action based on
the current environment state, and the Critic network
estimates the state value function Vjp,_(s[t]) based on
the current environment state and the next state after
performing the action, so as to evaluate the state. The
Actor network and the Critic network optimize their
respective networks by updating network parameters
0, and 6. 0, and 6. are updated by the loss functions
L, and L. respectively. The expressions for the loss
functions L,, L. are as follows

Le = (Anlt])?, (22)

Topew [am ] sm|t]
Togra [aml[t]|sm|t]]

L, = —min( Aplt],

1 —e,14+€)Ant])).

A, [t] is the advantage function, denoted as
Anlt] = r[t]+7# Vo (smlt+1]) = Vo (smlt]), (24)

in which v € [0, 1] is the discount factor, and 7, [¢] is
the reward obtained by the civil aircraft m after taking
action a,,[t] in the environmental state s[t], 69'¢ and
07" are the vectors of policy parameters before and
after the update, respectively, Tgota[a,[t]|sm[t]] and
Tgnew [am [t]|Sm [t]] denote the probability of the strat-
egy before and after the update, respectively; € is the
hyperparameter, usually taken as 0.2. The second term
of Eq. (23) represents a clipping of Tonew (Al o
7,4 (alt]s[t])

restricts it to the interval [1 — €, 1 + €].

Based on the above algorithm characteristics, the
detailed procedure of the PPO-ASM algorithm for
UDLSN are given in Algorithm 1.

VI. PERFORMANCE EVALUATION

In this section, we perform a trajectory-driven simu-
lation to evaluate the performance of the PPO-ASM
algorithm. The trajectory data of civil aircraft is pro-
vided by [40]. We select the track of civil aircraft over
the Indian Ocean for the Europe-North America East
Coast flight for simulation. We adopt Starlink’s full

Algorithm 1. PPO-based access and service management
algorithm.

Input: Information about civil aircraft and LEO
satellites S, the learning rate of the actor and critic
networks to R, , RR..

Output: Civil aircraft access action set A.

1: Initialize the network parameters 6, 0.;

2: for episode ¢ in {1,2,--- , N.} do

3: fortimetin{1,2,---,7T} do

4: for civil aircraft m in {1,2,--- , M} do

5: Obtain observation state s,,[t] from the
civil aircraft m and LEOs and input it into
the actor network;

6: The actor network returns an action a,, [t]
based on status s,,[t];

7: Obtain reward r,,[t] and the state S, 1[t]
of aircraft m + 1 in the time slot ¢;

8: Store the experienced data

(Sm [t]y am [t] y7m [t] s Sme1 [t])  in  ex-
perience buffer B,;

9: end for
10:  end for
11:  if experienced data in buffer B, > C,, then
12: Randomly sample experience data from the
buffer B,,;
13: for update episode i, in {1,2,--- , N.} do
14: Calculate the cumulative award R;
15: Calculate the advantage function A, [t];
16: Update the parameter 6, and 6. by maxi-
mizing L, and minimizing L.;
17: end for
18:  end if
19: end for

period of 11,927 LEO satellites for the LEO-SAN. To-
tal simulation time 7" is 8 s, where each time slot 7 is
100 ms. Then we set the total number of voice and
streaming services for each aircraft passenger in each
time slot as 110, and the ratio is 1 : 10. The path fad-
ing is 2.1 and the noise density is -174dBm/hz [34].
Other major simulation parameters are shown in Table
1. For practical application reasons, we set Starlink’s
first period 4,408 satellites as the LEO-SAN and the
number of aircraft as 50. The average number of visi-
ble satellites per aircraft is 60.
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Table 1. Simulation parameters.

Parameter Value Parameter Value
T1 60 ms To 100 ms
q* 30 KB q° 30 KB
3.9
G 4 B 1+5.04458/G
o 39— Chn
P, 100 W B, 1800 MHz
w1 0.5 wo 0.5
Do 30 ms ¥ 0.9

6.1 Convergence

Figure 4 shows the convergence trend of the PPO-
ASM algorithm at different learning rates. The con-
vergence performance of the PPO-ASM algorithm
changes from superior to inferior: r, = 0.0001,r, =
0.00005 > r, = 0.0002,r. = 0.0001 > r, =
0.0004,r. = 0.0002. When r, = 0.0001,r., =
0.00005, the average reward at convergence can reach
the highest value, But its convergence speed is slowest,
and when r, = 0.0004, . = 0.0002, the convergence
speed is fastest in all three cases, it can reach conver-
gence at epoch 27. It can be seen that when the learn-
ing rate is relatively large, the speed of convergence
can be accelerated, and conversely when the learning
rate is small, the convergence result can be improved.
Thus, in order to balance convergence speed and per-
formance, we set r, = 0.0002, r. = 0.0001 in future
simulations.

05F

-0.55

-0.6}

-0.65

-0.5
-0.52

460 480 500

0.7F

Average Reward

-0.75

-0.81 74=0.0004, 7.=0.0002 | ]
7,=0.0002, r.=0.0001

£4=0.0001, 7,=0.00005 | |

-0.85 |,

-0.9

0 100 200 300 400 500
Iterative Index

Figure 4. Convergence at different learning rates.

6.2 Performance Analysis

To verify the effectiveness of the algorithm, we com-
pared the performance of the PPO-ASM algorithm

with the following three algorithms:

* A2C (Advantage Actor-Critic) algorithm [41]:
On the basis of the AC (Actor-Critic) algorithm
which uses advantage functions instead of the
primitive rewards in the Critic network to mea-
sure the quality of the selected action.

* MS (Max SNR) algorithm: Each aircraft selects
the satellite with the highest SNR value for the
link to access.

* MD (Minimize Distance) algorithm: Each aircraft
chooses the satellite with the shortest distance.

e MT (Maximum Time) algorithm: Each aircraft
selects the satellite with the longest service time.

* Random (RAND) algorithm: Each aircraft ran-
domly selects a satellite with an available chan-
nel.

In the following, different LEO satellite access and
data management algorithms are compared in terms of
user performance to verify the effectiveness of the al-
gorithm proposed in this paper. Figure 5 and Figure 6
show the average streaming service latency and the av-
erage voice service user demand satisfaction for civil
aviation users within the simulated time slot, respec-
tively.

As can be indicated in Figure 5, the PPO-ASM al-
gorithm achieves the highest user satisfaction for voice
services of all the compared algorithms and can meet
the voice service needs of all users, while the MS algo-
rithm only focuses on a portion of the latency, which
deteriorates if requiring satellite switching. The MD
and MT algorithms, similarly, only consider propaga-
tion delay and switching delay, respectively, and can-
not satisfy voice service requirements.

It can be found from Figure 6 that the PPO-ASM
algorithm can obtain the shortest delay for streaming
services. The A2C algorithm often leads to disruptive
and drastic policy updates , so the final performance
is worse than the PPO-ASM algorithm. The MS algo-
rithm only focuses on transmission latency and does
not take into account switching latency and propaga-
tion latency, resulting in higher streaming class la-
tency. The MD and MT algorithms only consider
propagation delay and switching delay respectively,
which cannot meet the user’s service requirements.

It can be postulated that the PPO-ASM algorithm
can effectively solve the problem of dynamic changes
in the nodes in UDLSN and meet the different ser-
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(a) The average voice service user demand satisfaction ob-
tained by PPO-ASM, A2C, and MS algorithms.
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(b) The average voice service user demand satisfaction ob-
tained by MD, MT, and RAND algorithms.

Figure 5. The average voice service user demand satisfac-
tion per time slot.

vice requirements while achieving dynamic and effi-
cient allocation of LEO satellite resources.

6.3 Impact of Satellite Scale

Technology implementation related to achieving an
airborne Internet comparable to terrestrial cellular net-
works is still in the exploratory stage. With the rapid
deployment of dense constellations, it is necessary to
explore the scale of the network required for the In-
ternet in civil aviation. Therefore, we compared the
performance of the first group of the first phase, all the
constellations of the first phase, and all the satellites
of the full phase of Starlink for three different con-
stellation scales in total. Thus, Figure 7 and Figure 8
show the average streaming delay and user satisfaction
with voice services for the entire simulation time slot
obtained by different algorithms for different satellite
scales.
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Figure 6. The average streaming service latency per time
slot.
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Figure 7. The average streaming service latency at different
satellite sizes.

Figure 7 indicates that the PPO-ASM algorithm
achieves the shortest streaming service delay for dif-
ferent size constellations and that the delay obtained
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Figure 8. The average voice service user demand satisfac-
tion at different satellite sizes.

by the PPO-ASM algorithm decreases as the number
of satellites increases. The increased number of satel-
lites means more link options for aircraft. Aircraft can
choose closer satellites and satellites with better chan-
nel conditions for communication, which in turn re-
duces communication latency. Obviously, the neural
network model of the PPO-ASM algorithm performs
better, and when the number of satellites is increased
from 4,408 to 11,927, the PPO-ASM algorithm can
still significantly reduce the latency of the stream-
ing service, while the performance improvement of
the A2C algorithm is minimal. But the latency ob-
tained by the other compared one-off optimization al-
gorithms (e.g. the MD algorithm) does not decrease
with increasing constellation size, we can see that be-
cause the increase in the number of satellites adds
satellites that are closer to the aircraft, but their chan-
nel conditions are not necessarily better, and thus the
delay obtained is not always shorter.

Figure 8 demonstrates an overall upward trend in
user satisfaction with voice services as the LEO satel-
lite constellation size increases and that the PPO-ASM
algorithm achieves the highest satisfaction among the
algorithms compared. This is mainly due to the in-
crease in the LEO satellite constellation providing
satellites with better channel conditions for the PPO-
ASM algorithm, and the PPO-ASM algorithm allows
to explore better access options, hence voice services
user satisfaction also increases. Furthermore, the
PPO-ASM algorithm can achieve close to 100% sat-
isfaction at a satellite size of 1584, and when the satel-
lite size is further expanded, the PPO-ASM algorithm

can fully satisfy the voice service requirements of all
users, which cannot be achieved by other algorithms.
It is worth noting that increasing the size of the net-
work does not guarantee performance improvements
in the MS, MD, MT, and RAND algorithms. Because
these algorithms are single-minded and consider only
one-off optimization, which is highly influenced by
the environment and poorly robust. In summary, it is
clear that the compared algorithms are not suitable for
UDLSNSs, while the PPO-ASM algorithm is remark-
ably robust and can be adapted to various scenarios.

6.4 Impact of Aircraft Numbers

According to the characteristics of the airborne inter-
net, the density of aircraft changes over time, Some-
times there is a lot of aircraft in airspace, sometimes
very few. So Figure 9 and Figure 10 show the effect of
the number of aircraft on the performance obtained by
the different algorithms.
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Figure 9. The average streaming service latency at different
aircraft sizes.

Figure 9 indicates the streaming service latency ob-
tained by different algorithms when the number of
aircraft changes from 10 to 100. The PPO-ASM al-
gorithm achieves the shortest streaming service de-
lay among the compared algorithms, and the stream-
ing service delay fluctuates less as the number of air-
craft changes, which demonstrates the good adaptabil-
ity of the PPO-ASM algorithm. As the number of air-
craft increases, limited resources, and multi-user se-
lection scheduling complicate access and service man-
agement algorithms, as a result, streaming service la-
tency increases. The performance gap between the
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Figure 10. The average voice service user demand satisfac-
tion at different aircraft sizes.

A2C algorithm and the PPO-ASM algorithm becomes
larger as the number of aircraft increases. It is be-
cause the A2C algorithm is prone to massively disrup-
tive update strategies, so when the number of aircraft
increases, many aircraft update their relatively poor-
performing strategies, resulting in higher latency for
streaming services. The MS, MD, MT, and RAND al-
gorithms cause higher latency because they each focus
on only one aspect that affects the latency. Thus, the
performance obtained by other algorithms is strongly
influenced by environmental factors (e.g. aircraft traf-
fic, satellite channel conditions), while the PPO-ASM
algorithm has good adaptability.

From Figure 10 we can see that the PPO-ASM al-
gorithm consistently achieves the highest user satis-
faction for voice services and can reach 100% when
the number of aircraft is 10 and 50. When the num-
ber of aircraft increases, the service demand also in-
creases, and the limited network resources may not be
able to meet the requirements of all aircraft, as a result,
voice service satisfaction decreases. Other algorithms
can not satisfy all users in any case and the AC algo-
rithm achieves close to 100% satisfaction only when
the number of aircraft is 10. Other algorithms are un-
able to meet the needs of multi-user voice services be-
cause they only consider a single factor.

The PPO-ASM algorithm and A2C algorithm have
monotonic characteristics as the scale of satellites in-
creases and the number of aircraft decreases. The
reason is that the PPO-ASM algorithm and A2C al-
gorithm always take the metrics related to streaming
and voice services as the long-term optimization target

to guarantee the service experience of aircraft. Thus,
when the scale of LEO satellites increases, more satel-
lites provide more available resources and network ca-
pacity, or when the number of aircraft decreases, there
is less competition for satellite resources, and aircraft
have more possibilities to get a better service experi-
ence. The RAND algorithm has strong randomness,
so it does not have monotonic properties. The MS,
MD, and MT algorithms are all single metric algo-
rithms, which all consider only one performance met-
ric. However, the factors affecting the performance of
streaming and voice services are multidimensional, so
they are susceptible to performance fluctuations due
to environmental factors and do not have monotonic
characteristics.

VII. CONCLUSION

In this paper, we have investigated a lightweight air-
borne Internet architecture leveraging the ultra-dense
LEO satellite networks for the global Internet access
of civil aviation, and a satellite-aircraft access and data
transmission problem has been formulated consider-
ing two types of different civil aviation services. We
have proposed a PPO-based access and service man-
agement algorithm to meet the dynamic and diverse re-
quirements of the airborne Internet. We have designed
a PPO-ASM algorithm to solve the formulated prob-
lem to guarantee effective real-time network manage-
ment. We have verified the good performance of the
PPO-ASM algorithm in terms of communication la-
tency and user satisfaction, which would be effectively
applied in the UDLSN scenario. We believe that this
study will shed light on the satellite Internet access for
aircraft passengers and would provide a method ref-
erence for the future deployment of UDLSN. In future
work, we will design the satellite-aircraft access mech-
anism guaranteeing the quality of experience of access
users.
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