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Abstract— The booming renaissance and rapid development of
ultra-dense low earth orbit (LEO) satellite networks (UD-LSNs)
are envisioned to realize a giant leap forward for the future sixth
generation (6G) coverage expansion, bridging digital divide for
remote areas and providing continuous services for user terminals
worldwide. However, the inherent dual mobility, massive access
scenarios and highly overlapped coverage may trigger frequent,
vast and ping-pong handovers, especially with the existing limited
and fixed deployment of terrestrial mobility functional entity.
To this end, by exploiting the unique opportunity of UD-LSNs,
we devise a medium Earth orbit (MEQO) assisted distributed
hierarchical mobility management architecture (HDMMA) with
flexible function configuration to adapt the high dynamic and
large scale network. Subsequently, the lightweight handover
procedures (LHPs) are proposed for two scenarios under the
HDMMA to ensure service continuity, that is on-orbit handover
and off-orbit handover. Considering the user mobility attributes
and satellite available resources, the on-orbit handover introduces
user aggregate to share signaling overhead, while the off-orbit
handover is further classified into intra-cluster, inter-cluster and
inter-group handover based on the clustering and grouping.
Furthermore, we conduct theoretical analysis model on the
proposed LHP in terms of signaling overhead and handover
latency. Simulation results verify the handover characteristics
in UD-LSNs, illustrate the superiority of our HDMMA and
demonstrate the handover performance improvement of the
proposed LHP.

Index Terms— Ultra-dense LEO satellite network, mobility
management, user aggregate handover.
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) I. INTRODUCTION o
HE sixth generation (6G) networks are envisioned

to provide global and ubiquitous connectivity by the
whole-earth coverage [1], [2], [3]. Satellite networks are
the recognized solution to break through the terrain limi-
tations for the forthcoming 6G wireless coverage extension
to realize worldwide three-dimensional seamless access [4].
Accordingly, companies such as SpaceX [5], OneWeb [6] and
TeleSat [7] have planned or launched thousands of low earth
orbit (LEO) satellites for mega constellation construction.
With relatively wider coverage, higher capacity and lower
latency, future ultra-dense LEO satellite networks (UD-LSN5s)
represent a pillar technology to meet the ever-growing and
stringent traffic demands [8], [9], [10]. As the foundation and
supporting technology of UD-LSNs, mobility management is
used to ensure the best connection between user terminals and
satellites in a dynamic network environment, which ensures
service continuity and maintains communication reachability
during the user roaming. Currently, international standardiza-
tion organizations including the Third Generation Partnership
Project (3GPP) [11] and the Internet Engineering Task Force
(IETF) [12] have actively engaged in research on mobility
management in satellite networks.

Most existing works have focused on learning from the
well-developed standard protocols in terrestrial networks to
deal with mobility issues in satellite networks. As the cor-
nerstone of current mobility management, mobile IP (MIP)
series are widely adopted by various research [13], [14],
[15], [16] to provide enhancements in satellite networks.
Moreover, several novel works have proposed to improve the
mobility support in satellite networks based on the core idea
of the Location/Identifier separation (LISP) [17], [18], [19].
Nevertheless, the literatures above cannot be directly extended
to the UD-LSNs with not adequately considering the unique
characteristics of future UD-LSNs. Mobility management in
UD-LSNs is still in its infancy and remains technically chal-
lenging due to the following regards.

o Dual Mobility: In terrestrial networks, HO is primarily
caused by the movement of users, while both ground
users and satellites in motion will trigger HOs in
UD-LSNs, which will suffer frequent HOs under unrea-
sonable HO strategy.

1536-1276 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 12:25:24 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-5199-8865
https://orcid.org/0000-0003-0316-0475
https://orcid.org/0009-0003-9288-8931
https://orcid.org/0009-0000-2743-4595
https://orcid.org/0000-0002-6549-8917
https://orcid.org/0000-0002-5602-1738

324 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 24, NO. 1, JANUARY 2025

« Network Deployment: The UD-LSN has the characteris-
tics of large-scale, ultra-dense, posing great challenges to
network management architecture design and functional
entities deployment. Existing mobility management solu-
tions predominantly place functional entities in terrestrial
networks. However, the deployment of satellite earth
stations (SESs) is always uneven, limited and fixed.

e Massive Access Scenarios: The wide coverage of LEOs
and immense connectivity demands imply a rapid expan-
sion of potential user base, leading to a large number of
simultaneous HO. The average HO rate can reach 9912/ s
with the user density of 33.36/l<:m2 [11], which may
increase the processing burden and HO failure.

To address the aforementioned challenges, we design a
two-layer distributed mobility management mechanism based
on the grouping and clustering networking architecture [20].
Specifically, LEO satellites under the coverage of a same MEO
satellite are divided into one LEO group and each medium
Earth orbit (MEO) satellite as the global controller oversees
the satellites within its group, responsible for intra-group HO
logic, and also has access to a global network view to assist
with inter-group HO. Then several LEO satellites are further
selected as local controllers in each group, where each local
controller manages the satellites within its cluster, responsible
for intra-cluster HO strategy and user registration information
maintenance. Meanwhile, each access LEO satellite can also
be responsible for some simple HO decisions. According to
the relative motion law between users and LEO satellites,
we divide the HO into two types: the HO process from
the current access satellite to its adjacent satellites on the
same orbital plane is called on-orbit HO; otherwise, it is
off-orbit HO. In on-orbit HO, a user aggregation algorithm
is proposed to simplify the HO procedure and deal with
massive simultaneous handover request, which takes into
account the mobile characteristics of users and the available
resources of satellites to reasonably determine the aggregation
scale. On this basis, we devise lightweight HO procedures in
UD-LSNs to provide comprehensive assurance for seamless
HO in various mobility scenarios. The major contributions of
our paper are summarized as follows.

e« We develop a hierarchical distributed mobility man-
agement architecture (HDMMA) with flexible function
reconfiguration based on the grouping and clustering
networking architecture to reduce large-scale network
management complexity, where MEO with higher capac-
ity and LEOs with lower delay are combined into
the control plane to cope with the limitation of SES
deployment.

o We combine the mobility characteristics of satellite net-
works for HO classification and devise the lightweight
HO procedure (LHP) for different mobility scenarios.
On-orbit HO utilizes user aggregation to deal with mas-
sive simultaneous HO considering user traveling and
satellite resources, while off-orbit HO is further classified
into intra-cluster HO, inter-cluster HO and inter-group
HO based on the management areas the user’s previous
and subsequent access satellites belong to.

TABLE I
SUMMARY OF ACRONYMS

Acronym Description

LEO, MEO Low Earth Orbit, Medium Earth Orbit

CH, CM Cluster Header, Cluster Member

SES Satellite Earth Station

AS Access Satellite

p-AS, n-AS previous Access Satellite, new Access Satellite

ISL, GSL Inter-Satellite Link, Ground-to-Satellite Link

UD-LSN Ultra-dense LEO Satellite Networks

HO Handover

HDMMA Hierarchical Distributed Mobility Management
Architecture

LHP Lightweight Handover Procedure

MMF Mobility Management Function

BCE Binding Cache Entry

PBU, PBA Proxy Binding Update, Proxy Binding Acknowl-
edgement

HI, HAck Handover Initialization, Handover Acknowledg-
ment

RD, RS, RA Route Discovery, Router Solicitation, Router Ac-
knowledge

FlowMod Flow Modification

HS, HA Handover Solicitation, Handover Admission

o We conduct a comprehensive performance analysis of
the proposed architecture and procedures from three
aspects: signaling cost, handover delay, and buffered
overhead. Furthermore, extensive simulations are con-
ducted to verify the HO characteristics of UD-LSNs and
the superiority of HDMMA.

The rest of this paper is organized as follows. In Section II,
we summarize the related work. In Section III, we introduce
the characteristics of UD-LSNs and design the mobility man-
agement architecture. We propose the lightweight handover
procedure for various scenarios in Section IV. In Section V,
we develop significant key performance indicators (KPIs) for
HO performance evaluation. Simulation result is provided in
Section VI and Section VII concludes the paper. The acronyms
used in this paper are summarized in Table I.

II. RELATED WORKS

Most related works typically focus on HO strategy and
algorithm [21], [22], [23], but the architecture design and
procedure optimization are equally indispensable in practical
applications, especially in the emerging UD-LSNs completely
different from traditional terrestrial networks. Existing liter-
ature on mobility management architecture mainly draws on
solutions from terrestrial networks, which can be summarized
into three categories: MIP-based, LISP-based and distributed
methods.

A. Mobile IP Series Based Approaches

MIP series are the most widely used mobility manage-
ment solutions in legacy IP networks [24]. According to the
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responsible entities, MIP series can be divided into host-based
mobility management protocols including MIPv6, Hierarchi-
cal Mobile IPv6 (HMIPv6), Fast Mobile IPv6 (FMIPv6)
and network-based mobility management protocols such as
Proxy Mobile IPv6 (PMIPv6), Fast Proxy Mobile IPv6
(FPMIPv6). [25] reported a performance evaluation analysis
and comparison about the existing IPv6 mobility manage-
ment protocols and proposed that the HO performance of
all mobility approaches is greatly affected by the network
topology. Considering the differences with static terrestrial net-
work environments, [13] conducted formulaic and numerical
analysis on MIPv6 and FMIPv6 in LEO satellite networks,
which found that an effective HO prediction mechanism
is crucial to improve the HO performance. To support the
LEO satellite motion behavior, [14], [15] proposed enhanced
mechanism with the basis of MIP series in satellite networks.
Specifically, two HO mechanisms were designed in [14],
where flexible agent aims to reduce the burden of the fixed
home satellite moving far away and aggregate HO can relieve
the control signaling storm caused by continuous, frequent
and global HOs. In response to the IP mobility support
in LEO satellite networks, [15] proposed a network-driven
mobility (NDM) management solution, which makes full use
of satellite motion patterns and cooperate with terminal-driven
methods for robust consideration. Reference [26] summarized
the extended applications and limitations of IP-based standard-
ized mobility management protocols in future LEO satellite
constellations, and proposed that the deterministic aspects of
LEO mega constellation and fixed terminal can be used to
support mobility management. Reference [27] analyzed the
application and challenge of the existing mobile IP proto-
col in satellite networks, and put forward the optimization
directions for mobility management supporting satellite access.
Essentially, MIP-based mobility management is a centralized
method, where all control signaling and data forwarding rely
on a central anchor point to deal with, leading to the single
point of failure, reliability and scalability issues. Especially in
future UD-LSNs with limited computational capacity, highly
dynamic and large scale, it is infeasible to directly transplant
the ground-based IP mobility solutions.

B. Loc/ld Seperation Based Approaches

In the MIP mechanism, IP address serves not only as the
identification for users, but also indicators of location informa-
tion. The dual role of IP address is regarded as the root cause
hindering mobility support and limiting network scalability.
To address the above issues, LISP [28], [29] methods have
been put forward. Reference [17] proposed the LISP-LEO,
a LISP based mobility management protocol for LEO satellite
networks. In LISP-LEO, terminal address need not be changed
during the HO since the location information of the new
address represents the terminal partition on the Earth. Home
agents in MIP may be far away from terminals, while service
satellites in LISP-LEO are always located near terminals, thus
avoiding triangular routing. Considering the high mobility
of satellites, an indirect binding scheme based on virtual
attachment point was proposed in [18] to solve the frequent
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binding updates. The virtual attachment point was kept fixed
with respect to the ground, thus reducing the complexity and
signaling cost. Reference [19] introduced the application of
LISP in aeronautical communication system consisting of both
satellite and terrestrial networks. The LISP protocol is used to
support multi-homing mobility and reduce the transmission
delay and packet loss in HO process. However, LISP-based
mobility management methods require additional location
resolvers. Placing the resolver on the ground will introduce
extra delays in location updating and resolution, while placing
on satellites may lead to inter-satellite link congestion due to
the mapping records propagation. Moreover, since LISP is not
fully compatible with IP-based networks, it is necessary to
fully consider the backward compatibility with IP system in
practical applications.

C. Distributed Approaches

Distributed mobility management (DMM) proposes the
decentralized deployment of multiple anchors near users to
overcome the limitations of centralized management [30], [31].
Aiming at dynamic topology of LEO satellite networks, [16]
presented a virtual distributed mobility management mech-
anism called VMIPv6, where a virtual agent cluster is
formulated to co-manage users in the corresponding virtual
agent domain and HO only needs to update intra-domain rela-
tions, thereby reducing HO overhead and delay. Reference [32]
proposed a MEO-assisted distributed mobility management
architecture, where a dual location area including satellite
area and user area was designed to accommodate the distinct
mobility patterns of LEOs and users. Meanwhile, a low-
cost location update and paging algorithm was proposed to
effectively reduce the overhead and latency of the mobility
management. In [33], a distributed mobility management
architecture for satellite-terrestrial integrated networks was
proposed including network, protocol, function implementa-
tion and HO process, which introduces geostationary Earth
orbit (GEO) and MEO together with the ground mobil-
ity management functions (MMFs) to provide better HO
delays and lower signaling overheads. Under the architecture,
a dynamic mobility management node selection algorithm
based on distributed multi-agent reinforcement learning was
proposed in [34], so as to achieve high timeliness and low-cost
mobility management in mega LEO satellite constellations.
Reference [35] proposed a secure distributed location man-
agement (DMM) scheme for LEO-satellite integrated vehicular
network, which has lower computational and communication
overhead while protecting privacy. Reference [36] proposed a
distributed lightweight stateless satellite core network archi-
tecture, combining LEO, GEO satellite and terrestrial core
network, where an online algorithm was proposed to solve the
distributed deployment problem of multiple network functions.
Reference [37] proposed a distributed location management
with low synchronization overhead and fast lookup response
based on split identifier and network address, combining GEO
and LEO to provide natural mobility support. The above DMM
based methods allow the placement of mobility management
functions as needed, which effectively enhances network
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scalability and flexibility and is the preferred choice for future
large-scale satellite networks.

Although one or another of the aforementioned approaches
show some potential when applied to satellite networks, they
are not the case for the next generation of UD-LSNs. Many
challenges will be encountered with mobility management in
UD-LSNs due to the ultra-dense deployment of mega con-
stellation and the high dynamic of LEO satellites. Moreover,
considering the explosive growth of HO demands and diverse
access options, the placement location and processing capa-
bility of mobility management functional entities are under
immense pressure. At the same time, it is required that the HO
procedure should be completed with the minimum signaling
overhead as quickly as possible to ensure seamless service
transition. Hence, it is crucial to devise a flexible distributed
mobility management architecture to adapt the high dynamic
and large scale features for the next generation of UD-LSNs,
and develop lightweight mobility management procedures so
as to ensure service continuity and improve the QoS of users.

III. ARCHITECTURE DESIGN

In this section, we first analyze the unique characteristics
of UD-LSNs, which bring new opportunities to the design of
mobility management. Then mobility management architecture
named HDMMA are introduced in UD-LSNs.

A. Mobility Management Opportunity in UD-LSNs

The differences between UD-LSNs and terrestrial network
are considered as the fundamental factors that hinder the appli-
cability of existing mobility management solutions to satellite
networks. On the other hand, the unique characteristics of
UD-LSNs will bring opportunities for mobility management,
which are summarized here.

o Network Motion Regularity: Taking the Starlink Phase I
satellite with an orbital altitude of 550 km as an example,
its motion speed is about 27,697 km/h [5], while for
ground users, pedestrian travel at 5 km/h and the speed
of vehicles is about 40 - 80 km/h [14]. Compared with
the high-speed movement of LEO satellite, the ground
user mobility can be considered negligible, so the HO
is primarily triggered by satellite motion in UD-LSNs.
Unlike the intermittent, localized, and random nature of
user mobility patterns, satellite movement exhibits conti-
nuity, regularity and periodicity, which can be leveraged
to simplify HO model and decision.

o Non-terrestrial Management: Compared to SES, MEO
satellite has broader coverage, unlimited deployment and
higher capacity, making them more suitable as MMFs in
satellite networks. Additionally, with the enhancement of
satellite processing capabilities, LEO satellites can also
provide partial MMF services. In our previous work [20],
a dual-layer MEO/LEO grouping and clustering based
network model have been proposed, which can signifi-
cantly improve the management efficiency of large-scale
networks. In line with this model, we design a mobil-
ity management architecture to reduce the management
complexity in UD-LSNs.

o User Aggregation Handover: Users in close geograph-
ical proximity tend to be within the coverage range of
the same satellite, thus having similar HO decisions.
This means that users within the coverage range of
the same satellite are about to collectively switch to
the next same one. With the rapid increase of LEO
satellite network access density, making individual HO
decisions for massive users at the same time would incur
significant overhead with a large number of repeated
signal exchange. Therefore, we can aggregate geograph-
ically close users together to perform HO collectively
to simplify HO process and share the decision-making
overhead.

B. Handover Classification

According to the network motion regularity in the UD-LSN,
satellites on the same orbit will generally pass through the
same target area in sequence within a short period of time.
Due to the wide coverage characteristics of LEO satellites,
the duration of successive coverage by satellites on the same
orbital plane over the same target area on Earth remains
relatively long, even considering the influence of Earth’s
rotation. We define the on-orbit coverage probability p as the
probability that one target area will be covered by at least
one satellite on the same orbital plane during a given period.
Otherwise, it is the off-orbit coverage probability, which is
equal to 1 — p. The regularity of satellite passive motion and
the intensity of user motion will affect the value of p. Based
on the analysis above, it holds p > 1 — p, which will also be
verified in later simulation.

As shown in Fig. 2, LEO satellites have relatively short
coverage time over a certain area of the Earth’s surface due
to their lower altitude. To ensure continuous coverage of a
target area, multiple satellites on the same orbital plane are
typically used to take turns serving as access points. When
one satellite leaves the coverage area, another satellite on the
same orbital plane takes over, which is called the on-orbit
HO. The on-orbit HO probability refers to the probability
that a target area will switch from the current satellite to
another on the same orbital plane within a given period.
Otherwise, it is the off-orbit HO probability, and the sum of
off-orbit HO probability and on-orbit HO probability is equal
to 1. In general, the on-orbit HO is a relatively simple HO
logic, which only involves the information exchange between
adjacent satellites on the same orbit. Given the ultra-dense
deployment of mega constellations, users are usually in the
coverage range of many satellites, facing the problem of
multiple access point selection. To minimize the HO cost, it is
better to switch between adjacent satellites in the same orbital
plane, known as the on-orbit HO. Under this HO strategy,
the on-orbit coverage probability is equal to the on-orbit HO
probability.

In other words, when satellites on the same orbital plane
can cover a certain area on Earth, the service satellites for
that area are all located on the same orbital plane, indicating
that on-orbit HOs accounts for a large proportion. Hence, users
undergo on-orbit HOs in general circumstances. Additionally,
taking into account some special cases, users can switch
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Fig. 1. HDMMA for UD-LSNs.

from the current satellite to satellites on other orbital planes,
when the off-orbit HO occurs. For example, users move so
fast that are out of the coverage of all satellites on the
same orbital plane, like civil aircraft. And users may have
higher QoS demands, such as poor experience due to an
excessive number of service users on satellites within the same
orbital plane. In addition, factors like the cumulative effects
of Earth’s rotation or on-orbit satellite failures and same orbit
inter-satellite link (ISL) interruptions must be considered.

C. Management Architecture

Based on the clustering and grouping, we introduce the
two-layer distributed mobility management architecture with
flexible function configuration. As shown in Fig. 1, we con-
sider a network scenario including MEO segment, LEO
segment and user segment. Each network segment has partial
or full mobility management function. In such a large-scale
network composed of thousands of LEO satellites, LEO satel-
lites are grouped and each group is managed by an MEO
satellite. Furthermore, each group performs clustering, where
cluster member (CM) LEO satellites are managed by each
cluster head (CH) LEO. In UD-LSNs, several mobility-related
functional entities are described as follows.

o User Segment: The user segment consists of cellular
systems, a limited number of fixed SESs, and massive
users. When encountering situations such as satellite
malfunctions, insufficient computational power or the
need for human intervention, the SESs will act as the
global controller to deal with. Initially, a user gets access
to a certain LEO satellite for Internet service. When the
user leaves the coverage of its previous access satellite
(p-AS), it establishes a connection with a new access
satellite (n-AS) to ensure service continuity.

LEO Segment: In each cluster, CM LEO serves as an
access point, providing connectivity to users within its
coverage. Meanwhile, CM LEO maintains the routing
table and is responsible for the forwarding of arriving
packets. Additionally, CM LEO can also handle certain
simple mobility logic, such as on-orbit HO strategy.
CH LEO serves as the local controller, responsible for
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off-orbit intra-cluster HO strategy, routing strategy com-
putation for its CM LEO and user registration information
track by Binding Cache Entries (BCEs).

MEO Segment: As the global controller, MEO satellite
takes charge of inter-cluster and inter-group routing cal-
culation and deals with complex mobility logic and HO
decision, such as off-orbit inter-cluster and inter-group
HOs. Each MEO also disseminates control signaling by
information exchange with CH LEOs. Moreover, MEO
satellite can communicate with adjacent MEO satellites
and coordinate with each other to obtain a net-wide
perspective through network status and traffic information
share in real time, ensuring the efficient maintenance,
management and operation of the network.

IV. HANDOVER PROCEDURE

When a user leaves the coverage of its current access
satellite (p-AS), HO process is triggered to ensure service
continuity. Under the proposed HDMMA, we design the
lightweight handover procedure named LHP. To support seam-
less HO in various mobility scenarios, the procedures for
on-orbit HO and off-orbit HO are designed respectively.
In order to facilitate the implementation of our procedures,
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LHPs are designed drawing on the classical MIPv6 [25] and
some SDN-based distributed HO procedures [38], aiming to
ensure compatibility between future UD-LSNs and terrestrial
IP networks and support the satellite-terrestrial integrated
network.

A. On-Orbit Handover

It is worth noting that since the on-orbit HO is a relatively
simple mobility management logic, the AS is allowed to
perform HO decisions without uploading to the controller,
which significantly simplifies the procedure. In case of a HO
indication, such as the received signal strength from the p-AS
is much lower than that from on-orbit LEOs (n-AS), the
on-orbit HO is triggered. The whole HO process consists of
two parts. The first part is HO preparation, where HO decision
is made by the p-AS, user binding update is performed by the
CH LEO and buffered data is transferred from the p-AS to
n-AS. The second part is HO execution, where user connects
to the n-AS and maintains its ongoing sessions. The following
procedures are executed as shown in Fig. 3.

« First, user sends an L2 report to the p-AS including its
identifier and received satellite signal strength.

o Upon receiving the report containing the information of
its neighboring LEO in the same orbit, p-AS will make a
HO decision for on-orbit HO and send a HO Initialization
(HI) message to the adjacent satellite, i.e. n-AS.

o After receiving the HI, n-AS allocates resources for the
upcoming user and sends a Proxy Binding Update (PBU)
message to its CH LEO for binding information update.
When two neighboring LEOs in the same orbit belong
to different clusters, the p-AS also sends PBU to the CH
LEO within its cluster upon detecting user separation.

o Upon receiving the PBU, CH LEO updates the user’s
binding information in the BCE and responds to the n-AS
with a Proxy Binding Acknowledgement (PBA) message.

o The n-AS replies a HO Acknowledgment (HAck) mes-
sage to the p-AS when receiving the PBA message. At the
same time, the p-AS sends the buffered data of the user
to the n-AS, thus avoiding the packet loss.

o Upon receiving HAck, p-AS sends the user a Route
Discovery (RD) message to inform of the upcoming AS.

e In HO execution, the user sends the n-AS a Router
Solicitation (RS) message to request connection.

e The n-AS responds with an Router Acknowledge (RA)
message to user upon receiving the RS. The previously
requested packets can continue to be forwarded to the
user, thus restarting the communication service.

Algorithm 1 User Aggregation Algorithm

Input: User set &/, Maximum available resources R, 4,
Maximum distance threshold 6,,,,..
Output: Aggregation results A.
1: Initialize the set ¢ = U, A = 0, Flag=TRUE;
2: while Flag do
3:  Calculates the distance between every two
user classes in the user classes set ¢;
4. Select the two user classes c,,, ¢,, that have the

smallest distance ¢, ¢, = arg min Dist; ;
i,

and the same target satellite;

5. if Distyyn < aq then

6: if Ry + Ry, < Ryas then

7: Cm + Cp — C;

8: Calculate the average value as the attributes of
the new class after ¢,,, and c,, are merged;

o: else if R, + R. = R..q. then

10 Cm +cn — A,

11: Move ¢,, and c¢,, out of c;

12: else

13: Cmt+cn—A— A, \N—c¢

14: Calculate the average value as the new class

attributes after c,, and c,, are partly merged;
15: end if

16:  else
17: ¢ — A, Flag=FALSE,;
18:  end if

19: end while

What calls for special attention is that in the on-orbit
HO, user aggregation HO is employed to distribute the
decision-making cost and handle massive HOs. A user aggre-
gation algorithm named UAA is described in Algorithm 1
[39]. Taking into account the mobility characteristics of users
and the available resources of satellites, the algorithm can
appropriately determine the scale of user aggregation to avoid
the additional signaling overhead and HO failure. Initially,
each user is considered a class, i.e., ¢ = U, where ¢ stands for
the set of classes. In each iteration, the correlation between
each two classes in ¢ is measured based on their mobility
attribute. Generally, users in close proximity with the same
speed tend to trigger HO to the same satellite at the same
time. Therefore, user’s location vector p and velocity vector
v are adopted as the aggregation attributes. The correlation
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between the user classes c¢; and c¢; can be calculated using
Euclidean distance as follows.

Dist; j = \/(pci —p,) 4 (e, —ve,)°, Ve ey €e. (1)

Next, the two user classes are selected with the smallest
distance and the same target satellite in the set of user classes.
If the smallest distance is still larger than the maximum
distance threshold 6,,,., the user class set is added to the
aggregation result ¢ — A and the algorithm terminates. If the
strongest related user classes do not have the same target
satellite, they cannot be aggregated either. In aggregation
process, when the sum of resources required by the two
classes is more than the maximum resources R,,,;, users
whose demands are closest to but not greater than R,,,, are
regrouped and aggregated to .4, while the others A are added
to ¢. Typical resources include the bandwidth, storage and
power.

For each user class, the representative user utilizes Aggre-
gated HI and Aggregated HAck (AHI/AHAck) instead of
HI/HAck. Similarly, Aggregated PBU and Aggregated PBA
(APBU/APBA) are used in place of PBU/PBA. When other
users in the class need to handover, there is no need to repeat
the HI/HAck and PBU/PBA processes. It is assumed that all
users within the crowd are bound to handover to the same
LEO, while other exceptional cases will be considered in
off-orbit HO in the next part. Since the p-AS is aware of
all users’ ID currently connected, all users about to undergo
HO can be inferred, which is included in the AHI/AHAck
and APBU/APBA messages. Upon receiving AHI/AHACK, the
n-AS needs to allocate resources for all upcoming users. Since
the UAA has taken into account the relationship between
user requirements and available satellite resources, the n-AS
can always accommodate all users in the same class. In this
case, only one AHI/AHAck and APBU/APBA is required
to complete the HO initialization, confirmation, and binding
update processes for all users within the class, thus greatly
simplifying the HO process and reducing the HO overhead.

B. Off-Orbit Handover

In general, the off-orbit HO decision is relatively compli-
cated, especially in certain special cases that require targeted
discussions. Therefore, the AS, usually a CM LEO, cannot
undertake the responsibility for HO decision, which needs to
be handed over to the controller for processing. For off-orbit
HO, it further includes intra-cluster HO, inter-cluster HO and
inter-group HO according to the different locations of p-AS
and n-AS, so as to design tailored HO procedure.

1) Intra-Cluster Handover: If p-AS and n-AS are located
in the same cluster, intra-cluster HO occurs. Similarly, the HO
process contains two parts: HO preparation with HO decision
and route update and HO execution with user connection and
session maintaining. The procedures are shown in Fig. 4.

o In the HO preparation, user sends an L2 report to p-AS.

o If the L2 report does not contain information about

on-orbit neighboring LEOs or the user with high priority
requests higher QoS, the p-AS sends a Dereg PBU
message to the CH LEO in its cluster for HO decision.

329
AS AS Controller  LEOs between
User g " (CHLEO)  p-ASand n-AS
.{%ﬁ; @ ® @ S e? ?’l E%.
&
1 I I I
HO Indication | | |
12 Report | | |
1 1
; Dereg PBU :
| | |
HO | | HO Decision |
preparation | | |
| FlowMod | FlowMod FlowMod |
RD | | |
1
1 : Buffered Data ‘:
! I Buffered Dat; VI
HO Trigger | [ uffer ata \
| | |
RS | |
HO T | |
excuation RA | |
1 | |
Buffered Data | |
< i ] |
_ Data R |
< T > |
[ | |

Fig. 4. Off-orbit intra-cluster HO Procedure.
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Fig. 5. Off-orbit inter-cluster HO Procedure.

o The CH LEO, which has the network information of the
entire cluster, can select a more appropriate AS for
the user within the cluster. After making HO decision,
the CH LEO will update the BCE. Meanwhile, the CH
LEO calculates the optimal route between p-AS and
n-AS, and sends Flow Modification (FlowMod) messages
to the satellites involved in the route to update their
forwarding rules. As a result, the buffered packets on the
p-AS can be forwarded to the n-AS.

¢ Upon receiving the FlowMod, the p-AS is informed about
the n-AS and then replies the user with an RD message.
Meanwhile, the n-AS allocates resources for the user.

o The user sends an RS message to the n-AS for access
request, and the n-AS promptly responds with an RA
message. Consequently, the data packets previously trans-
mitted from p-AS to n-AS can continue to be forwarded
to the user, thus guaranteeing seamless service.
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Fig. 6. Off-orbit inter-group HO Procedure.

2) Inter-Cluster Handover: Inter-cluster intra-group HO
occurs if p-AS and n-AS are in different clusters but in the
same group. As shown in Fig. 5, we describe the HO process
with HO preparation and HO execution in the following
procedures.

o Firstly, the user sends its L2 report to the p-AS.

« If all satellites in the cluster where the p-AS belongs to
are not included in the report or do not meet user’s QoS
demands, the p-AS and its CH LEO are unable to make
suitable HO decisions for the user. At this time, the p-AS
sends a Dereg PBU message to its CH LEO (p-CH), and
then the p-CH will send a Dereg PBU-C message to the
MEQO in its group to request HO decisions.

o The MEO holds the complete network view of the group,
so it can select the appropriate n-AS within the group.
Upon the decision-making, the MEO simultaneously
sends FlowMod to the CH LEOs in the cluster of both the
p-AS and n-AS to update the user binding information as
well as the intra-cluster routing information.

o Afterwards, the p-CH and n-CH send FlowMod to the
relevant satellites in their respective clusters according to
the optimal routes between p-AS and n-AS calculated by
the MEO. This allows the buffered data packets on the
p-AS to be forwarded to the n-AS.

o The p-AS will respond an RD message to user about the
HO decision, while the n-AS reserves resources.

o The connection between the user and n-AS will be estab-
lished through RS/RA messages; Thereafter, the n-AS
forwards the received buffered packets to the user.

3) Inter-Group Handover: There occurs inter-group HO if
p-AS and n-AS are in different groups. In Fig. 6, we describe
the HO process with HO preparation and HO execution in the
following procedures.

« Firstly, user sends its L2 report to the p-AS.

o When there is no on-orbit adjacent satellite information
in L2 report, p-AS will send Dereg PBU message to
its CH LEO (p-CH); Subsequently, if p-CH finds that
none of satellites in its cluster are included in the report,

it sends a Dereg PBU-C message to the controller of its
group (p-MEO); Then, when p-MEO discovers that all the
satellites in its group cannot satisfy user’s QoS demands,
it will negotiate with other MEOs to get global view and
make HO strategies. Afterward, the p-MEO sends a HO
Solicitation (HS) message to the n-MEO.

o Upon receiving the HS message, n-MEO replies with a
HO Admission (HA) message to the p-MEO.

e The p-MEO and n-MEO send FlowMod to the p-CH and
n-CH respectively to update their BCEs.

¢ Subsequently, p-CH and n-CH send FlowMod to the
satellites involved in their respective clusters. Therefore,
the buffered packets can be forwarded to the n-AS.

¢ On receiving the FlowMod message, the p-AS sends an
RD to user to notify the n-AS, which allocates resources
for user at the same time.

e Therefore, the user establishes access to the n-AS via
RS/RA messages, allowing service.

V. PERFORMANCE ANALYSIS

In this section, we propose a performance analysis model
to theoretically evaluate the HO performance of the LHP
under the HDMMA from aspects such as signaling overhead,
HO delay, HO failure probability, and buffered overhead.

A. Signaling Overhead

It is evident that HO procedure involves signaling exchange
between users and satellites, which inevitably incurs signaling
overhead. The more the data amount of signaling message, and
the greater the number of hops involved, the higher the sig-
naling overhead. Therefore, we define the signaling overhead
as the product of the size of control message and the number
of transmission hops. In on-orbit HO, the HO procedure of
the representative user is different from the others in the
class, so signaling overhead needs to be calculated separately.
In addition, off-orbit HOs with three cases correspond to
different procedures and we discuss separately here.

1) On-Orbit Handover: For the on-orbit HO, both p-AS
and n-AS are within the visual range of user. Meanwhile,
since p-AS and n-AS are adjacent satellites, the distances
between them are all one hop. According to Fig. 3, for the
representative user in the on-orbit HO, the signaling overhead
can be calculated as follows.

Sr-1C
_ Pe I I I I Pc
=1 “(Lig+ Lrp + Lgs + RA)+1
—aq1 —q2
[Lapr +Lagack + Ho—cu - (Lapeu + Lappa)l,

2

where Lj;2, Lrp, Lrs, Lra, Lanr, Lagack, LapBu,
L 4ppa are the size of L2 report, RD, RS, RA, AHI, AHACK,
APBU, APBA message respectively; qi, go represent the
packet loss rate of ground-to-satellite links (GSLs) and LEO
ISLs respectively; p. is the link control weight; H,,_cpg
indicates the number of hops between n-AS and its CH LEO.

However, when the p-AS and n-AS belongs to different clus-
ters, they both need to send APBU/APBA messages to their
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respective CH LEO, at which point the signaling overhead for
the representative user is calculated as

SrR-1E

P pe

Cl-q 1—q
“[Lapr +Lanack + (Hu—cu + Hp—cH)
“(Lappu + Lappa) 3)

“(Li2+ Lrp + Lrs + Lra) +

where H,,_cp indicates the number of hops between p-AS
and its CH LEO.

For other users in the same class, they do not need the
signaling interaction between p-AS and n-AS as well as the
binding update, so their signaling overhead is

Sk—1c = Sh_15 = ﬁicql “(Lig+ Lrp + Lrs + Lra) -

“4)

2) Off-Orbit Handover: The off-orbit HO contains three
different signaling interaction flows, which are denoted as
follows.

a) Intra-cluster handover: According to Fig. 4, the sig-
naling overhead of the off-orbit intra-cluster HO is

Sp-1c
=1 ﬁcql (Liz + Lrp + Lrs + Lra)
prn
+1 fcq2 “ |Hp—cH - Lp-pBU + z:l by LEMod |

&)

where Lpproq and Lp_ppy indicates the size of FlowMod
and Dereg PBU message; H),_,, is the number of hops between
p-AS and n-AS; hy_,, is the hop number between the CH LEO
and the z-th LEO along the path from p-AS to n-AS.

b) Inter-cluster handover: In Fig. 5, the signaling over-
head of the off-orbit inter-cluster HO can be obtained as

Sp—IE
=1 pcq “(Lig2+ Lrp + Lrs + Lra)
-
Hyn
+ lfich - |Hp—cr-Lp-ppu+ Y hi - Lrnod
r=1
+ 1 ch -(2Lpmod + Lp—pPBU-C), (6)
- q3

where Lp_ppy—c indicates the size of the Dereg PBU-C
message and g3 is the packet loss rate of cross-layer ISLs
from LEOs to MEOs.

c) Inter-group handover: For Fig. 6, signaling overhead
of the off-orbit inter-group HO can be obtained as

Sp-1c
=1 fcql (Liz+ Lrp + Lrs + Lra)
Hy
+ 1 ﬁch - |Hp—cH - Lp-pPBU + z:l by - LEMod
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Pec
1—gs
Pec
1 —q4
where Lpys and Ly, indicates the size of HS and HA
message; g4 is the packet loss rate of ISLs in MEO segment.

“(2Lpmod + Lp—pPBU C)

+ “Hpy—pr - (Lus + Lua), @)

B. Handover Latency

It is the time interval during which a user cannot send or
receive any packets while it performs its handover between
different access satellites. We define the HO delay as the
time interval from the L2 disconnection (Link Down) to
the resumption of data communication (Link Up), which
includes the propagation delay, transmission delay and
processing delay of all signaling interaction during the HO
process. In fact, the interactions of signaling messages may
be synchronous. For example, when p-AS sends buffered
data to n-AS after HO preparation, the user may have
already received RA from the n-AS, thus completing the
HO excuation. Therefore, the HO latency calculation is not
simply the sum of all signaling transmission delays, where
time axis is used to illustrate various cases.

1) On-Orbit Handover: In the time axis, the upper part
represents the HO preparation and the buffered data handoff.
Here we denote Tf%— ;¢ as the time interval between user
sending the L2 report and n-AS receiving the buffered data.
The lower part mainly represents the HO execution, using
Tr_ ;o on behalf of the time interval between user sending the
L2 report and receiving the RA message. For the representative
user in the class, there are

Th 1c

= (l—l;]ﬁ + w1 +7LEO + LAIH qu;;%jCK
s (g e G )
crocn i ]

Th-1c

=Tprer2 + T2 + m + 2w, 9)

where Lpyr para indicates the size of buffered data in the
p-AS; Bi, B is the bandwidth of GSLs and ISLs in LEO
segment respectively; w;, wy is the propagation delay of GSLs
and LEO ISLs respectively; v, go represents the processing
delay of LEO; T}z is the interval between L2 report and
L2 Down, which is usually difficult to predict and calculate;
T75 indicates the interval between L2 Down and L2 Trigger.

By contrast, for other users in the same class, there is no
AHIVAHACK and APBU/APBA process, which are both in
HO preparation phase. Hence, the lower part 77, ;. is same,
while the upper part should be calculated as

Lo

Th o= —2
e Y
Lrp Lpur para }
+ max + wi, = + w
{(1—Q1)Bl ! (1—¢q2)Bs ?

(10)
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Fig. 7. Timing diagram under different HO.

According to Fig. 7(a), user will not send RS message until
it receives the RD, that is, the inequality should be satisfied

L Lo+l
as Tprerz + T2 2 g= 35, T w1+ 700 + “AE55 +

2&)2 —+ ui}% + w1.

The HO latency is the time interval from the L2 down to
the re-establishment of data communication, which can be
represented in the time axis as the time difference between
the larger of T}, ;. and T}_;~ and Tp..r2. However, the
timing of when n-AS receives the buffered data and when
user completes the HO cannot be determined precisely, which
is related to the buffered data amount. If T ;o > Th_ ;0
it indicates that when user receives the RA message and
connects to n-AS successfully, the buffered packets along the
original path have not been transferred from p-AS to n-AS.
At this point, user needs to wait until the buffered data reaches
n-AS before resuming communication. Otherwise, it means
that buffered packets reaches n-AS before user connects to
n-AS, so that user can re-establish the previous communication
with the n-AS immediately after receiving the RA. Hence, the
on-orbit intra-cluster HO latency can be represented as:

Tr-1c
Lrs+ L
Tre + ZhS T oRA + 2w17T]/-2—]C < T}/%,_]C
_ 1- Q%Bl
Tpo + 228 +Lra +2w1 + Th_ro — Th_ o, others.

(1—-q) B
(11)

However, when the p-AS and n-AS belongs to different
clusters, in addition to n-AS sending APBU/APBA to its CH,
p-AS also needs to send its CH LEO APBU/APBA messages.
Tr_p represents the time interval between user sending the
L2 report and n-AS receiving the buffered data, while 77, ;5
is the time interval between user sending the L2 report and
receiving the RA. In this case, only the upper latency of
the representative user in the class is different, which can be

(d) Off-orbit Inter-group HO

calculated as follows.

Thrp
— Aot upo + ALK oy,
L L
+ max { - 1;117) B, +wr, (113U_F;>)A§;4 +w2}
+max{Hn—cu,Hp—cu} LAI(Df[i —;)ngBA —+ 2w2} )

12)

The representation of other latency, such as the lower
latency for the first user T7,_; 5, the two-part latency for other
users and the total latency Tr_;p, are the same, so there is
no need to elaborate further.

2) Off-Orbit Handover: Similarly, HO latency also need to
be calculated in three cases. Indicating the upper part of the
time axis, 77, denotes the time interval between user sending
the L2 report and n-AS receiving the buffered data. As the
lower part of the time axis, T[’_ " is the time interval between
user sending the L2 report and receiving the RA message,
where [-] stands for different HO types, including intra-cluster
HO [D — IC], inter-cluster HO [D — I E], and inter-group HO
[D — IG].

/
TD—IC

Lo
= H,_
(1—Q1)Bl+W1+ pCH|:

+ Yom + max (hg_n) {

a) Intra-cluster handover: Comparing to Fig. 7(a), the
Lpey_pBU
(1 —g2) By

lower part in Fig. 7(b) is same, i.e., T/, ;o = Tp_;c and the
upper part can be calculated that
+ wz]
Lrmod }
e
(1-q)B

Lpur para
H _n el lebatilel ,
+wi, Hyp { (1—q2) Bs +we

Lgrp

+maxr § ———m————
{(1—Q1)Bl

13)
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where ~cop represents the processing delay of CH
LEO; max (h;”_n) is the maximum hop number between
CH LEO and the z-th LEO along the route from
p-AS to n-AS. Similarly, there is Tprer2 + T2 >

i e+ Hpon [TREEE bw| + qon +
Lryo Lpr
max (h;_n) [(1_?;)]‘;2 +(.d2:| + aghE T
b) Inter-cluster handover: The lower part of the time
axis satisfies that T/, = T/ ;o = Th_;o in Fig. 7(c),
while for the upper part of the time axis T, ;. there is

Tp_r&
L
= Wi+ H,cH [
(1—q)B: e
Lpeg PBU_C

(1 —4q3)Bs
+max (h;fn) [

Lpe

Deg PBU 2]

(1—q2) By
LFMod

— 1w
(1 - CIB) Bs ¥

+ws+vYmEO+

Lrnrod ]
EMed
1-q)B; °

L
iD +w17Hp—n |:

Lpur para
(1-q)B

+max
{ (1—q2) By

+unl |

(14)

where vyrpo represents the processing delay of MEO; Bs,
ws is the bandwidth and propagation delay of LEO-to-
MEO cross-layer ISLs respectively. Likewise, Tro satisfies
the inequality: Tprero + T2 > Th_jp + (I_Lq% +w —

L L
mex { 2885 + w1, Hpp [ “GLBEL + o) }.
c) Inter-group handover: In the same way, we have

/! _ u _ /! _ 1 : M
T5 1 =Tp_ 15 =Tp_;c =Tr_; in Fig. 7 and

Tp-1c
= (l—Lqﬁ +wi+Hp_cH [(LlD_egq:)%UZ -Hm]
DuLBL st ynmo-+ TRk
+(1€F;Z;tj33 +ws+max (h2_,) [(ILFZ;dBZerQ]
+maz {(1 f;D) B +wi, Hy_p, [lgUFqSABTQA —|—w2} } .

15)

where B, and w, represents the bandwidth and propagation
delay of ISLs in MEO segment respectively. The inequality
here is satisfied, i.e., Tprer2 + Tr2 > ThH_1o + qu% +

_ _Lrp Lpur pATA
w1 mam{(l I)Bl—i—wl,Hp_n (=a)Bs + wal ¢.

In summary, the HO latency of the off-orbit HO is given
by Eq.(16).

L L
Ty + ZRS T ORA | 2w, T} < T
T = foa)B
Tro+ 25 RA 4 9 + T[’,] — T[’_'],other.

(16)

C. Handover Failure Probability

When the time a user stays within the coverage area of the
new access satellite is less than its HO time, the HO for the
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user is failed. There are several reasons for HO failure, such
as poor channel conditions due to signal-to-noise deterioration,
HO request rejection due to unavailable resource. Suppose that
Tr denotes the user residence time with its probability density
function fg(t). Here Tro is used to represent HO delay uni-
formly, whose specific form under different cases is shown in
the previous section. For convenience in analysis, we assume
that the HO delay Tyo follows an exponential distribution
with its cumulative distribution function Fyo(t) and its mean
value E [Tgo]. Then the handover failure probability [25],
[40] can be denoted as

iy = Pr(Tuo > Ti) = [ (1= Fuo(0) - fult)it
0
— /'I”I"E [THO]
1+ /»L/)"E [THO] ’
where p, represents the coverage cross rate for the user.

Similar to [24] and [41], u,. can be expressed as follows,
considering the circular coverage area of the satellite.

2v
mRLEO’

a7

My = (13)
where Ry po is the coverage radius of the LEO satellite. For
ease of calculation, v is the vector sum of user’s active speed,
the Earth’s rotation speed and the LEO satellite’s orbital speed
assuming that LEO satellite is static.

D. Buffered Overhead

It’s necessary to buffer data at either the new or old access
satellite during the HO process. The required buffering space
for one user is directly proportional to the buffered data
amount and the HO delay, so the buffered overhead is defined
as the product of the data amount buffered at access satellites
and the HO delay.

Cp=py- A Tuo® Lpara, (19)

where A is the average packet arrival rate for the user, Lp a1 4
represents the size of data packet and p; is the weight factor
for buffered cost.

Buffered data need to be transferred between the previous
and current access satellites, so the transmission cost of
buffered packets is denoted as the product of the buffered
data amount and the number of hops between the previous
and current access satellites. Here pg is the weight factor of
data plane.

Ci=pa-A-Tuo -Lpara Hp_n. (20)

VI. SIMULATION RESULTS

In this section, we conduct numerical simulations to eval-
uvate the HO performance of the proposed LHP under the
HDMMA based on the KPIs developed in the previous section.

For the MEO satellite segment, 12 MEO satellites are
used for network management, where the orbit configuration
is designed by 4 x 3 with an altitude of 12,000 km and
an inclination of 60°. Taking the SpaceX’s first-generation
Starlink project as an example, the LEO satellite segment
comprises 11,927 LEO satellites to provide ubiquitous network
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TABLE I

SIMULATION PARAMETER SETTINGS
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Notation Description Value
Lis, Lrp The size of L2, RD 52 Bytes
Lrs, Lra The size of RS, RA 52 Bytes
Lagr, Lagack  The size of AHI, AHACK 72 Bytes
Lappu, Lappa  The size of APBU, APBA 72 Bytes
Lrnyod The size of FlowMod 172 Bytes
Lp_pBU., The size of Dereg PBU, Dereg 72 Bytes
Lp_pBU-C PBU-C
Lys, Lga The size of HS, HA 52 Bytes
q1, 92, 43, q4 The packet loss rate of links 0.05
B1, By The bandwidth of GSLs, cross-  [3, 5] Mbps
layer ISLs in control plane
B2, Bs The bandwidth of ISLs in con-  [2, 4] Mbps
trol plane
Tpre The time interval from L2 link 30 ms
down to L2 link trigger
YLEO, Ycm, The processing latency of  [50, 100] ms
YMEO LEO, CH LEO, MEO satellites
Nmaz The maximum number of 150
satellites in one cluster
Lpara The size of data packet of 98 Bytes
users
A The average packet arrival rate 10 packets/s
of the flow
Vuser The average velocity of ground [0, 200] km/h
users
! "I I Starlink |
[ starlink It
099} [ starlink 11l

On-orbit Satellite Coverage Probility
2
9

o
©
@

il R

5 50 100 150 200
UT Velocity

Fig. 8. On-orbit satellite coverage probability.

services globally [42], [43]. The satellite network topology
is generated from Satellite Tool Kit (STK). For the ground
segment, 232 ground stations are distributed worldwide with
real location data and we consider the HO situation that
users located in the Harbin, China [45°76'N, 126°64'E]
may experience when using satellite Internet. The size of
various signaling messages involved in the HO procedures
are set according to [25], [38], and [41]. Detailed simulation
parameters and system settings are listed in Table II.

A. Handover Characteristics in UD-LSNs

Firstly, we validate
the UD-LSNs through

the handover characteristics in
simulation experiments. Here,

)
3

=)
3

Average Number of UTs in One Class
IS o ©
15 & 8
T T T

n
S
T

50 100 150 200 250
Maximum Available Resource of LEO (Mbps)

Fig. 9. User aggregation scale.

Starlink I, II and III are employed as access points, with
1584, 4409 and 11927 LEO satellites. The ground user moves
within the geographical region of [10°N, 13°N], [0°FE,
5°FE], whose traveling pattern obeys the Gaussian Markov
Mobility Model. Initially, each user selects the access satellite
according to the Shortest Distance Principle, and the positions
of users and satellite constellations are updated in each time
interval T' = 1s based on their respective motion models.
The statistical probability of users being covered by on-orbit
satellites over a period of 7" = 2000s is shown in Fig. 8.
Representative users are selected for observation with speed
of [5, 50, 100, 150, 200] km/h and the coverage probability
of on-orbit satellites is all above 0.94. The greater user’s
active motion intensity with higher speed, the smaller the
on-orbit satellite coverage probability.

B. Handover Procedure Evaluation

Subsequently, we evaluate the performance of the UAA.
There are 1000 users moving at the speed of [0, 40] km/h,
where the users’ bandwidth requirements are randomized
within [0, 3]Mbps with the maximum available bandwidth
of the satellite R,,,. = 120Mbps and minimum correla-
tion threshold 6,,;,, = 0.8. Fig. 9 shows the average user
aggregation scale under different available bandwidth and
distance thresholds. The average user number in one class is
constrained by both the available bandwidth R,,,, and the
distance threshold 6,,,,.. As one of them grows, the average
user aggregation size increases, but is still constrained by the
other.

We then evaluate the HO performance of the LHP. Fig. 10
illustrates the signaling overhead of on-orbit HO under differ-
ent numbers of HO users. Here, Hop represents the number
of hops between the AS and the CH LEO satellite. Under
the same user amount and hops, user aggregation HO can
significantly reduce signaling overhead. This is because the
representative user completes the HO confirmation and binding
update process for all the others in the class only by using the
original workflow. Particularly, there are signaling interactions
between AS and CH LEO during the binding update, which
usually involves message delivery among multiple hops and
occupies a major portion of the signaling overhead. Through
user aggregation HO, users within the class can share the
signaling overhead together, resulting in less impact from the
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Fig. 11. Signaling overhead vs. SMRs.

number of users and hops. Furthermore, it can be seen that the
more HO users within the same class, the greater the signaling
overhead saved by adopting user aggregation HO.

Fig. 11 illustrates the variation of signaling overhead under
different Session Mobility Ratios (SMRs) for on-orbit HO with
and without user aggregation, as well as for off-orbit HO under
three scenarios. SMR represents the ratio of session rate to
network mobility. The smaller SMR indicates higher satellite
mobility, corresponding to increased frequency of HOs, which
leads to larger signaling overhead in all cases. Under the
same p-AS and unit user SMR, the signaling overhead of
on-orbit HO is much less than off-orbit HO. In on-orbit HO,
the signaling overhead with user aggregation HO is less than
non-aggregation HO. In off-orbit HO, signaling overhead for
intra-cluster HO is smaller than inter-cluster HO, which is less
than inter-group HO. It is because when the difference between
the p-AS and n-AS is larger, the corresponding signaling
interactions and transmission distances increase, resulting in
larger signaling overhead.

Fig. 12 shows how HO delay varies with the number of
HO users in the on-orbit HO. As the number of HO users
grows, the total HO latency also increases, but not in direct
proportion. This is because the link bandwidth resources
allocated to each user decrease with more users, leading to
an increase in average HO latency. Although more signaling
overhead can be saved by increasing the number of HO users,
as shown in Fig. 10, the average HO latency for each user
will increase. Thus, it may not be wise to blindly increase the
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number of HO users, and a tradeoff needs to be made between
the HO delay and signaling overhead. Clearly, aggregate HO
can bring improvements in HO latency. Under the smaller
buffered data amount, for example, 4 Kb and 8 Kb, different
data amounts may result in the same HO latency. However,
when the buffered data amount exceeds the critical point,
such as 8 Kb and 32 Kb, the larger the data amount, the
longer the HO latency, the reason for which will be analyzed
in Fig. 14.

When a user has moved out of the coverage area of the
satellite to be accessed within the HO latency, the handover
fails. Fig. 13 shows the relationship between the HO failure
probability and the average HO latency when on-orbit HO
occurs, where stationary users at the equator of the Earth’s
surface are selected as the research object. It can be observed
that the larger the HO latency, the greater the probability of
HO failure. At the same time, the larger the satellite’s coverage
radius, the smaller the probability of HO failure.

Fig. 14 displays the variation of HO latency of a single
user with the size of buffered data under different HO sce-
narios. Here T1 represents the upper part in the time axis,
including HO preparation and buffered data delivery, thus
being proportional to the buffered data amount. On the other
hand, T2 indicates the lower part, which contains the HO
execution and is independent of buffered data amount. The
total HO latency is determined by the larger of the two. When
buffered data amount is small, T1 is relatively short and the
total HO latency mainly depends on T2. As the buffered data
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Fig. 14. Handover latency vs. different buffered data.

amount increases, T1 gradually begins to dominate the total
HO latency. As a result, for all the HO scenarios, the total
HO latency remains constant initially and then increases with
the grow of buffered data amount. We define the buffered data
amount at which the total HO latency starts to be influenced
as the critical data amount value. The critical point is the max-
imum amount of buffered data that has the minimum impact
on HO latency. By comparison, the critical data amount value
for on-orbit HO is significantly larger than that for off-orbit
HOs.

C. Management Architecture Evaluation

According to Fig. 11, the signaling cost of on-orbit HO
are much smaller than off-orbit HO. As can be seen from
Fig. 8, users always remain within the coverage range of
satellites on the same orbital plane. To minimize the handover
cost, the proposed architecture takes the on-orbit coverage
probability p as the proportion of on-orbit HO. In the
off-orbit HO, the probability of intra-cluster HO, inter-cluster
HO and inter-group HO depends on users’ demands and
speeds, which is set to the same.

Fig. 15(a) and Fig. 15(b) show the variation of signaling
overhead and HO latency with respect to the on-orbit HO
probability. There are 150 users, and the probability of intra-
cluster, inter-cluster and inter-group HO accounts for all the
off-orbit HO probability respectively. In this case, the signaling
overhead for inter-group HO is the highest, followed by inter-
cluster HO, and intra-cluster HO has the smallest signaling
overhead. On-orbit HO is more likely to occur with higher
p, which can greatly reduce the signaling overhead. When
p equals 0, there is only off-orbit HO, corresponding to the
maximum overhead. On the other hand, p = 1 indicates all
HOs are on-orbit with the least overhead as demonstrated in

Fig. 11, and the signaling overhead for the three types HOs
tends to be the same. The same trend applies to HO latency.

Fig. 15(c) and Fig. 15(d) depict the signaling overhead
and handover delay under different satellite clustering modes
respectively. Here, the on-orbit HO probability is set to p =
0.95, and the number of HO users is 150. The front-to-back
satellites are the same for on-orbit HO, intra-cluster HO and
inter-group HO. Due to the different clustering modes, the
target HO satellites in inter-cluster HO will be different. It can
be seen that even for the same HO type with the same previous
and target satellites, the signaling overhead under different
clustering modes is different. It is because the clustering
mode affects the selection of CH LEOs and the network
topology and routing within the cluster will change. When
the maximum number of satellites in one cluster increases,
the control signaling interaction may experience more hops,
leading to larger overhead. However, signaling transmission
has more chance to select fewer hops due to the larger cluster
scale and more complete network topology, so the signaling
overhead will be reduced under N,,,, = 450. The analysis is
the same for HO latency.

The signaling overhead and HO latency under different
mobility management architectures are shown in Fig. 15(c)
and Fig. 15(d). In SES-based MMA, the SES serves as the
controller for the UD-LSNSs, responsible for handling all types
of mobility logics for all satellites within its management
scope, such as HO decisions and binding updates, while MMFs
are located on MEO satellites in the MEO-based MMA, with
each MEO acting as a controller to make mobility strategies
for LEO satellites within its coverage area. The HO procedure
in the both MMA adopt the SDN-MM [38]. It can be seen
that our HDMMA exhibits the lowest signaling overhead.
Meanwhile, the SES-based MMA incurs higher overhead since
all control messages need to be transmitted to the fixed BSs
on the ground for processing. In the MEO-based MMA, all
HO decisions and signaling processing are handled by the
MEOs. However, considering the limited number of satellite
antennas, only CH LEO within each cluster can establish
cross-layer ISLs with the MEO, which inevitably leads to
more redundant and complex message delivery and the high-
est signaling overhead. The analysis on HO latency is the
same.

Fig. 15(g) shows how the buffered overhead for a single
user varies with user’s average packet arrival rate. As packets
arrive faster and HO latency becomes longer, the buffered
overhead increases rapidly. Comparatively, our HDMMA has
the smallest buffered overhead among the three MMAs due to
the fewer signaling interactions and lightweight HO procedure.
Moreover, as the HO delay increases, the buffered data amount
also increases for the same data arrival rate, which cause the
performance difference between the MMAs is greater here
than that in terms of HO delay. Fig. 15(h) shows the transmis-
sion cost of buffered packets per user varies with the average
packet arrival rate. The results here are proportional to HO
delay because the number of hops between the previous and
subsequent ASs is kept consistent across different schemes.
Therefore, the buffered data transmission cost here is only
related to the HO delay under the same packet arrival rate.
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Fig. 15. HO performance comparison.

VII. CONCLUSION

In this paper, considering the unique challenges and
opportunities posed by future UD-LSNs, we have designed
a hierarchical distributed mobility management architecture
HDMMA, supporting MEO and LEO satellites respectively
responsible for certain management functions. Under the
HDMMA, handover is classified into on-orbit HO and
off-orbit HO, capturing the satellite highly dynamic patterns.
For on-orbit HO, taking into account the attributes of users and
the available resources of satellites, users in close proximity
with the same target satellite are aggregated to share the
processing cost of massive simultaneous HO. For off-orbit
HO, we have differentiated between intra-cluster HO, inter-
cluster HO, and inter-group HO, depending on the regions that
p-AS and n-AS belong to. Subsequently, lightweight handover
procedures LHPs are designed separately for the four HO
scenarios. We have conducted theoretical analysis and sim-
ulation experiments on the proposed LHP. Simulation results
demonstrate the HO characteristics of UD-LSNs, providing
insights for HO decision-making. Compared to BS-based and
MEO-based management architecture, HDMMA significantly
reduces signaling overhead and HO latency, which sheds a
light on the superiority of MEO-assisted mobility management
for UD-LSNs.
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