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ABSTRACT The low Earth orbit (LEO) satellite constellation has become a highly effective solution for
non-terrestrial networks (NTN), offering reliable, uninterrupted, and high-speed global communication.
However, the rapid movement of LEO satellites results in a significant handover rate across satellites.
Therefore, satellite handover management is essential to ensure the stability and continuity of
communication services. This paper proposes a novel weighted bipartite graph-based handover strategy in
LEO constellations to enhance quality of service (QoS) and overcome the challenge of frequent satellite
handovers. The proposed approach utilizes the Kuhn-Munkres (KM) algorithm to achieve optimal matching
with maximum weight, thereby ensuring efficient load distribution and high-quality communication.
Moreover, the implementation of hysteresis margin (HM) reduces unnecessary handovers and thus enhances
the overall performance of the network. The numerical results demonstrate a significant reduction in
handover rate and latency, while improving energy efficiency and achieving enhanced data rates. In
particular, our scheme effectively adapts to varying Rician K-factors and demonstrates flexibility under
different signal conditions. Furthermore, the obtained results highlight a significant reduction in handover
costs and ensure efficient and reliable communication in LEO satellite networks.

INDEX TERMS Low earth orbit, satellite handover, weighted bipartite graph, maximum weight matching,
hysteresis margin.

I. INTRODUCTION

SATELLITE communications play an important role in
providing seamless global connectivity and overcoming

the inherent limitations of terrestrial mobile communi-
cations. The low Earth orbit (LEO) constellations, with
orbits deployed at altitudes between 500 km and 1500 km,
allow lower transmission latency and higher throughput
compared to geostationary earth orbit (GEO) satellites [1].
Furthermore, the low altitude of the satellites reduces power
requirements and minimizes signal attenuation, which is
critical to reducing the size of ground equipment [2]. In
recent years, the demand for broadband services offered by
large constellations of LEO satellite networks (e.g., Kuiper,
Starlink, OneWeb, and Lightspeed) has increased. For
example, Starlink provides low-latency (i.e., below 30 ms),
high-data-rate (i.e., above 100 Mb/s) satellite broadband
services to inaccessible areas [3], [4]. Therefore, the LEO
constellation will be a key component in the evolution of
communication systems.

Although LEO communication system deployments offer
unique advantages, these systems are characterized by high
mobility. Their footprints can change with velocities of
7.56 km/s [5], completes one orbit around the Earth in about
100 minutes [6]. Therefore, each satellite can serve the
gateway stations for a limited time, which is usually shorter
than the duration of a connection [7]. To ensure uninterrupted
communication, once the current satellite is no longer able
to provide services to the gateway station, it is necessary to
handover the communication link to another visible satellite.
The rapid motion of LEO satellites causes constant changes
in constellation topology, resulting in frequent handovers and
significantly affects quality of service (QoS).
Moreover, the gateway stations are often covered by

several satellites simultaneously, allowing them to leverage
satellite diversity to select optimal handover targets [9].
However, the large signal propagation distance between
the satellite and the ground results in smaller variations
in received signal strength (RSS) compared to terrestrial

c© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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FIGURE 1. Illustration of successive moments t and t + tk , during which a handover is performed based on the maximum visibility of satellite.

networks (TNs) [10]. Directly mirroring handover mech-
anisms from TNs to non-terrestrial networks (NTN) may
limit the gateway station’s ability to identify optimal tar-
gets [11], [12]. In addition, satellite handover can present
several challenges, including latency, path loss, and signal
overhead [13], [32]. Therefore, designing an effective satel-
lite handover scheme is crucial to reducing the frequency
of handovers, balancing satellite load, and ensuring high
communication quality.
Various satellite handover approaches have been proposed

in the literature utilizing decision criteria such as elevation
angle [14], [15], [42], maximum service time (MST) [16],
[17], [18], [19], [20], [21], [27], maximum number of
idle satellites [15], [22], [23], [24], delay [25], [26], [27],
handover failure [22], [23], [28], and load, etc. The strategies
that rely on MST and utilize ephemeris data to measure
service time are efforts to significantly reduce handover
times, delays, and signaling costs. This strategy evaluates
the remaining service time of candidate satellites prior to
the handover. As illustrated in Fig. 1, at the handover time
t + tk, the communication link is handed over to candidate
LEO 4, which offers the maximum remaining service time
among the available options. However, it may result in
an unbalanced distribution of satellite loads and decrease
channel quality [34].

The authors in [16] introduced a velocity-aware han-
dover prediction technique to identify target satellites with
maximum service duration. While this method reduces
handover rates and failure probabilities, it overlooks network
quality, compromising the ability to ensure QoS for users.
Similarly, strategies that prioritize idle satellite channels or
elevation angles may increase handover events and overload
specific satellites, compromising QoS [29], [33]. These
limitations highlight the need for more intelligent, multi-
attribute approaches that prioritize dynamic factors such
as channel quality and handover rate to enhance handover
decisions and improve overall communication stability.

A. RELATED WORK
Several methods were developed and implemented to
improve the mentioned metrics in satellite handover, each
focusing on different aspects of performance. An overview
of these methods is presented in Table 1.

TABLE 1. Overview of satellite HO methods.

Decision-based techniques, such as the real-time handover
method proposed in [21], leverage global positioning system
(GPS) to minimize handovers by predicting largest service
time. However, these approaches may lead to unbalanced
satellite loads and compromised QoS.
Reinforcement learning based methods have shown

promise for enhancing satellite handovers. In [17], a quality
of experience (QoE) driven algorithm optimizes handovers
by considering service time and channel resources, signifi-
cantly improving success rates and minimizing disruptions.
Similarly, [50] introduced a Nash Soft Actor-Critic (NSAC)
algorithm for high-mobility scenarios, modeling handovers
as a Nash equilibrium problem to enhance success rates,
reduce latency, and balance load.
Graph-based methods are another prominent category.

In [36], a weighted bipartite graph framework was developed
to optimize decisions based on channel quality, service
time, and system load, reducing handover failures. The
study in [14] proposes a dynamic handover framework for
LEO and TNs using a multi-attribute graph and the Floyd
algorithm to optimize handover paths, minimize delays, and
enhance QoS. Similarly, [30] combines a genetic algorithm
with a multi-attribute graph to optimize handover paths,
improving both network efficiency and QoS. In [42], a
game-theoretical model combined with a bipartite graph in
a software-defined satellite network architecture is proposed
to optimize resource allocation and minimize handover
delays. This approach, tested on the Iridium network, reduces
call drops and balances network load, improving overall
communication reliability.
The authors in [40] present a handover management

strategy for LEO satellite networks using a weighted bipartite
graph and a maximum weight matching (MWM) solution
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to achieve high communication quality and efficient load
balancing. This approach integrates multiple-input multiple-
output (MIMO) technology to enhance data rates and
overall performance but overlooks the challenge of frequent
handovers, which increase operational costs and degrade
QoS. Similarly, [39] proposes a directed graph framework
to minimize handover numbers and improve data rates
by incorporating criteria like elevation angle and service
time into the graph’s edge weights, optimized using a
shortest-path algorithm. However, its reliance on elevation
angle as the primary indicator of link quality can result
in suboptimal decisions. In our study, we compare these
two methods alongside the MST strategy, addressing their
limitations by prioritizing channel quality, balancing load,
reducing frequent handovers, and improving stability. These
baselines were chosen to reflect key approaches in satellite
handover strategies: maximizing data rate (MWM strategy),
minimizing handover rate (MST startegy), and considering
both metrics (Shortest Path strategy).
Moreover, existing satellite handover strategies often rely

on multiple criteria, such as channel quality, service time, and
available channels, to manage mobility and handover deci-
sions. While effective in specific scenarios, these methods
may introduce complexity and may not consistently achieve
a balance across all desired outcomes. A significant trade-off
persists between data rate and handover frequency, where
improving one often adversely impacts the other. Balancing
this trade-off remains a key challenge in developing effective
LEO satellite handover strategies. Building on the strengths
and addressing the limitations of existing methods, this study
proposes an effective LEO satellite handover approach.
To address the limitations, we propose a flexible and

efficient handover management strategy using a weighted
bipartite graph framework. This framework effectively mod-
els the dynamic interactions between LEO satellites and
gateway stations, enabling structured handover decisions at
each time slot. By employing the Kuhn-Munkres (KM) algo-
rithm, the strategy achieves MWM, ensuring high-quality
links, efficient load distribution, and minimized resource
conflicts—key to maintaining QoS in LEO networks. For
instance, in Starlink-like constellations, the KM algorithm’s
computational efficiency supports dynamic gateway coverage
and enhances performance under varying network conditions.
Furthermore, proposed method prioritizes channel gain as
the primary criterion, streamlining decision-making.
To enhance stability and reduce frequent handovers, we

integrate a hysteresis margin (HM) mechanism into our
framework and KM algorithm. This integration addresses
key challenges in LEO satellite networks by extending
connection duration when link quality is acceptable, thereby
minimizing unnecessary handovers without compromising
data rates. This mechanism enables operators to dynamically
adjust priorities among latency, stability, and throughput,
ensuring adaptability to fluctuating network conditions.
Additionally, the strategy’s robustness and flexibility are
demonstrated under varying Rician K-factor conditions,

highlighting its effectiveness across different network sce-
narios. The primary objectives of this study are to reduce
handover frequency, improve data rates, and achieve efficient
load balancing.

B. CONTRIBUTIONS AND ORGANIZATION
The main contributions of this paper can be summarized as
follows:

• The dynamic interactions between LEO satellites and
gateway stations are modeled as a weighted bipartite
graph, where vertices represent satellites and gate-
way stations, and edges are weighted by channel
gain, reflecting real-time communication quality. Unlike
shortest path strategy that rely on elevation angle, our
method prioritizes actual channel quality for handover
decisions, achieving higher data rates and improved
performance under varying network conditions.

• The KM algorithm is employed to achieve MWM,
ensuring high-quality connections and efficient load
distribution. By preventing multiple gateway stations
from selecting the same satellite as the switching target
during handovers, this approach improves network
performance and minimizes congestion risks.

• To reduce frequent handovers and enhance network
stability, a HM mechanism is integrated into the KM
algorithm and handover selection process. The proposed
method achieves handover rates comparable to the MST
strategy while enhancing data rates similar to the MWM
strategy. By effectively balancing these objectives, it
addresses the limitations of both strategies without
sacrificing one for the other. Although the inherent
trade-off between data rate and handover rate is not fully
eliminated, the method provides a stable and efficient
solution to key challenges in dynamic LEO satellite
networks, paving the way for future optimization.

• The proposed handover strategy reduces latency com-
pared to conventional methods, ensuring enhanced
performance for delay-sensitive applications, while
achieving energy efficiency comparable to the MWM
strategy. This demonstrates its ability to balance energy
consumption while maintaining handover stability and
communication quality.

• The adjustable HM mechanism provides flexibility to
meet varying regional demands, technological require-
ments, and operator priorities. By enabling adjustments
for higher data rates or lower latency, it ensures adapt-
ability to different network conditions. Additionally, the
reduced handover frequency in the proposed strategy
contributes to lower operational and handover costs,
offering practical benefits for network operators.

The rest of this letter is structured as follows: Section II
presents the system model based on a bipartite graph. The
proposed scheme is detailed in Section III. In Section IV,
the performance of the proposed scheme is theoretically
analyzed. Section V presents the framework evaluation to
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FIGURE 2. System model showing the connections of LEO satellites and gateway
stations. Here, Sj denotes the j-th LEO satellite where j = 1, 2, . . . , N . GWi denotes the
i-th gateway station where i = 1, 2, . . . , M . λijk represents the weight of the
communication link between the i-th gateway station and the j-th LEO satellite at time
slot tk .

demonstrate the efficacy of the proposed method. Finally,
the findings of the conclusion are given in Section VI.

II. SYSTEM MODEL
A. NETWORK MODEL
The relationship and connection among LEO satellites and
gateway stations can be represented as a bipartite graph as
illustrated in Fig. 2.

We consider the downlink of an LEO satellite network
that includes a total of N LEO satellites, and the Sj indicates
the j-th LEO satellite, where j = 1, 2, . . . ,N. Similarly, the
model contains the total of M gateway stations, and GWi

indicate the i-th gateway station, where i = 1, 2, . . . ,M. The
corresponding weight for the communication link at time slot
tk between GWi and Sj is λijk. The frequently used notations
are summarized in Table 2.
The gateway stations’ positions are represented using

geodetic coordinates in the world geodetic system (WGS 84),
which serves as the standard reference ellipsoid for the GPS.
Thus, the location of each gateway station is specified by the
tuple (Lati,Loni,Alti), where the latitude is within the range
of [−90◦, 90◦], the longitude ranges from [−180◦, 180◦],
and the altitude is measured in meters [12].

The satellite orbits are determined using publicly available
two-line element (TLE) data, sourced from platforms like
NORAD and CelesTrak. TLE data includes essential orbital
parameters, such as inclination, eccentricity, right ascension
of the ascending node (RAAN), and true anomaly, which
define the satellite’s trajectory and position over time [48].
These parameters enable precise predictions of satellite
positions relative to the gateway stations at any given
moment. The TLE files are regularly updated to ensure
accuracy in satellite trajectory forecasts.

B. CHANNEL MODEL
The channel model is influenced by two main types of
fading: large-scale and small-scale fading, each caused
by different factors. Large-scale fading primarily results
from free-space path loss and additional attenuation due to

TABLE 2. Frequently used notations.

atmospheric conditions, such as weather and atmospheric
particles. On the other hand, small-scale fading is primarily
characterized by Rician fading, which results from the direct
line-of-sight (LoS) connections between satellites and ground
stations in satellite communication systems. The channel
model expression mainly consists of path loss, atmospheric
fading, and Rician small-scale fading [36], which expressed
as follows

Gijk =
(

clight
4πdijkfc

)2

A(d)ϕijk, (1)

where clight is the speed of light and fc is the carrier
frequency. d is the distance between satellites and the
gateway station, ϕijk represents the Rician small-scale fading,
and A(d) is related to the atmospheric fading due to clouds
and rain, which can be given by [37]

A(d) = 10
3dχ
10h , (2)

where χ is the attenuation through the clouds and rain in
dB/km. Moreover, d is the propagation distance between the
satellite and the gateway station, and h is satellite altitude.

The small scale fading is modeled as Rician fading
since the links consist of both LoS and non-line-of-sight
(NLoS) components. The probability of having a strong
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FIGURE 3. Overview of the Proposed Handover Decision Process.

LoS component increases with the elevation angle, reaching
its maximum when the satellite is directly overhead (90◦
elevation).
For the purpose of modeling, it is assumed that the channel

conditions remain constant over a coherence time interval τc,
thus allowing the use of a flat fading (non-frequency selec-
tive) model. This assumption simplifies analysis by ensuring
that the fading uniformly affects the entire bandwidth, which
is valid when the coherence bandwidth exceeds the signal
bandwidth.
The Rician fading channel gain, ϕijk, is expressed as

follows [48]

ϕijk =
√

Kijk
Kijk + 1

ejφijk +
√

1

Kijk + 1
hNLoSijk , (3)

where
• Kijk is the Rician K-factor, representing the ratio of the
power of the direct LoS path to that of the scattered
NLoS components.

• φijk is the phase associated with the LoS component,
uniformly distributed as φijk ∼ U [ − π, π ].

• hNLoSijk ∼ CN (0, 1) represents the Rayleigh fading
component, modeling the NLoS multipath scattering.

The first term of equation (3) corresponds to the deterministic
LoS component, while the second term models the stochastic
NLoS scattering. The Rician K-factor Kijk is crucial for
characterizing the relative strength of the LoS and NLoS
components, with higher K-values indicating stronger LoS
paths and lower K-values reflecting a greater influence of
NLoS scattering.

III. PROPOSED SCHEME
This section outlines a handover management strategy for
LEO satellite networks. The proposed scheme addresses
the challenges of frequent handovers, load balancing, and
communication quality in dynamic satellite networks. Each
subsection describes a specific component, detailing its
purpose, methodology, and role in the overall framework.
Fig. 3 provides an overview of the proposed handover

decision process. First, the covering satellite information for
each gateway station is obtained, and a handover timetable
is constructed. For each time slot, the satellites visible to

the gateway stations are modeled as a bipartite graph. The
algorithm calculates the selected satellites for the gateway
stations using the HM mechanism and MWM methods and
updates the results. These results are fed back into the
algorithm to adjust weights for the next time slot based
on historical information and real-time conditions, ensuring
continuity and stability in the handover process.

A. ESTABLISHING BIPARTITE GRAPH
Managing handover decisions in dynamic LEO satellite
networks requires an accurate representation of the inter-
actions between gateway stations and satellites. A bipartite
graph provides a structured framework to model these
interactions, capturing time-dependent connectivity and sup-
porting efficient decision-making under variable satellite
coverage. This subsection introduces the establishment of
bipartite graph matrices, which reflect the visibility and
communication link status between gateway stations and
satellites.
Given the predictability of the LEO satellite’s trajectory,

the gateway station can identify and get information on
the satellites passing within its visibility range using the
methodology suggested in [41]. The coverage information
for the satellites passing over gateway station GWi can be
expressed as follows

Coverage TableGWi =
⎡
⎣ S1 S2 S3 . . . SN
tini1 tini2 tini3 . . . tiniN
touti1 touti2 touti3 . . . toutiN

⎤
⎦, (4)

where the first row represents the indices of the covering
satellites, the second row indicates the enter time of satellite
Sj to the visibility range of gateway station GWi by the
element tinij , and the third row indicates the leave time
of satellite Sj from the visibility range of gateway station
GWi by the element toutij . To prevent disruptions to ongoing
communications, the gateway station shifts to an alternative
satellite upon exiting the current serving satellite’s coverage
area.
The assumption is that handover may occur when a

satellite enters or exits the gateway station view range.
For gateway stations to maintain connectivity with certain
QoS requirements, a handover sequence among the passing
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FIGURE 4. Change in monitoring condition for gateway station.

satellites is required for a time period, T . Let us assume
that T is divided to K time slots, where the kth time slot in
T is represented by tk ∈ T = [t1, t2, . . . , tk, . . . , tK]. Hence,
the ground station can uniformly manage the access and
handovers of the gateway station.
As shown in Fig. 2, from the perspective of the gateway

station, at a given time, there is often more than one satellite
available to access simultaneously. In this figure, solid lines
indicate active connections between the gateway stations and
satellites, while dotted lines indicate potential connections to
candidate satellites. These indicate that although the satellite
can provide services to the gateway stations, might not
be best candidate at the moment. To establish a bipartite
graph for each time slot tk, focusing on the communication
status between each satellite Sj and gateway station GWi,
the following analysis should be considered

• If tinij ≤ tk < toutij , then Sj is within the visibility range
of GWi, indicating that GWi can select Sj at tk.

• If tk < tinij or tk ≥ toutij , then Sj is outside the visibility
range of GWi, indicating that Sj is not a candidate
satellite for GWi at tk.

Based on these conditions, the initial bigraph matrices,
denoted by G(, :, k), that reflects the communication link
status between GWi and Sj at time tk defined as follows

G(i, j, k) =

S1S2. . .SN
GW1
GW2

...

GWM

⎡
⎢⎢⎢⎣

λ11k λ12k . . . λ1Nk
λ21k λ22k . . . λ2Nk

...
...

. . .
...

λM1k λM2k . . . λMNk

⎤
⎥⎥⎥⎦

, (5)

where each array represents the weight of the communication
link between each satellite and the corresponding gateway
station at tk. The λijk, which represents the weight of the
communication link between GWi and Sj at time slot tk, can
be determined according to the following rule

G(i, j, k) = λijk,

{
λijk > 0, if tinij ≤ tk < toutij
λijk = 0, if tk < tinij or tk ≥ toutij .

(6)

In case λijk > 0, then Sj becomes a possible candidate
for handover to GWi during time slot tk. Otherwise, in
case λijk = 0, then Sj cannot be considered as a potential
handover candidate for GWi at tk. Therefore, the sequence of
bipartite graph matrices for each time slot from t1 through
to tk can be generated and represented as G(:, :, k) where

k ∈ {1, . . . ,K}. The bipartite graph provides a dynamic
representation of satellite-gateway interactions, forming the
foundation for the subsequent steps in the proposed scheme.

B. WEIGHT CONFIGURATION
This subsection introduces a weight configuration process
for communication links between satellites and gateway
stations. By integrating channel gain and a HM mechanism,
the method accurately reflects service quality and stability,
ensuring effective handover decisions in dynamic LEO
networks.
Due to the competitive nature of satellite handover, using

a binary link weight of 1 or 0 in the bipartite graph
framework [42] fails to accurately describe the difference in
channel quality. To address this, we utilize channel gain Gijk
as the primary weight component to reflect different levels
of service quality across channels. However, relying only on
channel gain leads to unnecessary handovers, as the gateway
stations must quickly switch to another visible satellites if
the selected satellite has a short service time. In addition,
frequent handovers lead to service disruptions, reduced
network efficiency, a lower user experience, more signalling
overhead, and increased handover costs. Fig. 4 illustrates the
evaluation process of a gateway station for various candidate
satellites before conditional handover event.
At the time tk under multi-coverage, each candidate’s

gain Gijk can be obtained using equation (1) and through
ephemeris data. Typically, the gateway station selects the
candidate with the greatest Gijk, as shown on the left
side of Fig. 4. It is obvious that candidate 1 provides the
highest Gijk and makes it the preferred option. However,
if candidate 1 has a short service duration, the gateway
station must quickly switch to an alternative candidate, which
increases the handover rate and an interruption in service
continuity. Therefore, we introduce HM as the second weight
component to improve handover decisions. The configuration
of λijk is represented as follows

λijk = Gijk × FH, (7)

where Gijk represents the channel gain between GWi and
Sj at time instant tk and reflects the link quality. Moreover,
FH denotes the hysteresis coefficient between GWi and Sj
at time slot tk and is responsible for keeping connectivity
to the satellites as long as they provide high-quality
services.
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The FH is a factor that controls the handover decision
process and decreases frequent handovers. The value of FH
is determined by HM condition. Specifically:

FH =
{

σ, if Sj satisfies HM condition for GWi,

1, if Sj does not satisfy HM condition for GWi,
(8)

where σ is a large constant value (set to 10 dB) that increases
the weight of a link when the HM condition is satisfied.
Specifically, if a satellite satisfies the HMcondition—meaning
its link quality exceeds a predefined threshold—FH is set to
σ . This ensures that the satellite with a stable connection
is prioritized during the handover process, even if other
candidates have slightly higher channel gains initially. In
contrast, if the HM condition is not met, FH remains 1, and the
handover decision is made based solely on the channel gain
Gijk. As shown in Fig. 4, theweight of Candidate 2 is increased
to G12k × σ , allowing it to be prioritized over Candidate 1,
which has a higher initial link gain. This method effectively
balances reducing handover frequency and maintaining high-
quality communication by prioritizing satellites that ensure
stable connections. It also ensures fairness and stability in the
network’s resource allocation by avoiding excessive handovers
while improving overall link quality.
The weight configuration balances link quality and han-

dover frequency, setting the stage for efficient and stable
handover decisions.

C. WEIGHT ADJUSTMENT
Dynamic weight adjustment based on real-time conditions
is essential for effective handover management. This sub-
section introduces a process that leverages historical data to
refine link weights and prepares them for the application of
HM conditions.
Given the obtained matrices G(:, :, k), we have the

information of satellites coverage for each gateway station
from t1 to tk. For convenience, we define each candidate Sj
for a certain GWi at G(i, j, k) as potential matching elements
and represent with {i, j, k}. Subsequently, we define the
selected Sj for a certain GWi as a matching elements and
represent with (i, j, k). In addition, we employ the set Fk

to store the network state at each time slot, including the
information of matching elements, with their corresponding
initial channel gains.
Based on the proposed method, we aim to select the satellite

with the highest service quality for the maximum possible
time. This intelligent strategy evaluates whether the matching
elements at time slot tk−1 remain as qualified candidates at the
instant tk. This step ensures that we consider the past condition
of the system, thereby adding a layer of continuity to the
selection process. To this end, the proposed scheme verifies
the presence of any potential matching elements {i, j, k} in
set Fk, which may have the following results

• For those {i, j, k} found in set Fk, meaning that Sj has
continued coverage from handover time tk−1 till tk+1
for corresponding GWi.

• For those {i, j, k} not found in set Fk, meaning that Sj
did not have coverage or was not the best candidate for
the corresponding GWi during time slot tk−1.

Based on the above discussion, weight adjustment in
bipartite graph matrices G(:, :, k) can be represented as
follows

G(i, j, k) = λijk,

{ {i, j, k} ∈ Fk, then λijk = Gijk × FH
{i, j, k} /∈ Fk, then λijk = Gijk.

(9)

In the first condition, integrating an HM into the handover
mechanism significantly enhances the performance of the
selection scheme by introducing a suitable criterion for
service stability. Consequently, the value of λijk depends on
the HM conditions. In the second condition, the serving
satellite Sj at tk−1 has been finished it’s coverage on GWi,
and hence we consider Fk equal to 1 in the function λijk.
The weight adjustment process refines link selection by

integrating historical data, ensuring the system is prepared
for applying HM conditions in the next step.

D. HYSTERESIS MARGIN AND ALGORITHM
ENHANCEMENT
Frequent handovers disrupt communication quality and
elevate operational costs. This subsection introduces the
application of the HM condition, which adjusts weights to
create updated matrices that prioritize stable connections
while maintaining link quality.
To investigate the HM condition for those {i, j, k} found in

set Fk, the proposed method compares the current channel
quality of the {i, j, k} with its initial value at tk to adjust
the weight and achieve the new bipartite matrix G′(:, :, k).
Therefore, by applying the HM condition, the weight in
G(:, :, k) can be adjusted and expressed as a new matrix
G′(:, :, k) as follows

G′(i, j, k) = λ′
ijk,

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

λ′
ijk = Gijk × FH, where FH = σ,

∀{i, j, k} ∈ Fk ∧ Gijk ≥ G′
ij + H,

λ′
ijk = Gijk × FH, where FH = 1,

∀{i, j, k} ∈ Fk ∧ Gijk < G′
ij + H,

λ′
ijk = Gijk,
∀{i, j, k} /∈ Fk,

(10)

represents the updated weight of the communication link
between GWi and Sj at time slot tk, incorporating the HM
condition. G′

ij represents the channel gain between GWi and
Sj at the first time, H is the hysteresis margin, and σ is a
large value for FH .

In the first case, the proposed algorithm evaluates the
handover margin condition. If Sj satisfies the specified
requirements for the corresponding GWi, it can be considered
qualified to continue providing service for GWi among
other candidate satellites. Therefore, the proposed scheme
effectively prevents frequent handover while ensuring a high-
quality connection by maintaining Sj for GWi at time slot
tk. To this end, we increase the link weight by multiplying
a large hysteresis coefficient, σ , in Gijk at G′(i, j, k). This
strategic adjustment prioritizes Sj as the preferred handover
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candidate for GWi at tk, thus emphasizing service reliability
above temporary quality improvements. In contrast, if Sj fails
to satisfy the HM condition for the corresponding GWi, it
implies that Sj may not provide high-quality service to GWi

compared to other candidate satellites. As a result, GWi may
needs to identify a qualified alternative satellite at tk, thereby
the algorithm assigns the default weight Gijk to G′(i, j, k) .

In the second case, since the coverage of serving satellite
Sj for GWi at tk−1 has ended at tk, GWi must switch to other
satellites. Thus, we assign Gijk as the weight in G′(i, j, k)
to find the best target satellite for GWi at tk. The HM
mechanism reduces unnecessary handovers and enhances
network stability, making it a crucial component of the
proposed scheme.

E. MAXIMUM WEIGHT MATCHING
In this subsection, a MWM approach is employed to
achieve high-quality links and balanced load distribution.
This design addresses resource conflicts and enhances overall
communication quality.
The rapid expansion in communication demands, which

results from ever-increasing communication terminals, cre-
ates significant pressure on satellite resources. Therefore, to
prevent resource wastage and overloading, it is essential to
not only maintain high-quality links but also ensure that the
operational load is uniformly distributed among satellites.
With the bigraph matrices G′(:, :, k) developed for each time
slot from t1 to tK , our objective is to achieve high link quality
with balanced load distribution across the satellite network.
Within this particular scenario, the concept of matching

within a bipartite graph becomes essential. This graph defines
a match as a subset of edges where no two edges share a
common vertex. The objective of the MWM is to identify
a pairing that maximizes the total weight of the edges
included in the matching. This method with KM algorithm
is particularly well-suited for our system model, which
prioritizes load balancing and link quality. Given a complete
weighted bipartite graph G′(i, j, k) , the goal of the KM
algorithm is to find a matching M that maximizes the total
weight, defined as

w(M) =
∑

(i,j)∈M
λ′
ijk. (11)

This matching improves communication link quality and
load balancing between gateway stations and satellites.
By utilizing the KM technique to our weighted bigraph
G′(:, :, k), we derive the matching matrices, represented as
M(:, :, k). The outcome matching matrices M(:, :, k) from
KM algorithm, is defined as

M(i, j, k) = wijk,

{
wijk = λ′

ijk, if GWi matches Sj
wijk = 0, if GWi does not match Sj.

(12)

The proposed method and the handover decision process
are depicted in Algorithm 1.

The KM algorithm maximizes the sum of weights in
the matching matrix M(:, :, k), selects the best link quality

Algorithm 1 Proposed Satellite Handover Decision Process
1: Initialize satellites coverage Sj for gateway GWi.
2: Initialize H and FH .
3: Define and initialize set Fk.
4: for all time slots k in T , k = 1, 2, . . . ,K do
5: Establish initial bipartite matrices G(:, :, k).
6: Weight adjustment operation:
7: for all {i, j, k} in G(:, :, k) do
8: if {i, j, k} is found in Fk then
9: Check HM condition

10: if HM condition is met then
11: Increase the weight of {i, j, k} using (6).
12: Adjust the weight in G′(:, :, k).
13: Handover does not occur.
14: else
15: Assign Gijk as weight in G′(:, :, k).
16: end if
17: else
18: Assign Gijk as the weight of in G′(:, :, k)
19: end if
20: end for
21: Compute M(:, :, k) using the KM to G′(:, :, k)
22: Update Fk with the results from M(:, :, k) for the

next time slot.
23: end for

for each gateway station, and reduces the handover number
by integrating HM. By consistently implementing the KM
method for each time slot, we ensure that each gateway
station matches the satellite with the highest link quality
based on the latest data. The proposed method also facilitates
the efficient use of satellite resources and significantly
reduces the handover rate. Finally, the outcomes derived
from the KM method are stored in Fk to be utilized in
the subsequent time slot. The MWM process enhances
link quality and load distribution, effectively addressing key
challenges in dynamic LEO satellite networks.

IV. PERFORMANCE ANALYSIS OF THE PROPOSED
SCHEME
A. AVERAGE DATA RATE
The received power, denoted by Prx,k, is crucial for calcu-
lating data rates. Prx,k is defined as [37]

Prx,k = Ptx,k × Gtx,k × Grx,k × Gijk, (13)

where, the variables Ptx,k, Gtx,k, and Grx,k represent the
transmit power, the transmitter antenna gains, and antenna
gains of the receiver at tk respectively. The channel gain
includes factors such as path loss and fading.
The SNR for the link between GWi and the corresponding

Sj at tk is determined by using the received power relative
to the noise. It is represented as

SNRij(tk) = Prx,ij(tk)

N0 × B
, (14)
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where Prx,ij(tk) is the received power for GWi and Sj at tk,
N0 indicate the noise spectral density, and B represents the
bandwidth.
The data rate for each pair of gateway stations and satellite

can be calculated using the following formula [38]

Rij(tk) = B× log2
(
1 + SNRij(tk)

)
. (15)

Subsequently, the average data rate can be expressed as
follows

R(tk) = 1

M

M∑
i=1

Rij(tk), (16)

where M signifies the total number of active gateway stations
at time k.

B. STRATEGY COST
Evaluating handover cost is crucial in satellite network
operations, particularly for large constellations like Starlink.
This metric analyzes the operational efficiency and economic
impacts of handover strategies. It is important to note that
the handover cost does not solely depend on reducing the
number of handover occurrences [44], [46]. The cost of a
single handover is defined as 	+ s, where 	 is related to the
latency and represents the hop distance between the current
and the next serving satellite [44]. s is a constant for link
setup cost, accounting for signaling and resource allocation
overhead [44]. This assumes the new path routes through
the current satellite to the new one, which might not always
be optimal. This formulation aligns with existing literature,
where handover costs are modeled as a combination of
dynamic and static components.
The set H includes all handover events that occur during

the simulation time and the total number of handover events
denoted by N . Each element, h, within this set, represents
a specific handover where a gateway station switches from
the serving satellite to the target satellite due to the satellite
moving out of coverage or other operational needs. This
could be defined as follows

H = {h|1 ≤ h ≤ N }. (17)

Based on the methodology presented in [44], the overall
handover cost, CH , for a strategy is the sum of all individual
handover costs, calculated as

CH =
∑

h∈handovers
(	h + s), (18)

where 	h denotes the hop count for each handover h, and s is
a constant representing the setup cost, here assumed to be 10.
The hop count specifies the number of satellites data must
cross when transferring from the current service satellite to
the candidate satellite. Our model assumes that each satellite
is equipped with four inter-satellite link (ISL) terminals,
which can establish connections within a maximum range
of 5000 km.

To analyze the effects of energy consumption, Eh, and
round-trip time (RTT) on overall performance, strategy cost,
CS, define as follows

CS =
∑

h∈handovers
((	h + s) + α1 · Eh + α2 · RTTh), (19)

where Eh is the energy consumption for the h-th handover,
defined as

Eh = Ptx · ttransijh , (20)

where ttransijh is the transmission delay between GWi and Sj,
given by

ttransijh = L

Rijh
, (21)

where L define as the data size and Rijh representing the
transmission rate between GWi and Sj.
The term RTTh represents the round-trip time for the h-th

handover and is expressed as

RTTh = 2 · dijh
c

+ Tprocessing, (22)

where dijh is the propagation distance, c is the speed of light,
and Tprocessing is the processing time at the satellite. The
weighting factors α1 and α2 are used to scale the impact of
energy consumption and RTT, respectively, in the total cost.

V. FRAMEWORK EVALUATION
A. COMPLEXITY ANALYSIS
In this section, we analyze the computational complexity
of the proposed scheme and demonstrate that the proposed
algorithm leads to a much lower computational complexity
than the exhaustive search to find the best handover strategy.
For a fair comparison, we consider the worst case of our
algorithm which results in maximum complexity.
The proposed algorithm is performed over K time slots,

representing the handover decision moments. Therefore, the
total computational complexity of the proposed scheme can
be expressed as a linear function of the complexity of its
main components as follows [45]:

ςT = O(
ςGW + K

(
ςG + ςKM

))
, (23)

where ςGW = O(MN) represents the complexity of the
initial step, which involves searching for covering satellite
information for all M gateway stations and N satellites. ςG =
O(MN′) refers to the complexity of establishing the bipartite
graph matrices and adjusting weights based on the HM
condition, where N′ represents the subset of satellites visible
to a gateway station and is approximately N′ = 0.05N,
accounting for the worst-case scenario where only 5% of
the total satellites are visible. Finally, ςKM = O((N′M)3)

corresponds to the computational complexity of the KM
algorithm applied to the reduced bipartite graph.
By substituting ςGW , ςG , and ςKM into (23), it can be

found that the main computational complexity of proposed
algorithm comes from KM. Since N′ = 0.05N, the complex-
ity of the KM algorithm is significantly reduced compared
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TABLE 3. Comparison of computational complexity with existing methods.

to operating on the full set of N satellites. As a result, the
total complexity of the proposed scheme is approximately:

ςT ≈ O((
N′M

)3) = O(
(0.05NM)3). (24)

This complexity is much less than the complexity resulting
from an exhaustive search for designing handover strategy.
The reason is that the computational complexity of the
exhaustive search is equal to K in an exponential function
obtained by multiplying the number of gateways, M, and
the number of satellites, N. Therefore, the exhaustive search
solution leads to much higher computational complexity than
the proposed algorithm.
To further evaluate the computational efficiency of the

proposed method, we compare its complexity with several
existing state-of-the-art methods, as summarized in Table 3.
The comparison is focused on the main complexity compo-
nents of each study, considering a single handover decision.
In this table, we define V as the number of vertices in

the graph, g as the number of generations in the genetic
algorithm, n as the population size, and m as the size of
individuals. Generally, N represents the total number of
satellites, while M denote as gateway station or user. Unlike
many existing methods that do not explicitly state satellite
filtering assumptions, we consider that these studies might
also implicitly filter visible satellites during processing.
However, as their explicit complexities are unavailable
in some cases, we focus on their primary algorithmic
components to provide a fair comparison.
From the table, it is evident that our proposed scheme

significantly reducing the computational burden by applying
the KM algorithm only to visible satellites (N′). This results
in a complexity of O((N′M)3), which is much lower than the
exhaustive consideration of all satellites (N) in large-scale
networks.

B. SIMULATION SETUP
To evaluate the effectiveness of the proposed method, we
compare it with three existing strategies: (i) the MWM

TABLE 4. A summary of predefined parameters.

strategy [40], which maximize data rate but overlooks
frequent handovers; (ii) the graph-based shortest path strat-
egy [39], which consider both link quality (using elevation
angle) and handover rates (using service time); and (iii) the
MST strategy, which minimizes handover frequency but does
not prioritize data rate. Specifically, we aim to show that our
method achieves data rates comparable to the MWM strategy
and better than the shortest path strategy while maintaining a
handover rate and handover cost close to the MST strategy.
The proposed handover strategy is simulated using Python

within a Starlink Phase I constellation environment. The
constellation consists of 1,584 satellites, distributed across
22 orbital planes, with 72 satellites per orbit, at an altitude
of 550 km [47]. We consider three gateway stations in
Montreal, each covered by multiple satellites at different
time slots. The duration of the simulation is 45 minutes. A
gateway station is within a satellite’s coverage area when
the elevation angle is 15◦ or higher. The system settings
have been determined in accordance with the works and
recommendations in [5] and the implementation trends of
the LEO satellite [49].
Table 4 provides a summary of the predefined parameters

for simulation.
In this simulation, the HM condition is based on the

dynamic channel gain G′
ij between GWi and Sj, which is

calculated at the initial matching between each gateway
station and satellite. The HM is applied to ensure that as
long as the current channel gain between GWi and Sj does
not fall below G′

ij by more than the HM value, the satellite
connection is maintained. This adaptive approach eliminates
the need for a fixed minimum signal threshold (such as
reference signal received power (RSRP)) and allows the
system to dynamically adjust based on real-time channel
conditions.

C. RESULTS AND DISCUSSION
Fig. 5 demonstrates the performance of the proposed strategy
under varying HM values. The HM setting is crucial in
balancing between reducing handovers and maintaining high
data rates. As the HM increases, the average data rate
generally declines. Lower margins, such as 2 dB and 3 dB,
maintain relatively high data rates and stable performance,
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FIGURE 5. Average data rate across different HMs.

FIGURE 6. Average data rate of handover strategies.

indicating a balance between service continuity and channel
quality, making them suitable for environments where high
data rates are prioritized. Moderate margins, like 5 dB,
effectively balance reduced handover frequency with a slight
drop in data rate, highlighting their potential for minimizing
handover costs. Higher margins, such as 10 dB, result
in further declines in data rate and greater fluctuations,
indicating reduced service quality and a dominant role of
HM over the KM algorithm in the handover process. These
higher thresholds are less ideal for scenarios requiring stable,
high-quality connections.
Fig. 6 represents the average data rates for four strate-

gies: the proposed handover strategy, the MWM strategy
from [40], the shortest handover path strategy from [39], and
the MST strategy. The MWM strategy achieves competitive
data rates but overlooks frequent handover, risking service
interruptions and user experience degradation. The proposed
strategy, incorporating 2 dB and 3 dB margins, effectively
balances link quality and handover frequency. As shown,
the average data rate of our scheme, especially with the
2 dB margin, closely matches that of the MWM strategy
and managing handovers effectively without sacrificing
performance. Additionally, it offers robust network stability
and high QoS. The proposed scheme with both margins

FIGURE 7. Comparison of handover rate across three techniques.

consistently outperforms the shortest path strategy in data
rates, demonstrating its ability to leverage satellite diversity
and dynamic handover thresholds. In contrast, the MST
strategy results in lower data rates, illustrating the challenge
of balancing reduced handover numbers with maintaining
high data rates.
Fig. 7 shows that the number of handover times increases

approximately linearly with the increase of connection
duration across three different approaches. By examining
these strategies, it has been shown the MST approach shows
the slowest increase in the number of handover, while
the MWM approach experiences the quickest increase. The
handover number of our proposed method, with 3 dB and
6 dB margins, increase at a rate between those approaches
and remaining close to the service time approach. It can
also be found that the 6 dB margin aligns closely with
the number of switches in the MST strategy. The 3 dB
margin significantly reduces the number of handovers and
improves service continuity while providing a high service
quality comparable to the MWM approach. The 3 dB margin
is ideal for environments where both high service quality
and low handover frequency are essential. Meanwhile, the
6 dB margin suits scenarios prioritizing continuous service
over peak service performance. The number of handovers is
critical for users and systems as it directly impacts the QoE
and the system’s signaling overhead. Frequent handovers can
lead to increased connection drops, signaling interactions,
operational costs, and waste system resources.
Fig. 8 demonstrates that increasing the HM reduces the

number of handovers within the network. The optimal
margins (i.e., 2 dB and 3 dB) of our proposed method
significantly reduce handovers by 45% to 50% compared
to 0 dB margin, while preserving comparable communica-
tion quality. It displays their performance to achieve the
perfect balance between QoS and operational efficiency.
Moreover, utilization of 5 dB to 7 dB margins further
reduces handovers by 25% to 27% compared to the 2 dB
and 3 dB margins. However, this setting is accompanied
by a minor degradation in link quality and should be
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FIGURE 8. Average handover numbers vs different margins.

FIGURE 9. Average handover number vs margins.

applied cautiously where high data rates are crucial. This
analysis highlights the importance of selecting an appropriate
HM to minimize handover events while maintaining high-
quality communication in dynamic satellite communication
environments.
Fig. 9 evaluates the impact of varying Rician K-factors,

uniformly distributed on a linear scale between -10 dB
and 25 dB, compared to a constant K-factor baseline of
20 dB. The results show a decrease in handover rates
as HM increases across both scenarios. However, under
random K-factors, the reduction in handover rates is more
pronounced at lower margins, such as 2 dB and 3 dB.
This behavior is attributed to dynamic improvements in
link quality. In real-world scenarios, satellite movement and
changing geometrical configurations can temporarily boost
the K-factor, enhancing link quality in subsequent time
slots. At lower margins, the algorithm adapts effectively
to these signal improvements, maintaining connections with
the current satellite and avoiding unnecessary handovers.
At higher margins, this adaptability becomes less impactful
as the strict HM thresholds inherently reduce handovers
regardless of signal fluctuations.

FIGURE 10. Overall average data rates vs HMs.

Fig. 10 compares the overall average data rates for the
constant and random K-factor scenarios across different HM
values. The results indicate that the random K-factor scenario
generally achieves higher data rates, particularly at higher
margins such as 5 dB and 7 dB. This improvement stems
from the algorithm’s ability to capitalize on favorable signal
conditions. When the K-factor dynamically increases, link
quality improves, enabling the algorithm to maintain con-
nections with high-quality satellites for extended durations,
especially at higher margins. In contrast, at lower margins
like 2 dB, the KM algorithm prioritizes selecting highest-
quality links and plays a dominant role in handover decisions,
which limits the visible impact of variable K-factors on the
average data rate.
The findings from Fig. 9 and Fig. 10 demonstrate the

proposed algorithm’s robustness in adapting to dynamic signal
conditions, effectively balancing reduced handover frequency
with service continuity and enhanced QoS. This adaptability is
crucial for improvingnetwork efficiency,minimizing signaling
overhead, and optimizing resource utilization in real-world
satellite communication environments. The results indicate
that HM settings could be adjusted and optimized based
on specific operational requirements. Lower margins, such
as 3 dB, are particularly effective for scenarios prioritizing
high service quality and reduced handover rates, offering a
balance between continuity and user experience. The proposed
approach ensures consistent, high-quality communication and
robust performance in dynamic network conditions.
Fig. 11 shows the handover costs for three strategies in

a LEO satellite network: the MWM strategy, our proposed
strategy (KMHM), and the MST strategy. The ratios β and δ

represent the proposed strategy’s and the MWM strategies’
handover cost relative to the MST strategy, and they are
defined as follows

δ = (handover cost of MWM)/(handover cost of MST)

β = (handover cost of KMHM)/(handover cost of MST).

In this regard, Fig. 11 shows significant variations in
handover cost among the strategies. The MWM strategy, α,
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FIGURE 11. Handover cost ratios vs simulation time.

FIGURE 12. Cost value comparison for different strategies.

consistently has a ratio much greater than 1, indicating higher
costs due to frequent handovers. In contrast, the proposed
KMHM strategy, β, remains closer to 1, indicating an
effective reduction in handover cost. Therefore, the proposed
scheme, especially with the 3 dB margin, reduces operational
costs and unnecessary handover through strategic delays in
handover decisions. Moreover, the flexibility of the proposed
strategy with adjustable HM allows for further improvement
based on specific network requirements. By accurately
adjusting the margin, network operators can balance reducing
frequent handover and costs while improving link quality.
Fig. 12 illustrates the impact of energy consumption

weight (α1) and RTT weight (α2) on the normalized
strategy cost for the proposed strategy, MST strategy, and
MWM strategy. The MST strategy shows the steepest
increase in cost for both α1 and α2, indicating its high
sensitivity to latency and energy consumption due to its
strict handover minimization. The MWM strategy exhibits a
more moderate slope but starts with higher costs, reflecting
its focus on maximizing data rates without addressing
frequent handovers. In contrast, the proposed strategy with
3 dB margin remains less sensitive to variations in both
weights, maintaining a consistently lower cost profile. This

FIGURE 13. Normalized performance comparison across strategies.

demonstrates the proposed strategy’s robustness and ability
to balance performance across varying latency and energy
conditions.
Fig. 13 compares the normalized handover cost, energy

consumption, and RTT across four strategies. The proposed
strategy achieves the lowest RTT, indicating its effectiveness
in minimizing communication delay, which is crucial for
latency-sensitive applications. It also significantly reduces
the handover cost compared to MWM and the short-
est path strategy, while being slightly higher than MST,
which prioritizes stability at the expense of data rate. For
energy consumption, the proposed strategy remains close
to MWM, which maximizes data rate but incurs higher
handover frequency. This highlights the potential of the
proposed strategy to achieve comparable energy efficiency
with further HM optimization. Overall, the proposed strategy
balances all three metrics effectively, reducing handover
costs and latency while maintaining competitive energy
consumption.

VI. CONCLUSION
In this paper, we proposed a handover strategy for LEO
satellite networks based on a bipartite graph model, aiming
to maximize the overall communication quality, minimize the
handover rate, and balance the network load. Furthermore,
we introduced a novel integration of HM with KM algorithm,
which provides a flexible, robust, and adaptable frame-
work to meet different network requirements. The provided
simulation results show that the average data rate of the
proposed scheme closely matches the MWM strategy while
outperforming the shortest handover path strategy. In addi-
tion, our scheme significantly reduces the handover rate and
handover costs, and communication latency, while achieving
energy consumption levels comparable to the MWM strategy.
These improvements highlight the proposed strategy’s ability
to deliver stable, efficient, and low-latency communication.
Future investigations should implement multi-connectivity
in the satellite handover strategy to fully utilize satellite
resources and improve data rates. Moreover, exploring
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multi-objective optimization techniques, such as optimiz-
ing data rates, handover frequency, and energy efficiency
simultaneously, would help in effectively balancing system
performance metrics. Pareto front analysis could identify the
best configurations to balance these conflicting objectives.
Moreover, developing dynamic, re-configurable HM settings
based on real-time network conditions through advanced
technologies such as machine learning can further enhance
the handover strategy and adapt it to varying operational
environments.
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