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Abstract: Efficient information transmission is crucial for the development of space-ground integrated network
(SGIN), especially with the growing complexity of low Earth orbit (LEO) satellite architectures. This study aims to
optimize the handover process between terrestrial users and satellites by considering metrics such as handover times,
elevation angle, and available channels. The proposed mathematical model divides the Earth into multiple regions,
and the optimization objective is a weighted sum of the number of handovers and load balance, which determines the
weighted coefficients based on different scenarios. The elevation angle can be optimized by setting a threshold that
indicates the quality of information transmission. The study transforms the SGIN handover problem into an integer
linear programming (ILP) problem and solves it by using mathematical tools to provide an optimal solution.
However, due to the high algorithmic complexity of the ILLP-based strategy in practical engineering applications, a

heuristic handover strategy based on bipartite graphs is also proposed. Simulations on a typical LEO satellite
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constellation (Globalstar) validate the effectiveness of the proposed handover strategies.
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0 Introduction

With the rapid development of mobile commu-
nication, satellite networks are expected to provide
seamless wireless coverage''*. However, a signifi-
cant number of terrestrial users accessing fixed
ground stations before connecting to the satellite net-
work can reduce the overall network’s user connec-
tivity capacity and increase transmission delay. To
solve the contradiction between the growing de-
mand for communication in wireless networks and
the limited assignable resources, an information net-
work architecture that can support high-speed band-
width and high capacity has been developed, i.e. the
space-ground integrated network (SGIN). SGIN is
a heterogeneous network with a satellite network as
the backbone, usually consisting of satellites de-

ployed in different orbits and terrestrial users (e.g.,

*Corresponding author, E-mail address: ningq@scu.edu.cn.
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ground stations and mobile terminals with satellite
communication capabilities)*'. SGIN can cover ter-
restrial users in remote areas and enhance the con-
nectivity and resistance to destruction in areas with
weak terrestrial communications. Fig.1 shows that
in SGIN, space-based networks achieve global com-
munication coverage through the interoperability of
satellites of different altitudes, performances, and
orbits, which are expected to be incorporated with
terrestrial cellular networks in the future”®. De-
pending on their orbital altitude, satellites can be di-
vided into three main categories. In recent years,
low Earth orbit (LEO) satellites have attracted ex-
tensive research interest due to their low propaga-

tion delay in wireless communication'”"’

. Compared
with geostationary Earth orbit (GEO) satellites and
medium Earth orbit (MEO) satellites, LEO satel-

lites feature low energy consumption and signal at-
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tenuation, which help to reduce power consumption
for terrestrial nodes. It is even possible to achieve di-
rect communication between users and LEO satel-
lites, significantly reducing transmission loss. Sever-
al projects on LEO satellites, e.g., Starlink, One-
Web, and Kuiper, have made significant progress

recently """

. Thus, it is substantial to investigate
the wireless communication-related problems in

LEO satellites.

connectable

Fig.1 Architecture of SGIN

The space-ground network architecture con-
sists of rapidly moving LEO satellites in relation to
terrestrial users. The high dynamic of SGIN would
cause the handover problem. The terrestrial users
need to switch among satellites to ensure continuous
communication uninterrupted. They need to cut out
the current connection and establish a new connec-
tion to another connectable candidate satellite called
satellite-ground handover. However, ineffective
handover strategies may influence the quality of ex-
perience, such as short remaining visible time,
small channel gain, and a poor number of available
channels. Therefore, the satellite-ground handover
management must be optimized for the space-
ground integrated network to provide uninterrupted
and consistent high-quality network services.

The key to optimizing the above handover man-
agement problem is to simultaneously optimize
three metrics: The remaining visible time, the chan-
nel gain, and the number of available channels'****.
As the remaining visible time decreases, the likeli-
hood of connection interruption increases. This, in
turn, leads to a greater frequency of handover

events under the handover strategy'"’. Previous

studies "’

used a ray-tracing-based channel modeling
method. The satellite channel gain response be-

tween the LEO satellite j and node 7 at time slot ¢

Vol. 40
and frequency fcan be represented by
Gy=—" ZA(d) (1)
"\ 4n/sin(0,) f

where ¢ is the speed of light, A the orbit altitude, @,
the elevation angle at moment 7, and A (d) the at-
mospheric fading. It can be found that the satellite
channel gain is positively related to the elevation an-
gle. Maximizing the elevation angle can optimize the
transmission quality. The maximum number of
available channels can achieve a balanced load in the
LEO satellite networks''”". Thus, the optimization
goal shifts to minimize the number of handover
times, maximize the elevation angle, and achieve
satellite load balancing as much as possible. Design-
ing a multi-objective satellite-ground handover strat-
egy optimization is significant. This paper focuses
on the multi-objective optimization of satellite-
ground handover for larger-scale terrestrial users.
The main work of this paper is given as follows.

(1) We assume that all ground users have di-
rect communication access to LEO satellites. Addi-
tionally, we consider a small geographical region
where all users within the area share the same satel-
lite parameters, such as the elevation angle, the dis-
tance, the satellite position, and the number of con-
nected users, etc.

(2) We have mathematically modeled the
switching issue as an integer linear programming
(ILP) problem, which can be solved using mathe-
matical optimization techniques to obtain the opti-
mal solution.

(3) Since

through mathematical calculations can be time-con-

obtaining an optimal solution
suming, we propose the development of a heuristic
algorithm. This algorithm aims to find a suboptimal
solution while significantly reducing the computa-
tional time required.

The rest of the paper is organized as follows.
Section 1 surveys and analyzes the related work.
The system model and problem formulation based
on ILP are presented in Section 2. Section 3 ex-
plores the heuristic algorithm proposed in this paper.
In Section 4, simulations are conducted to compare
the proposed strategies with existing ones. Finally,

Section 5 draws conclusions.
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1 Related Work

In recent years, satellite communications have
become increasingly important for some applications
such as long-distance information transmission and
navigation. A significant portion of existing research
has focused on LEO satellite networks and
SGIN'1,

Some existing work only considers one of the
metrics mentioned above. For example, Wang et al.*”
investigated the handover problem by considering
the received signal strength to improve channel
gain, but this approach might cause an unbalanced
satellite load in which many terrestrial users simulta-
neously connect to a specific satellite. Papapetrou et

al. 2y

proposed a dynamic handover scheme to ad-
dress the load issue based on predicting satellite
load, but the above letters only optimized a single
handover metric and were hard to apply to compli-
cated handover scenarios nowadays. Wu et al. '™
proposed a graph-based handover strategy that can
optimize different metrics by changing the edge
weight, and reducing the number of handovers for
ground users. However, this approach may lead to
problems such as low channel gain and unbalanced
load.

Designing a multi-objective optimization algo-
rithm is significant to consider the above three met-
rics simultaneously. Wu et al.'*' proposed a hando-
ver strategy based on the potential game, which con-
sidered the trade-off between the number of hando-
vers and load balance. However, setting edge
weights for different handover scenarios was diffi-
cult. Zhang et al."* formulated satellite handover as
a multi-objective optimization problem and deter-
mined weights based on entropy, which can trans-
form the multi-objective problem into an objective
function representation. Zhang et al.'**' considered
all three metrics using an entitled TOPSIS scheme
to determine weights. However, the entropy and
TOPSIS methods did not consider the different re-
quirements in many comprehensive global handover
scenarios. Reinforcement learning has been pro-
posed as a method to solve the optimization prob-
lem'**" | but the training costs are high in complex

satellite networks. A heuristic algorithm has been

adopted to solve the multi-objective problem in sat-
ellite networks **’. Therefore, obtaining an opti-
mal multi-objective calculation result that satisfies
different requirements is essential three metrics si-

multaneously.

2 System Model and Problem For-

mulation

2.1 System model

The satellite network is considered to consist
of M LEO satellites. The ith satellite is denoted by
S, i€{l, 2, 3, -+, M}. The maximum capacity of
S, is assumed to be P, connections. The whole earth
is divided into N regions, as shown in Fig.2. Let R,
denote the 4th region. Taking into account the non-
uniform distribution of real-world ground users, we
assume that the number of users in each region fol-
lows a random distribution. Let U, denote the num-
ber of users in R,. The satellite coverage informa-
tion for users in one region is assumed to be the
same. The handover problem in the following T
slots is studied in this paper. We define a N X M X
T 3D matrix E = [e,,], where e, represents the el-
evation angle between users in R, and S; at the zth
slot. We define a 4D matrix C = [¢,;,] whose di-
mension is N X M X M X T, where ¢, denotes the
number of users switching from S, to S; in R, at the
tth slot. C is called the assignment matrix through-
out the paper. For a given % and /', if i equals j, the
value of ¢y, indicates the number of users that still

connect to S;.

LEO

||,l l' A

Edge of

coverage I
el pl gl Ul
NIRRT Wity

Fig.2 System model

By executing the handover strategy to change
the assignment matrix C, we obtain the connection

status of all users in T slots. The assignment matrix
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C represents the optimized result of the strategy.
The handover strategy optimized will be transmitted
from the regional control centers to all users within
the region. Users will automatically switch and con-
nect to the corresponding satellite based on the in-
structions, which are similar to the flow table infor-
mation in network routing.

Subsequently, we conduct a modeling analysis
on three metrics, including the number of hando-
vers, the elevation angle, and the load balancing de-

gree.
2.2 Problem formulation

2.2.1 Number of handovers
The number of handovers is an important met-
ric. On one hand, it represents establishing and dis-
mantling communication links between satellites
and users. On the other hand, for a particular node
within a given interval, connecting to the satellites
with a smaller number of handovers means less
waste of resources. We define an auxiliary 4D ma-
trix A = [a,;, ), whose dimension is N X M X M X
T. ay; denotes whether it is possible to switch from
S, to S; for users in R, at the rth slot. If the user can
switch, then a,, = 1, otherwise a,;, = 0. Howev-
er, the ability to perform a handover is conditional.
When i = j, no handover is possible and a;, = 0.
Additionally, if the elevation angle e, between the
users in R, and S, does not meet communication re-
quirements, a connection cannot be established and
a handover cannot occur. The value of a,; 1s defined
as
y— 1 i#jande, 70, e, 70 )
"0 Otherwise
So, ¢uay, denotes the number of ground users
who switch from S, to S; in R, at the zth slot. The to-
tal number of handovers in R, at the /th slot can be

calculated by

M M

22 C kit A kit (3)

j=1i=1

Across varying network scales, the number of
users can influence the overall frequency of network
handovers. Therefore, we adopt the average num-
ber of handovers per user as the objective function.
The average number of handovers in N regions with-

in T slots is

T

N M
2 é é C/g/alczj/

k=1r=1j=1i=1
’z\: (4)

2.2.2 Elevation angle

The assignment matrix C serves as both the re-
sult of policy optimization and an independent vari-
M
able in the model. ZCW denotes the number of us-
i=1
ers switching their connections from all satellites to
S, in R, at the tth slot. In R, at the #th slot, the total
elevation angle of U, connected to all LEO satellites
can be calculated by
M M
zzck(;zekjr (5)
j=1i=1
Since the total number of the nodes in all users
N
is Z U,, the average elevation angle of all users in
k=1

the network during a communication period T is

3133 e

s (6)
2, U

2.2.3 Degree of load balancing

The lower the number of available satellite
channels, the higher the load value of the satellite,
and implementing load balancing can reduce the oc-
currence of this situation™". At the rth slot,
N
2 U,/ M can calculate the average number of con-
k=1
nections per satellite. The total number of users con-
nected to S; at the ¢th slot can be calculated by
N M
zzck,ﬂ. The term “degree of load balancing” re-
k=1i=1
fers to taking the average difference between all sat-
ellite load values at a given time and the average
load value of the entire network. In other words,
the smaller the average difference value, the more
balanced the satellite network load. The following
indicator is defined to measure the degree of load

balancing in N regions at the zth slot, shown as

PRI

j=1| k= =1

Therefore, the average load balance degree

over all the regions during T time slots can be calcu-
lated by
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22\4: ii"kmf iUk/M

i=1j=1|k=1i=1 =1 (8)

MT
2.2.4 Modeling with linear programming

This paper considers the average elevation an-
gle, the number of handovers, and the degree of
load balancing when making handover decisions.
And a threshold is set for the elevation angle. That
is, when the elevation angle is higher than a certain
threshold ,

quality is acceptable at this time. The objective func-

it can be regarded that the transmission

tion is to minimize a weighted sum of the number of
handovers and the load balancing degree.

The objective function is a trade-off between
the number of handovers and the degree of load bal-
ancing. A weight coefficient S&[0, 1] is defined as a
weighted sum of the number of handovers and de-
gree of load balance. The value of & can be selected
based on the actual requirements of application sce-
narios. When & = 1, the objective is only to mini-
mize the number of handovers. When & = 0, the
aim 1s only to balance the network load. In other cas-
es, the trade-off between them is considered. The
objective function of optimization 1s

DI I

k=1i=1j=1i=1

min & N +(1=d)-
U,
k=1
T M N M N
S S
i=1j=1|k=1i=1 k=1 (9)
MT

However, the above formula is nonlinear as it
contains an absolute value function. To make a lin-

ear transformation, let H,=

N 1 N
e~ DU/ M |
k=1i=1 k=

tion can be replaced by

z\vic“ﬂ_ 2 U//M< Hj/ <
=1i=1 =1

N N M
2 UA/M* 225k1ﬂ+ Qﬁj/

k=1 k=1i=1

2 /M 22 (hjz\ jt < (10)

The absolute value func-

N M N
D e — > U/ M+ Qg,
k=1i=1 k=1

é\,//Jrsjz:l’ 6]‘/7 5_;‘16[071]

where J;, and ¢, are binary variables, and Q is a suffi-

ciently large number. In this case, it can be chosen

N
as min{ > U,/M, max{Py, P, Py, -, Py} . Fi-
k=1

nally, the optimization problem can be written as

follows

N T M

22 H,

+(1*§)W (11)

T M M
pIIPICI

k=11=1j=1i=1
N

S.t. Ckz']r =

min &

U;?ak,j[ VA’, Vl, V], V[ (12)

M
z Clmir = 2%7<1+1) Vk, Vi, Veel[1,T—1](13)
m= ji=1

Z\:Zw:c,,,ﬂ <P, Vj,V¢ (14)
E=1i=1

T M M

2 2 2 & ﬁz]tekﬁ
77111</7]/ 1;\11171 (15)

2 Ug/M— Zzwﬁ Qs, (16

k=1 k=1i=1

/M chhﬂgHﬂ
iiw E\IU/MJF Qe (17)

k=1i=1 k=1
0y te=1 &, ¢€0,1] (18)

Constraint (12) is used to limit in R,, the val-

HM/

ue of the assignment matrix C cannot exceed the to-
tal number of users U,. In constraint (13), the left-
hand side of the equation represents the number of
ground users connected to S; in R, at the tth slot,
while the right-hand side represents the sum of the
number of users switching from S; to other satellites
in R, at the (#+1) th slot and the number of users
continuing to connect to S;. These two quantities are
equal. Constraint (14) is used to ensure that the
number of nodes connected to each LEO satellite in
any region at any time will not exceed the upper lim-
it of its load capacity. Constraint (15) ensures that
the average elevation angle is higher than the thresh-
old constant 7, to provide better transmission quali-
ty. The constraints (16—18) successfully convert
the absolute value part of the objective function

from nonlinear to linear, and Q=
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N
min ZUk/M, max{ Py, Py, P;, «*+, Py }1.
k=1

The above optimization problem is a standard
ILP problem, which can be solved by common
mathematical tools. We then utilize the “optimize”
function in YALMIP to define the objective func-
tion and constraints, employing CPLEX as the solv-
er to obtain the optimal solution C. The matrix C
represents the optimal satellite-user connection re-
sults, which can be utilized to derive specific met-

rics such as switching count and load balancing.

3 Heuristic Handover Strategy

This section proposes a heuristic algorithm-
based handover strategy (HSHA) to improve the
computational efficiency of the algorithm. Similar to
the ILP handover model, the approach considers N
regions, with the kth region represented by R,, and
each region has M satellites. Fig.3 depicts the han-
dover model based on a bipartite graph in R, where
S, denotes the ith satellite in the 7th time slot, L, de-
notes the load of S, and the upper load limit of S,
is P..

Time slot-t, Time slot-7,

2r g4 OK—ZIC—’O?

\3\

—@

[ 1 | 1
L2 f f @<=3% =9
21 .

Time slot-z,

™~
w

wk

“y =Y

xk

K] gta

zk

Fig.3 Handover model based on bipartite graph in R,

The proposed HSHA works as follows. Initial-
ly, the number of terrestrial users in each region is
randomly distributed, and there are U, users in R,.
Then, at each time slot per satellite, the user se-
lects the path with the lowest cost C_z to the next
time slot. Finally, the cycle is completed. This ap-
proach significantly reduces the computational com-
plexity, making it suitable for practical engineering
applications.

Setting the elevation threshold #,, to obtain the
connectable satellites with high channel gain. We
set U= Z\: U/ M to be the intermediate mean val-

k=1

ue for load balance. Assessing the cost function C;,=

C=06C +(1—

dover, and C, is the cost of the difference between

6)C,, where C, is the cost of han-

S, load value and U. All users in all regions are as-
signed cyclically, and the step with the lowest cost
is selected each time. At each time slot, an alloca-
tion matrix L is generated by assigning each terres-
trial user. This allocation matrix L represents the fi-
nal handover results obtained by the heuristic algo-
rithm. The pseudo-code of this algorithm is shown
below.

Algorithm 1 Handover strategy based on heuristic
algorithm

Input:S,., &, T, U, L

Output: num, L,,,

Initialize U,, L(7,1)

N
foru=1-> > U,do
k=1

fort=2— Tdo
forj=1—>M&&L(j,zf><P,do
if i 7 tthen
C,=0
else
C,=1
end if
Co=(1+L(Lt)~UP—(L(j,t)= U
Cj=C=6C+(1—06)C,

end for
Cz=min{C_1, C_2, , C_M}
L(z,t)=L(z,1)+1
if i # z then
num = num + 1
end if
end for
end for

fori=1—> Mdo

forr=1—> Tdo

L= Lo+ |L(i,1)—U|

end for
end for
Ly = Ly/(MT)
num = num/ U

Compared with the ILP method, HSHA can-

not find a globally optimal solution. However,
HSHA can only provide a feasible solution within

acceptable costs (referring to computation time and
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space) , and this feasible solution can closely approx-
imate the optimal solution. In practical engineering
applications, HSHA can provide a solution with the
advantage of low algorithm complexity and short
computation time. Algorithm 1 mainly contains
three levels of nested loops: The number of ToT
nodes, LEO satellites, and simulation time. There-
fore, the algorithm’s complexity can be obtained as
O(TMU).

4 Simulation Analysis

4.1 Simulation scene selection

This section evaluates the performance of the
proposed satellite handover strategy via simulations.
It is necessary to ensure that many satellites can be
connected at each time slot for a particular region.
To accomplish this, we employ the Globalstar con-

stellation”

, an operational real-world satellite net-
work. The relevant simulation parameters are
shown in Table 1.

The satellite tool kit (STK) is employed to ob-
tain satellite coverage and elevation angles in the
in Fig.4,

Globalstar constellation. As shown

Table 1 Parameters for simulation

Parameter Value
Orbit altitude/km 1389
Orbit inclination/(°) 52
Orbital plane number 6,8,10
Number of satellites per orbit 6
Semimajor axis/km 7767
Minimum elevation value of link connection/(") 10
Elevation threshold /(") 15

throughout a 30 min experimental period, the Glo-
balstar constellation has four or more satellites cov-
ering the region simultaneously. This ensures that
all ground users can connect to the LEO satellites,
avoiding the situation that the connection is inter-

rupted and cannot be switched.

o

(9]

w

\S]

The number of satellite coverages
N

—

5 10 15 20 25 30
Simulation slot

Fig.4 Satellite coverage analysis in Global-

star constellation

Fig.5 illustrates the coverage of ground termi-
nals by LEO satellites within the Globalstar constel-
lation. The blue lines represent the orbital paths of
the satellites, while the orange curves depict the
coverage range of the satellites at a given moment.
This visualization provides a more intuitive represen-
tation, indicating that at a specific time, certain re-
gions may be simultaneously covered by multiple
satellites. Furthermore, locations closer to the cen-
ter of satellite coverage exhibit higher elevation an-

gles, resulting in higher channel gains.

Fig.5 Communication range of LEO satellites in Globalstar
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4.2 Optimize weight selection

The optimization objective function is given in
Section 2. We use Eq.(11) as the objective optimi-
zation function and Eqs.(12—17) as constraints,
use the YALMIP toolkit in Matlab 2019a to solve
the integer linear programming to obtain the optimal
solution matrix C, and then bring the result of ma-
trix C into Eq.(4) and Eq.(8) to get the average
handover times (E(N) ) and load balancing degree
(L (N) ). We found that the optimization results

change with different values of . As illustrated in
Table 2, it can be found that with the change of &,
the changing trend of handover times and load bal-
ancing degree is opposite. This is because when the
average number of handovers is small, many users
are connected to the same satellite in order not to
handover as much as possible, which will cause a
high load variance in the satellite network, and then
make the load balance too large, so the two indica-

tors are contradictory.

Table 2 Two metrics changing with &

0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
E(N) 19.074 10 2.506 17 2.506 17 2.494 95 2.47924 247138 2.40067 2.39394 2.30640 2.28507 2.26150
L(N) 181101 18.1101 18.1101 18.1133 18.1227 18.1283 18.2163 18.2295 18.5243 18.6423 24.0899

4.3 Comparison of handover strategies

This paper implements the handover strategy
based on ILP (HSILP) in Section 2 and HSHA in
Section 3. In addition, we add two handover strate-
gies for comparison. One of the algorithms consid-
ers the channel gain as its optimization goal (repre-
sented by the optimal channel) ', The other algo-
rithm is an improved algorithm based on graph theo-
ry (represented by the shortest path) '), which
takes the time of satellites covering the ground as
nodes. It then uses the Dijkstra algorithm to obtain
the shortest path for each terrestrial user.

4.3.1 Number of handovers

For HSILP, we obtain the matrix C by solving
the ILP problem, and put C into Eq.(4) to obtain
E(N); for HSHA, we obtain num by running Algo-
rithm 1, which is E(N). Fig.6 shows that, with the
increase in transmission time, the number of hando-
vers under the four strategies increases approximate-
ly linearly when ¢ = 1. In Eq.(11), & = 1 indi-
cates that only the number of handovers is opti-
mized. It can be observed that the HSILP strategy
has the slowest increase in the number of handovers.
In contrast, the optimal channel strategy has the
fastest increase, and the shortest path strategy and
HSHA have a moderate increase rate. These results
demonstrate that the HSILP strategy can effectively

reduce handover times and provide the best optimi-

——Optimal channel
Shortest path
| -=-HSHA, ¢o=1
—=HSILP, 6=1

W

EW)

600 1000 1400
Average transmission time / s

200 1800

Fig.6 Comparison of cumulative handover times for

four different handover strategies when & = 1

zation results.

J can be set according to different optimization
needs in the actual scenario. Fig.7 compares the han-
dover times of the proposed strategies with the other
two strategies when & = 0.8 and 6 = 0.2. It can be
observed that the HSILP strategy has the slowest in-
crease in the number of handovers. Although the
curve of HSHA when & = 0.8 and & = 0.2 grows
faster than the curve of the shortest path, the algo-
rithm computation time of HSHA is much lower.
We will conduct experiments to analyze the algo-
rithm complexity later. Therefore, it can be conclud-
ed that HSHA can also reduce the handover times

in satellites network.
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6
—+Optimal channel
-e-HSHA, 0=0.2
5+ —-HSHA, §=0.8
Shortest path
—=-HSILP, 6=0.2

~2-HSILP, 6=0.8

Z8

200 600 1 000 1400 1 800
Average transmission time / s

Fig.7 Comparison of cumulative handover times for
four different handover strategies when & =
0.8and & = 0.2

4.3.2 Degree of load balancing

For HSILP, we obtain the matrix C by solving
the ILP problem, and put C into Eq.(8) to obtain
L(N). For HSHA, we obtain L,,, by running Algo-
rithm 1, which is L(N). Fig.8 presents the changes
in the load balancing degree under the four strate-
gies. 0 = 0 indicates that only load balancing is opti-
mized. 6 = 0.8 and & = 0.2 refer to different opti-
mization requirements in the scenario. It can be ob-
served that the HSILP strategy results in the lowest
load imbalance among the six curves, indicating
that the load is relatively evenly distributed among
the satellites. On the other hand, the optimal chan-
nel strategy has the highest load imbalance, indicat-
ing that the load is unevenly distributed among the
satellites. Therefore, in a multi-user scenario, the
ILP method has excellent load-balancing capabili-
ties. HSHA is guaranteed to obtain suboptimal solu-

tions with very low algorithmic complexity.
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Fig.8 Comparison of load balancing degree for four

different handover strategies

4.3.3 Algorithm complexity analysis

An algorithm complexity analysis is performed
for a scenario with T time slots, M LEO satellites,
and U terrestrial IoT nodes. The algorithm in
Refl.[22] is based on the Dijkstra algorithm, whose
algorithm complexity is O (»*)"**, so the algorithm
complexity of the shortest path is O (T*M*U). In
contrast, the algorithm complexity of HSHA can be
obtained as O (TMU) based on Algorithm 1. It can
be found that as the number of LEO satellites and
the transmission duration increase, the complexity
of HSHA is lower than that of the shortest path al-
gorithm.

To illustrate the disparity in computational
time among the three algorithms, we conducted
simulations using a continuous 30 min call scenario.
The simulations are performed under varying num-
bers of ground users. As shown in Table 3, the
computation time for HSILP significantly exceeds

that of HSHA and shortest path algorithms.

Table 3 Differences in computational time among three strategies

Number of users 1000 2000 4000 8000 16000 32000 64000 128 000
Computation HSILP 4907389 4993927 4993927 4968896 4968896 4932813 4918525 4881 186
_ Shortest path 13814 25255 49434 93680 170440 357907 713574 1422957
time/ms HSHA 3577 3577 10862 20321 39541 39541 152493 321501

Fig.9 shows the simulation time of HSILP,
the shortest path strategy, and HSHA. It can be
found that the algorithm complexity of HSILP is too

high to be used for practical engineering applica-
tions. The simulation time of the shortest path strat-

egy and HSHA increases linearly with the number
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of terrestrial IoT nodes, and the calculation time of
HSHA is lower. Therefore, it is proved that HSHA
can be effectively applied in satellite networks.
HSHA can reduce the number of handovers, reduce
computational complexity, and enable quick deci-

sion responses.

5.0 ===

45| —=HSILP
. Shortest path
| —=~HSHA

el
> W o
T

= o o
h o n
—

Algorithm simulation time / 10’s
S

2 4 6 8 10 12
The number of users / 10*

S
[=TN

Fig.9 Comparison of computation time for HSILP,
HSHA and shortest path strategies

4.3.4 Scenario scalability analysis

We conducted an experimental analysis on han-
dover strategies’ scalability. By adjusting the num-
ber of orbital planes in Table 1, the orbit density of
the satellite network can be modified. More orbital
planes translate to higher orbit density, providing a
greater number of satellites for ground IoT nodes to
connect with. This results in fewer handover num-
bers for IoT nodes within the same transmission
time. Similarly, a denser satellite network also
means more LEO satellites involved in the connec-
tion switching process, resulting in reduced load bal-
ancing. Testing was performed on HSHA , the opti-
mal channel strategy, and the shortest path strategy
at different orbit densities, using a 30 min transmis-
sion duration as example. As shown in Fig.10, in-
creasing the number of orbital planes elevates the or-
bit density, leading to a decrease in average hando-
vers across different strategies and reduced load bal-
ancing. The optimization results for HSHA in terms
of handover times and load balancing were better at

different orbit densities. This indicates that HSHA

can be better applied to different satellite networks.
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(a) Impact of three algorithms on the
average handover times E(N)
EWHSHA
45t mEmOptimal channel
[aShortest path
401
35
30
Z 25
3
20
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Orbital plane number
(b) Impact of three algorithms on the
load balancing degree L(N)

Fig.10 Impact of HSHA, optimal channel, and shortest

path strategies on the average handover times and
the load balancing degree of a network with varying

numbers of orbital planes

5 Conclusions

The satellite handover issues have gained sig-
nificant attention with the development of SGIN
technology. The key to solving the problem is to op-
timize multiple objectives. This work proposes two
multi-objective LEO satellite handover strategies.
We transformed the satellite handover problem into
an ILP problem through mathematical modeling and
obtained the optimal solution using specialized ILP
solving tools. But, the computational time required
by the HSILP algorithm is impractical for engineer-

ing applications. To address this, we developed a
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heuristic algorithm, HSHA, based on the bipartite
graph model. HSHA provides a suboptimal solution
that closely approximates the optimal solution
achieved by HSILP, while significantly reducing al-
gorithmic complexity. However, there is still room
for improvement in this area. Increasing the scale of
LEO satellite networks can enable users to select
more connectable satellites. Based on the HSILP
strategy, training the obtained data as a dataset may
lead to optimization results that are very close to the

optimal solution.
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