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ABSTRACT Satellite Internet Network (SIN) will be the next heat issue in the ongoing research of
6G. The users need to keep operating handover between different beams or satellites in an extremely
high frequency for the satellite to move at high speed in Low Earth Orbit (LEO). Traditional handover
thresholds (HT) determined by singer factor (such as reference signal receiving power or quality) have
severe performance degradation in the scenarios of SIN. It is also hard to correctly describe and model the
correlations between multi factors. This paper proposed a novel method to determine the handover threshold
based on a reconfigurable factor graph (FG) for LEO SIN. First, we introduce a tensor to make a factor
graph with the ability to reconfigure all the factors and correlations in the factor graph, which can solve the
problems of sharp changes between factors. Then, we proposed a method to determine the HT for SIN based
on re-constructed FG. The simulations show that the proposed HT method has better performance than those
of RSRQ and elevation.

INDEX TERMS LEO satellite, handover, handover threshold, factor graph.

I. INTRODUCTION

One of the scenarios of the Sixth generation (6G) in the
recent research is achieved global communications. The key
performance indicators (KPI) of 6G would be high-data-rate,
low latency, high reliability, and large connectivity density
around the world [1]-[3]. Compared to the limited coverage
by terrestrial networks, the satellite network would be the first
choice to cover most areas on the earth [4], [5]. That would
also be a big challenge to achieve all the above KPIs by the
traditional satellite network. Therefore, the evolution of satel-
lite internet networks (SIN) has gotten much attention. There
are some new characteristics for SIN, such as Low Earth
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Orbit (LEO) large constellation, Ku/Ka frequency band, and
OFDM-based radio.

The satellites in SIN move at an extremely high speed of
more than 20000km/h, so the multiple beams of SIN would
move at the same high-speed relative to the users on the sur-
face of the earth [6]. To maintain continuous communications
in SIN, the users must keep operating handover from one
beam or different satellite to the next beam and satellite at
an extremely high frequency [7].

High-efficiency handover would play a key role in SIN.
Existed handover schemes focus on more accurate offset and
hysteresis of the measured values of observed factors, which
provide with more stable and higher efficiency handover.
In Long term Evolution (LTE) or the fifth-generation (5G),
the cell selection criterion S and re-selection criterion R
are fulfilled according to the power or the quality of the
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FIGURE 1. The challenges of handover in SIN.

received signal, which are taken as single factors. However,
in the scenarios of SIN, the handover schemes with single
factors cannot matter since there are multi-affected factors
of multi-processes in the determination of handover triggers.
Difference in the power of the received signal between center
and edge of beams in SIN is near, which is about 3dB. Taking
the power of the received signal as the factor of criterion
increase the probability of handover failure, which would
degrade the Quality of Services (QoS) of SIN. The challenges
of handover in SIN are shown in Figure 1.

In Figure 1, there are three questions of handover in SIN,

1) Which factors would be considered in handover
schemes: different criterions based on different factors would
affect the performance of handover, which include Reference
Signal Receiving Power (RSRP), Reference Signal Receiving
Quality (RSRQ), the relative distance between user equip-
ment (UE) and satellite (RD), satellite ephemeris (SE), or ele-
vation from UE to the satellite. Which factors would be the
most appropriate in different phases and moments?

2) How to combine different factors to determine han-
dover trigger: different factors have different dimensions and
different effective ranges. Considered the vision of 5G NR
fused with SIN, a unified framework with different factors
for handover contributes a lot to minimal protocol changes in
the baseband unit.

3) How to operate the process to enhance the efficiency of
handover: under the above factors and framework, how and
when to measure the values of those factors, how to determine
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TABLE 1. List of nomenclature.

Acronym Full Term
SIN Satellite Internet Network
6G Sixth Generation Mobile Networks
5G Fifth Generation Mobile Networks
LEO Low Earth Orbit
LTE Long Term Evolution
BS Base Station
HT Handover Threshold
QoS Quality of Services
RSRP Reference Signal Receiving Power
RSRQ Reference Signal Receiving Quality
UE User Equipment
RD Relation Distance
SE Satellite Ephemeris
DP Deciding Process
SFDP Singer Factor Deciding Process
MFDP Multi-Factors Deciding Process
CSI Channel State Information
FG Factor-Graph
ES Earth Stations
MS Monitor Stations
CN Core Networks
N-C Network Nodes for Handover Control
NTN Non-Terrestrial Network
RAN Radio Access Network
N-U User Nodes for Handover Control
N-E Environment for Handover Control
RSSI Received Signal Strength Indication
HE Handover Eigenvalues
RRM Radio Resource Measurement
GNSS Global Navigation Satellite System
HEM Handover Eigenvalues Measurement
PDF Probability Density Function
RFG-T Re-construct FG based on Tensor
BV Basis Vectors
AV Auxiliary Vectors
H-FN Handover Factor-Node
MAP Maximum a Posteriori
EA Elevation Angle
HER Handover Error Rate

the handover threshold (HT) of each factor and the whole
process.

Factor-Graph (FG) schemes can describe the correlations
between different factors and sub-factors, so it has an advan-
tage on the HT modeling in the case of one observed factor.
To our knowledge, this paper is the first attempt to use FG
schemes to model the factors and correlations of HT deter-
mination. Although that, FG schemes should be furtherly
enhanced, especial for the performance of the handover relia-
bility in the case of multi-observed factors. That means the
FG described in one scenario can be extended to describe
another scenario. FG should also be re-construct. Therefore,
this paper focuses on a new method to determine the HT based
on re-constructed FG for SIN. The main contributions are
summarized as follows:

a) We build a system model including user model, resource
model, channel model, and the satellite in SIN adopts beam
hopping technology.

b) We proposed a method to achieve the re-constructed
FG for the scenarios with sharp changes, which provided a
theoretical basis to determine the HT for SIN;
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¢) We first proposed a method to determine the HT for SIN
based on re-constructed FG, which improves the handover
performance in SIN for the scenarios with sharp changes,
compared with the methods only considered RSRP or RSRQ.

The remainder of the paper is organized as follows.
In Section 2, we conducted research on related work.
In Section 3, we demonstrate the system model. The new
method to determine the HT for SIN based on the re-construct
FG is introduced in Section 4. In Section 5, we introduce
the simulations and analyze the performance. Section 6 is the
conclusions of the paper.

Il. RELATED WORK

Researches on handover schemes focused on Deciding Pro-
cess (DP), including Singer Factor Deciding Process (SFDP)
and Multi-Factors Deciding Process (MFDP). Researchers
have identified some factors, such as received power, signal
quality, distance, elevation angle, load, etc.

Handover schemes based on RSRP [8]-[11] and
RSRQ [12]-[15] are often used in terrestrial communication
systems. For example, T. Sheu and J. Sie proposed a dynamic
adjustment scheme of handover threshold based on RSRP to
balance the load between source BS and target BS [8]. The
handover scheme based on RSRP and RSRQ is suitable for
the terrestrial network, and the improved handover scheme
based on RSRP and RSRQ has better performance, but the
handover scheme based on RSRP and RSRQ cannot be
applied to the satellite communication system with average
beam power.

In the satellite communication system, handover is still a
hot issue worth paying attention to. To aim at the charac-
teristics of satellite networks with long time delay and high
dynamic, new handover factors are studied, elevation Angle,
position, load, and other factors are used in the handover
scheme [4], [16]-[26]. A. Bottcher proposed a maximum
elevation handover strategy, which always selects the satellite
with the best elevation [16]. E. Papapetrou proposed three dif-
ferent satellite handover strategies, namely maximum eleva-
tion strategy, maximum visibility strategy, and maximum idle
channel strategy, and analyzed the success rate of different
handover strategies [17]. C. Duan adopted a location-based
minimum-delay handover strategy [4]. T. A. Chowdhury pro-
posed an adaptive channel reservation scheme for switching
call priority, allocating resources for switching calls by pro-
tecting channels [23]. However, the maximum elevation of
the satellite does not necessarily reflect the real link quality,
and the location-based handover scheme only considers the
minimum delay at the current moment, the handover scheme
based on channel reservation only consider the relationship
between handover calls and new calls, it is impossible to
ensure that the terminal can maintain good communication
quality under the service of the target satellite after handover.

Due to the shortcomings of SFDP, recent researches con-
sider the handover schemes for SIN as MFDP, which would
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TABLE 2. List of symbols.

Symbol Meaning

S Network nodes for handover control

Sij ith satellite in jth orbits

U User nodes for handover control

lu, nth UE

Uy Observed UE

1(t) Position of

6, Elevation angle between UE and satellites

C(t) Channels environments between s;; and UE

eph(t) Ephemeris

A System coverage area

v(t;) Velocity of UE

y(t) Direction of UE

iy Asymptotic mean values of velocity

Uy Asymptotic mean values of direction

tstep The time interval between t; and t;_;

M Value controls the randomness of the speed

ny Value controls the randomness of the direction

t. User's movement time in a complete beam

A Satellite moving speed

m Number of beams

tea Call duration

time The residence time of the source cell,

Py Probability of the original call request handover

% Time interval from the k-1th handover to the kth
handover

E(i) The average number of successful handovers
during the entire call duration

At Channel parameter between user u and beam |

by, Channel parameter includes multi-beam antenna
gain, free space loss, and noise power

Qu Channel parameter includes phase and Rain
attenuation

Gre Receiving antenna gain

Y2 Rain attenuation component

Xy Power attenuation

by Uniform random variable

Y Free space loss and noise power

A wavelength

kTB The noise component

Gy, Multi-beam antenna gain between user u and the
Ith spaceborne antenna

i) The first-order Bessel function of the first kind

J3 () The third-order Bessel function of the first kind

a, Weight of each factor

G Factor graph (FG)

F Local functions in factorization

X Variables in a global function

fi Factor nodes

g(xn) Function with n variable

Ppyory (X3) Sum of all variables messages to the left of x5 in
FG

Moy (X3) Sum of all the variables to the right of x3 in FG

Mooy (X3) Sum of all the variables to the right of x; in FG

N; Number of paths getting in and out the factor-
nodes

Ii A weighted sum of the self-access degree of all
factors in the factors cluster

X An estimated value of HT

h(-) Measurement functions of each factor node

Zy The actual measurement value of each factor

L() Cost functions

d() Cost functions

p(X|2) Posterior probability density

D(X) A global function that can be factorized into a
product of all factors

XxMAp Optimal estimate value of the expected state
variable

PD; ( f]) Error probability of the cost function @ (X)

X; ( f]) Error probability of each state variable

XN probability of HT failure N’zth or %

N Number of all handovers

N_nth Number of handovers that would not be operated
but operated for wrong determinations

N_hto Number of handovers that would be operated but

Amaxh_value

operated for wrong determinations
Range of determination of the maximum number
of launch handovers maxh_range
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determine the HT by two or more factors [19], [27]-[35].
The handover schemes determined by the combination of SE
and RSRP can predict which satellites would be at the field
of vision around the UE at this moment and next moment.
At the same time, the cell selection criterion S based on
RSRP can furtherly help select the beam of satellite with
appropriate RSRP. The handover schemes by MFDP have
enhanced the performance of handover reliability. Fan Zhi-
hui proposed a weighted MFDP based on traffic types, but
the algorithm artificially divided network traffic and could
not objectively adjust network factors [28]. M Mansouri
compares various combinations of MFDP algorithms and
proposes a new network selection scheme, which aims to
meet the requirements of QoS to the maximum extent [29].
However, MFDP schemes could not furtherly describe the
correlations between sub-factors from factors and factors.
These would make the HT determined by MFDP schemes
fail to be applied in the scenarios with a large area, multi-
dimensions, complex scenarios. The high-speed movement
between satellites and UEs would bring sharp changes in the
correlations to affect the determination of HT.

IIl. SYSTEM MODEL

According to the position of network nodes, the SIN system
can be divided into space segment and ground segment.
All satellites are in the space segment. Moreover, there are
several earth stations (ES), monitor stations (MS), and core
networks (CN), as well as different types of UEs, such as
handheld, vehicle-mounted and shipborne terminals [14] in
the ground segment. Those network nodes can be abstracted
into several categories since they have different functions in
SIN handover.

« Network nodes for handover control (N-C): according
to the proposals from 5G non-terrestrial network (NTN),
the control functions of the radio access network (RAN)
can be deployed in the ESs or the satellites. They mainly
achieve the functions of message broadcasting, receiv-
ing user measurement reports, handover judgment, and
data retransmission control.

« User nodes for handover control (N-U): the respond-
ing to the handover in the UEs, which achieve channel
status measurement, broadcast control message receiv-
ing, handover activation, data reception, etc.

o Environment for handover control (N-E): the chan-
nels between the satellites and UEs, which would change
with the relative distance between satellites and UEs,
and services scenarios.

o The factors of HT determinations: Received Signal
Strength Indication (RSSI) such as RSRP/RSRQ is com-
monly used in existing terrestrial mobile communication
systems. The factors such as ephemeris, elevation angle,
the position should also be considered.

The system model of SIN includes the user model, resource
model, channel model, as shown in Figure 2.
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There are several satellites in the network framework of
SIN. The beams of satellites move with a footprint on the
earth with a specific coverage, speed, or direction according
to the constellations and orbits. The network nodes for han-
dover control are denoted as S = {s11, 512, ..., s;j}, which is
composed of i * j satellites, i is the number of orbits, j is the
number of satellites in the orbits, s;; is the ith satellite in ith
orbits. Because the functions of access control can be placed
in satellites or ESs, we take the satellite or ESs as the same
network nodes.

The handover of users’ links is the most concerning issue in
this paper. We assume the observed UE is u, which denotes
the kth UE. The position of uy is I(¢), which would change
with time. Here, we assume that the u; would access to the
satellite 57, the elevation angle between UE and satellites 6; is
about {45°, 135°}. At this moment, the elevation angle 6;_; of
the previous satellites which the u; access is about {0°, 45°},
the elevation angle ;41 of the next satellite s;41 which the uy
access is about {135°, 180°}. Here, we define the elevation
range as {0°, 180°}. The elevation angles 0, 6;_1, 6,41 are
all considered the UEs are in the center of the beams of
satellite s;. The elevation angle is calculated from the satellite
position and the UE position. The UE stores the basic orbital
plane parameters and broadcasts the orbital parameters of the
serving satellite in the system information. The UE derives
the position coordinates of the serving satellite accordingly.
The ephemeris data of the neighboring satellites can also be
provided to the UE through system information or dedicated
RRC signals. The channels environments between s;; and
UE U are denoted as C(t), which are a set of factors such
as rsrp(t), rsrq(t), C(t), eph(t), 0;(t), etc. We illustr iders
RSRP and serving time, as shown in Figure 3, and the service
satellite is denoted as S1, adjacent orbit satellite is denoted as
S2. Since different factors have various degrees of influence
in handover processes, HT should be considered in stages.
When the RSRP difference is not apparent, this factor cannot
be used as a handover decision factor. When the serving time
of all satellites is less than the threshold, the handover scheme
cannot effectively select the target satellite.

To study and simulate various influencing factors in MFDP
and build a simulation platform, we established user model,
resource model, and channel model, respectively.

A. USER MODEL

The user model includes the user distribution model, traffic
model, and mobility model. The user distribution in this paper
adopts sparse and uniform distribution, set the coverage area
as A, the user coordinate as (x, y), and the system coverage
area as Area, then the probability density function can be
expressed as

1
F) = Z’ (x,y) € Area
0, (x,y) ¢ Area

ey

The global traffic arrival rate follows a Poisson dis-
tribution with an average value of 5000/s, and the ses-
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TABLE 3. The comparisons of the related work.

Papers | Years Factors The concerned topics The key problem
[8] 2018 Dynamically adjustable handover Distinguish the state of the UE according to the RSRP strength, and calculate
threshold the handover factor adjustment threshold
[9] 2021 RSRP Handover parameter optimization Two-step clustering completes the classification of UE regions and optimizes
handover parameters for different regions respectively
[10] 2007 Handover algorithm with trigger time Study the effect of trigger window size on handover performance
window
[11] 2019 Adaptive RSRP-based threshold Research on the design of adaptive RSRP threshold formula for UE mobility
[12] 2014 Adaptive pre-switch algorithm Predict user's movement based on Gauss-Markov mobility model to assist
handover decision
[13] 2015 RSRQ Heterogeneous network Performance comparison of RSRP and RSRQ based-handover in
heterogeneous networks
[14] 2008 Handover performance evaluation Evaluating the applicability of RSRQ-based measurements in inter-frequency
handovers
[15] 2010 Adaptive time window Definition and Design of Adaptive Time Window
[16] 1994 Handover decision based on elevation Selection of the best elevation angle
[17] 2003 EA Comparison of satellite handover Analysis and comparison of maximum elevation angle strategy, maximum
strategies visibility strategy, and maximum clear channel strategy
[18] 2001 Channel-assisted adaptive handover The signal intensity related to elevation angle is used as the handover
scheme criterion
[19] 2004 Handover decisions based on user Handover decision based on user location and communication distance
location
[4] 2018 Decisions based on location Based on location information, a strategy that considers the least delay
information of both parties
[20] 1996 | Position | A handover algorithm that considers Position estimation by measuring the transmission of packets
the user's location
[21] 2019 Positioning Based Intra-Frequency Predict position coordinates and map to RSRP values for handover decisions
Handover
[22] 2018 Handover in high-speed trains Handover decisions based on train location, direction, and base station
deployment
[23] 2014 Adaptive channel reservation scheme Design of variable protection channel based on channel occupancy
[24] 2015 Load The optimal number of channels Establish the relationship between QoS constraints and maximum flow, and
reserved derive the expression of maximum flow intensity
[25] 2002 Dynamic call admission policy Dynamically adjust the total number of new calls accepted by random
numbers according to channel occupancy
[26] 1973 Channel borrowing handover scheme Design of handover process based on channel borrowing
[27] 2019 Machine learning-based handover Set up neural network prediction system with which the handover decision
parameters like RSRP and RSRQ
[28] 2020 Multi- Individualistic dynamic handover Build a weight function for the three factors, and use the weight function to
factor parameter self-optimization algorithm estimate the handover control parameter settings for optimization
[29] 2018 QoS handover scheme with priorities Handover decision based on traffic type and data rate allocation priority
[30] 2015 user-behavior based handover Classify by RSRP, speed, and traffic, and then optimize the handover
parameters

sion time is subject to a Pareto distribution with a scale
of 7, a shape of 0.5, and a minimum session duration
of 30 s [36].

In this paper, the Gaussian-Markov mobility model is used
to generate user trajectories in real motion scenes [37]. In this
model, velocity v(#;) and direction y(¢;) are expressed as
follows

V() = -+ A =)y + Xy /T=n2 ()
y @) =y G+ (1 =ny) iy + Y J1=02 ()

where, i = 1,2..., the time interval tyep = ti — ti—1,
wy and ., are the asymptotic mean values of velocity and
direction respectively, X and Y are Gaussian processes with
mean 0, and the standard deviations of X and Y are the same
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as those of variables v and y. The parameter n,/, € [0, 1]
controls the randomness of the speed and direction. Take
v(t;) as an example, when 1, = 0, v(t;) = w, + Xi—1,
the speed is determined by the asymptotic mean x, and the
Gaussian random process X;_1, at which time the motion
is completely random. When 1, = 1, v(t;) = v(t;_1), the
speed v(¢;) at time ¢; is the same as the speed v(#;_1) at time
ti—1, which means that #; has nothing to do with time. When
0 < n, < 1, the factors that affect the speed at the time #;
include: the speed v(¢;—1) at the last moment, and the control
parameters of Gaussian random passing, a total of two factors,
as the parameter 1, continues to increase from 0 to 1, v(#;)
is easily affected by the velocity v(¢;_1) at the last moment;
on the contrary, as 7, decreases from 1 to 0, v(#;) is more
susceptible to Gaussian randomness The effect of the process
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FIGURE 2. System model.

Xi—1. Therefore, when 0 < 5, < 1, the randomness of the
motion is at an intermediate random level.

B. RESOURCE MODEL

During system modeling, we use circular beams. To achieve
seamless coverage, beams need to overlap. When the over-
lapping area between beams is increased, the system capacity
will be improved, but as the overlapping area becomes larger,
it will also bring problems such as waste of resources and
frequent handovers to the system. We use a regular hexagon
circumscribed circle, at this time, the overlapping area is
0.21 times the total area. At the same time, the number of
beams will also impact the handover performance. The more
spot beams, the more frequent handovers between beams
will occur, resulting in much signaling overhead. However,
if there are too few spot beams, the reduced system capacity
will also affect the handover failure rate.

To simplify the analysis, and inscribed square of a circular
beam is taken as an example to illustrate the influence of
the number of beams on handover [38]. Assuming that the
satellite coverage area is A, the number of beams is m, vy is
the satellite moving speed, and ¢, is the user’s movement time
in a complete beam

= 0.79-A//m @
Vs

Assuming that the call duration 7., follows a negative
exponential distribution with the mean value of 1/u, and t,,.
is the residence time of the source cell, the probability of the
original call request handover P}, is

Pp = Plteg>tye} = [OOP{tca > ttye =t} 'flmc(t)dt (5)
0

Define t,(,,c) to represent the time 1nterva1 from the k-1th

handover to the kth handover, and tmc is independent and
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N
UE obility
Model

identically distributed. When a cell undergoes a successful
inter-beam handover, the remaining duration also obeys an
exponential distribution with a parameter of 1/u. The proba-
bility of another handover for the call is

2 3 k
PP =pY = =P§l)=Phk=P{tm>t(k)}

o0
= [ Pltea > 12 =1 2 ©)
0 mc

When the user distribution characteristics are not consid-
ered, t,(fc) = t.. Assuming that the new call blocking rate
and the handover failure rate are 0, the average number of
successful handovers during the entire call duration is

. P 1 — e lett 1
E () > = = —
(I =Puw)  tep(1—e7h)  tep
The average number of handovers is related to the satellite
coverage, beams, and the satellite speed [39], [40]. When the

coverage and speed are constant, the more beams, the larger
the lower bound of the average number of handovers.

)

C. CHANNEL MODEL
A satellite channel model is established taking into account
atmospheric fading, free space loss, and beam radiation pat-
terns. The channel parameter K*! from the user, u to beam 1
can be expressed as

1
2 p=iu (8)

nel = by, - Wi Gui- Gre: Xu

Qu=

where, b, ; contains the multi-beam antenna gain between
user u and the Ith spaceborne antenna, free space loss and
noise power, the receiving antenna gain, and Q,, represents the
phase and rain attenuation V?Iiation. Among them, G, is the

receiving antenna gain, x, > is the rain attenuation compo-
nent, x, 48 = 20log( (x,) represents the power attenuation
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due to rain attenuation, which is usually modeled as a log-
normal random variable, i.e. Inx, 48 ~ N (i, o). And e /%
represents the signal phase, ¢, is a uniform random variable
within (0, 27).

W, 1 is the free space loss and noise power.

v 1 L | ©
= \4x-d-1-1) «IB

As the propagation distance increases, the energy of
the signal will continue to spread, so the free space loss
(1/(@4rm -d - )\_1))2 can be used to simulate this impact, where
d is the distance between the satellite and the user, A is the
wavelength, c is the speed of light, f is the frequency, kTB
represents the noise component, where T is the receiver noise
temperature, the Boltzmann constant is denoted by «, and B
is the system bandwidth.

G,,,1 is the multi-beam antenna gain between user u and the
Ith spaceborne antenna

2
J1(9) +36J3 (3)) (10)

268 83

In the formula, J; (-) is the first-order Bessel function of
the first kind, and J3 () is the third-order Bessel function of
the first kind. § = 2.07123 sin (6,,1) / sin (63ap.1) Ou,; is the
angle between the beam center of beam 1 and the connection
between user u and the satellite, respectively.

Gu,l = Gmax <
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IV. A NEW METHOD TO DETERMINE THE HT BASED ON
RE-CONSTRUCT FG

To improve the handover performance in SIN, we propose
a new method to determine the HT based on re-construct
FG. First, FG would be introduced to model the factors, sub-
factors, and their correlations by FG. The indicator is con-
structed to evaluate the weights of each factor’s effect on the
overall handover efficiency. Second, the cross-dimensional
correlations between cross factors are described with a tensor.
The FG can be re-construct to solve the problems of sudden
correlations weighted changes by the highly changeable envi-
ronment. At last, a method to determine a suitable HT for SIN
based on is proposed based on the re-construct FG.

A. FG OF HT FOR SIN

FG is a dichotomous graph model, denoted as G = (F, X, E).
In the model of FG, there are two types of nodes. The first
kind of them is factor nodes f; € F', which are local functions
in factorization. The second kind of them is variable nodes
x; € X, which are the variables in a global function. In the
edge e¢; € E, there is a connecting edge e;; between the
variable nodes x; in FG if and only if they are the independent
variables of the corresponding factor nodes f;. The primary
purpose of FG modeling is to factorize complex correlations
of systems.

The sum-product algorithm is based on a message-passing
mechanism through the topology of FG, which can acceler-
ate solution procedure with marginal probability [42], [43].
Assume g(x,) is a function with n variables, if it can be
decomposable as [41], [42],

8 (X1, X2, X3, X4, X5, . . ., X, Xn)
= f1 (x1) X f2 (x2) X f3 (x1, %2, X3) X fa (x3, X4)

X f5 (X3, X5) X oo X finOomy « o) X fu@n, ...)  (11)

Then (11) can be represented by FG, as shown in Figure 4.
In Figure 4, for example, the marginal probability of the
random variable x3 can be expressed as

8 (x3) = /J'fj;*)xg, (x3) : Mf4~>}C3 (X3) : ,uff5~>X3 (x3) (12)

where, i, x; (x3) is the sum of all variable messages to the
left of x3 in FG. pf,x, (X3) and puf;_sx, (x3) are the sum of
all the variables to the right of x3 in FG.

If;—x; (x3) can be expanded as follows,

Hfy—x3 (X3) = Z~{x3} [5 (01, %2, X3) 4y, oy (x1)
* Mxy—f3 (x2)] (13)

M —xm_; Xm—1) and pf, %, ; (Xn—1) can be expanded as
follows,

Mfoi— X1 (xXm—1) = Z }fm (Xms Xm—1) - Mox—fon (2m)

~xm—1
(14)
Mfy—x,1 (Xn—1) = ZN{X _]}fn (Xn, Xp—1) - Mox,—f, (xn)
(15)
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FIGURE 4. The correlations and message passing between factors and
sub-factors.

where, px,—f, Xm) = 1, ux,—f, Xn) = 1. After the
marginal probability of unknown states variables has been
obtained by FG, the value of the unknown state variable
would be evaluated when the marginal probability gets the
maximum.

In this paper, there are various possible components of HT
in SIN, the actual situation depends on the handover scenario.
We provide the corresponding relationship between FG and
HT. The original HT is illustrated in Fig. 5(a), when the han-
dover scenario is changed, FG should update subsequently.
Fig. 5(b) shows the situation when the weight of sub-HT
changed, and the change of the corresponding FG. Fig. 5(c)
is an example when a new sub-HT has been added. Fig. 5(d)
is the case when sub-HT split into several sub-HT. Fig. 5(e)
illustrates the exchange of sub-HTs.

B. RE-CONSTRUCT FG BASED ON TENSOR (RFG-T)
The severe changes of the scenarios would cause mass
changes of factors and those correlations. The previous cor-
relations by fixed and one-dimensional FG cannot describe
these sudden changeable correlations. Therefore, to improve
the performance of handover, we evaluate affections degree
on handover by different dimensions of each factor, then
cross-dimensions correlations can be realized by tensor to
solve the problems of rapid FG re-constructions.
Re-construct FG based on tensor (RFG-T) includes four
steps: modeling unified affections degree of factors, anal-
ysis of correlation degree between handover factors, re-
construction correlations between changeable factors, and
modeling new FG for handover, as shown in Figure 6.

« Stepl. Modeling unified affections degree of factors:
We set the affections degree evaluation of FG §;, i €
0, ..., M, where M is the number of factors. The affec-
tions degree of each factor is positively related to the
access degree of the factor cluster in which the factor
is located. The self-access degree N;, i € 0,..., M
is the number of paths getting in and out the factor-
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nodes. Here, the access degree of the factors cluster gy =
(Fk, Xk, Ex) would be a weighted sum of the self-access
degree of all factors in the factors cluster. Assume that
the independent factors determination threshold is N,
if the access degrees of two factors clusters are close, that
is, the access degrees of factor clusters is less than N;,
then the correlation e; ; between factor, clusters would
be eliminated.

o Step2. Analysis of correlation degree between han-
dover factors: HT is the main factor-node. We sort
other factor-nodes by the access degree directly linked
to the main factor-node. The different access degrees
to different nodes have different weights. The factors
with high direct access degrees are defined as the passive
protected nodes.

« Step3. Reconstruction correlations between change-
able factors: As shown in Figure 7, we use a tensor
to describe correlations between factors and sub-factors.
In multi-dimensions space, determine the node location
and connect nodes. The correlations between a factor
and the main factor-node are assumed as basis vectors
(BV), then, the correlations between a factor and other
factor-node are assumed as auxiliary vectors (AV). The
weights influenced by correlation degree between dif-
ferent nodes are assumed as the tensor component, then
the distances of vectors of the tensor are calculated.

o Step4. Modeling FG-T for handover: When the factors
and correlations of RFG-T change, the main factor-node
of FG would not change, the unchanged factors-node
and correlations would also not change. So, we focus
on the changed factors-nodes, which first judge whether
correlate with the main factor-node. Then, we compare
whether the new combinations of vector and component
of passive protection nodes are like the old ones. If they
are similar, the factor cluster of passive protection nodes
makes a direct and new correlation with the main factor-
node, then updates the RFG-T. If there is a big difference
between them, the observed correlations of a current
node would be delivered to the secondary nodes (sub-
factors), then compare whether the new combinations of
vector and component of passive protection nodes are
like the old one again. If they are similar, update the
RFG-T. If there is still a big difference between them,
we do the above operations again until we model proper
RFG-T.

C. HT DETERMINATION BASED ON RFG-T
We construct an RFG-T to consider multi-factors from dif-
ferent dimensions, which model the determination factors and
their correlations of HT. The proper value of HT can be solved
by the RFG-T.

The procedure of HT determination by RFG-T is described
as follows.

We set the factor of handover as the main factor-node and
model unified affections degree of factors for handover, that
is handover factor-node (H-FN). In this step, we calculate
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FIGURE 5. Different FGs for HT in different scenarios.

the self-access degrees of each factor-node and each factor
cluster. Then, the correlations between different factors and t
H-FN are analyzed. We sort other factor-nodes by the access
degree directly linked to H-FN. The weights of correlations
with different factors are calculated according to the direct

VOLUME 10, 2022

Step1: calculate self-access degree Step2: sort correlation degree

passive protected nodes

main factor-node

Sort (self-access degree)

Step3: re-construct correlations

Step4: Model FG-T for handover

main factor-node main factor-node

¥ N,

BV

AV->BV
BV->AV

AV->AV AV->AV_AV->AV

FIGURE 6. Description of FG reconstruction process.
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Tensor

main factor-node

Max(self-access degree)
= passive protected
nodes w—_

0
ensor |

FIGURE 7. Re-construct FG based on tensor.

access degree. The factors with a high direct access degree
are defined as the passive protection nodes for H-FN. Passive
protection nodes include RSRP, RSRQ, distances between
satellites and UEs, elevation angle, service time, and QoS.
Then we model the correlations between sub-factors from
the above passive protection nodes. The correlations between
each factor and H-FN have exploited a tensor with vectors
sets. We can also gain the BV and AV in RFG-T. The compo-
nents of vectors can be set by the corrections weight obtained
previously. After that, when factors in RFG-T change, we can
judge deviations between the tensor vectors and direct access
degree, which operate the update RFG-T.

We illustrate RFG-T for handover in the case of Figure 8.
In Figure 8, we define circular nodes as variables nodes,
rectangular as factors nodes. The factors considered are
channel status, service time, atmospheric attenuation, rela-
tive distance, doppler frequency offset, multipath attenuation,
ephemeris, elevation angle, service, and others. Factors are
divided into three categories, including satellites, UEs, and
channels. We build a multidimensional space, place all of
the factors, namely variables nodes to the multidimensional
space. The tensor is constructed according to the relationship
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FIGURE 8. Example of HT determination based on RFG-T.

Satellites simulation

orbits

[ Satellite controls

51 Scenarios configurations

UEs simulation process configurations

RSRP Results analyses
Receive RSRQ
calculate
E elevation
location

FIGURE 9. A framework of simulation scenario.

between nodes, and the tensor is used in subsequent recon-
structions.

In the RFG-T for HT, the factor nodes that have direct
correlations with H-FN are expressed as f (Xx) = L(Z; —
h (X)), Where, X; is an estimated value of HT, A (-) is
the measurement functions of each factor node, Z; is the
actual measurement value of each factor, L (-) is the cost
functions. Similarly, the factor nodes between each other can
be expressed as g (Xx) = d(Zx — h(Xk)), d (-) is the cost
function.

We assume that the handovers happen in Gaussian noise
channels, the cost function can usually be further defined as

®; (X)) = d (i (X)) —5) = e =5 (16)
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FIGURE 11. Stability of measured values for HT by elevation.

09 T T T T T T

Satellite1 RFG-T il
0.85§ Satellite2 RFG-T [
Satellite3 RFG-T
0.8 RGN !
!

075 " i \ Lo [k il
. - lli’lluj ; ‘ »

|
07 I w| i |
AHT | ‘ﬂ
0.65 " ‘ |

Handover Threshold

I 1 |
06 | ‘ ‘ ]

05} =7 oo & e [ W woo
mutation

045} 4

04 L L | s . s
0 100 200 300 400 500 600

Simulation Time/s

FIGURE 12. Stability of measured values for HT by RFG-T.

where i denotes different factor nodes, j denotes different
variable nodes. In this RFG-T, given the measured value
zj, we exploit maximum a posteriori (MAP) estimation to
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FIGURE 15. Excessive handovers under different handover tolerance
value.

solve the probability estimation problem of the unknown state
variable (HT). We can get the solutions when the posterior
probability density p (X | Z) of the state variables get the
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maximum value,
XMAP — argmaxP(X|Z) (17)

For any FG, the MAP (maximum a posteriori) inference
boils down to maximizing the product of all factors [43]

XMAP = Grgmax[®(X)] = argmax ]—[_[cp,»(xj)] (18)

In (18), ®(X) = [[;,[®i(X))] is a global function that
can be factorized into a product of all factors. XMA% is the
optimal estimate value of the expected state variable. When
the X = XMAP is satisfied, the maximum value of ®(X)
would be obtained. That is, we get the solutions of MAP
estimations. In the estimations, we substitute the cost function
in (18). Since /;(X;) is generally a nonlinear function, we set
the initial value of it, then the solution of HT can be solved
by the method of Gauss-Newton.

Therefore, the HT in the case of multi-factors affections
can be described as,

XMAP — argmax[®(X)] = argmax ]_[i[a,- S QX1 (19)

Assume that the error probability of each cost function
is ®; (f;), the error probability of the cost function ®(X) is
o(f) = [;lei - ®:F)].

If the error probability of each state variable is X; (]3), the
probability of HT failure is X(f) = ]_[i[Xi()?)]. It has no
concern with the weight of each influencing factor. The rate
of HT failure would fluctuate less.

V. SIMULATION AND ANALYSIS

A. SIMULATION SCENARIOS

In the simulations, we built scenarios with a permanent UE
and three satellites, as shown in Fig. 9. The location of the
observed UE is configured in Beijing. Two satellites are in the
same orbit with a height of 1100km, the third satellite is in an
adjacent orbit at the same height. To see more satellites at the
same time and provide more switching options, this article
selects the user’s minimum elevation angle to the satellite as
1°. Meanwhile, the elevation angle range during the satellite
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TABLE 4. Parameters of satellite.

Parameter Satellite 1 Satellite 2 Satellite 3
Altitude 7471km 7471km 7471km
Eccentricity 0.2833 0.2833 0.2833
First Elevation 7.666° 5.569° 1°
Last Elevation 179° 179° 162.684°
Transmitting Power 45dBm 45dBm 45dBm
Antenna Gain 50dBi 50dBi 50dBi
Carrier Frequency 4GHz 4GHz 4GHz
Number Of Channels 500 500 500
Speed 6.94km/s 6.94km/s 6.94km/s

overhead is set as [0°, 180°]. The parameters of the satellite
are configured as follows.

The value of the HT feature is set to demonstrate the results
of RRM with different factors. We chose the methods of
RSRQ and elevation angle as the reference to compare with
the performance of the proposed HT by RFG-T. For example,
RSRQ is the value of the HT feature which would be observed
in the methods of HT determination by RSRQ.

B. STABILITY OF MEASURED VALUES FOR HT

We first analyze the stability of measured values for HT by
different methods. Here, the stability of measured values is
the difference between a measured value and expected value
from the preset process of UE access to a satellite. The better
stability of measured values for HT means more accuracy for
the chosen HT. At the beginning of a simulation, satellite 1 is
in the orbit of the top of UE, the first observed elevation of
satellite 1 is 7.66°, last observed elevation of satellite 1 is
180°. Then, satellite 2 is in the adjacent orbit of the orbit of
satellite 1, the first observed elevation of satellite 2 is 5.569°,
last observed elevation of satellite 1 is 180°. Satellite 3 is in
the adjacent orbit of satellite 1, the first observed elevation
of satellite 3 is 0°, last observed elevation of satellite 1 is
162.684°. In this simulation, UE is expected to access from
satellite 1 to satellite 3. We observed RSRQ and elevation and
factors by MFDP determined by RFG-T.

Figure 10 shows the stability of HT with the method based
on RSRP. Figure 11 indicates the stability of HT with the
method based on elevation angle (EA). Figure 12 illustrates
the stability of RFG-T based HT in the handover process.

In Figure 10 and Figure 11, we can figure out the stability
of measured values for HT by RSRP and elevation have
more and bigger down peaks in the observation of satellite 1,
satellite 2, and satellite 3. Figures 10 to 12, show the number
of down peaks in RFG-T based HT is smaller than that of the
other two measured values. AHT in RFG-T based HT is far
less than the other two, and the mutations in RFG-T based HT
are sparser than either RSRP based HT or EA based HT.

Figure 10 shows the stability of HT with the method based
on RSRP. Figure 11 indicates the stability of HT with the
method based on elevation angle (EA). Figure 12 illustrates
the stability of RFG-T based HT in the handover process.
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In Figure 10 and Figure 11, we can figure out the stability
of measured values for HT by RSRP and elevation have
more and bigger down peaks in the observation of satellite
1, satellite 2, and satellite 3. Figures 10 to 12, show that the
number of down peaks in RFG-T based HT is smaller than
that of the other two measured values. AHT in RFG-T based
HT is far less than the other two, and the mutations in RFG-
T based HT are sparser than either RSRP based HT or EA
based HT. At the beginning of the simulation, it shows more
stability of measured values of satellite 1 than satellite 2 and
satellite 3. That is because the observed elevation from UE
to satellite 1 is bigger than satellite 2 and Satellite 3. After
the observed elevation from UE to satellite 1 is bigger than
135°, the stability of measured values of satellite 3 is more
than those of satellite 1 and satellite 2. The UE would hand
over and access to satellite 3. In conclusion, it shows the
proposed RFG-T method has better performance of stability
of measured values than methods of HT determination by
RSRQ and elevation. We can avoid unnecessary handovers
for the factor of sudden change or measurement error.

C. PERFORMANCE OF HANDOVER BY DIFFERENT HT

In the simulation, if UE handover from satellite 1 to satellite
3 and then handover back to satellite 1, it means that a
ping-pong handover has occurred. Set satellite 1 and satellite
3 to pass the UE multiple times. The ratio of the number
of ping-pong handovers to the total number of handovers
is the ping-pong handover rate. The simulation result graph
should take the number of times as the horizontal axis and the
ping-pong rate as the vertical axis.

Analyzing the ping-pong handover ratio shown in Fig-
ure 13, it can be seen that the handover decision algorithm
based on different factors exhibits different performances in
ping-pong handover. Intercepting satellite data during the
150 to 200 overhead period, it can be seen that the three
ping-pong handover rate curves are relatively stable, and
the ping-pong handover rate curve will not jitter excessively
due to the small total handover times. Comparing the three
handover algorithms, it can be seen that the ping-pong han-
dover rate of the handover algorithm based on the elevation
angle is about 22%, the ping-pong handover rate of the
handover algorithm based on RSRP is about 18%, and the
ping-pong handover rate of the handover algorithm based on
the reconfigurable factor graph is 12%. Since the satellite
beam to the ground power is relatively average, the handover
algorithm based on RSRP is likely to cause late handover,
so its ping-pong handover rate performance is slightly better
than that of the handover algorithm based on elevation angle.
The proposed handover algorithm based on a reconfigurable
factor graph considers multiple handover factors and is far
superior to the other two handover algorithms in terms of
ping-pong handover rate performance.

In the same way, the ratio of the number of RLFs to the total
number of handovers is the RLF rate. The simulation result
graph should take the number of times as the horizontal axis,
the failure rate is the vertical axis.
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Analyzing the RLF rate in Figure 14, we can see the dif-
ferent performances of the three handover algorithms on this
indicator. Similarly, to avoid over-jittering in the RLF curve,
we intercepted 150 to 200 satellites. Data during the over-
the-top period. Comparing the three handover algorithms,
it can be seen that the RLF rate of the RSRP-based handover
algorithm is about 12%, and the RLF rate of the elevation-
based handover algorithm is about 10%. The RLF rate based
on the reconfigurable factor graph is about 5.7%. Early han-
dover is mainly based on ping-pong handover, while delayed
handover is mainly based on RLF. The performance of the
RSRP-based handover algorithm on the ping-pong handover
rate is slightly worse than that of the handover algorithm
based on the elevation angle on the RLF rate due to the han-
dover algorithm based on the elevation angle. The proposed
handover algorithm based on a reconfigurable factor graph
also shows better performance in the RLF rate.

We define the handover error rate (HER) as the criteria
index of handover performance. HER can be calculated as
N—T’”h or N—Thm, where, N is the number of all handovers.
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N _nth is the number of handovers that would not be operated
but operated for wrong determinations, N_hto is the number
of handovers that would be operated but operated for wrong
determinations. In the definition of HER, we have three key
parameters: the handover tolerance times maxh, the handover
tolerance value HT Amaxh_value, the range of the maximum
number of tolerance handovers maxh_range. In the range
of determination, UEs operate RRM and initiate handover
requests if the measured number of launch handovers is
more than maxh. In this simulation, maxh is configured as
2. After 100 times simulations for different scenarios, the
performances of handover by different HT are shown in
Figures 15 to 18. When the maxh_range increase, the HER
of different HT determinations increases. Figure 15 shows
the HER of the handovers which would not be operated but
operated for wrong determinations in the case of the same HT
Amaxh_value.

Figure 16 shows the HER of the handovers which would be
operated but operated for wrong determinations in the case of
the same HT Amaxh_value. The HER by RFG-T method is
much smaller than those of RSRQ and evaluation methods.
When the HT Amaxh_value increases, the HER of different
HT determinations shows a downward trend. Figure 17 shows
the HER of the handovers which would not be operated but
operated for wrong determinations in the case of the same
HT maxh_range. Figure 18 shows the HER of the handovers
which would be operated but not operated for wrong determi-
nations in the case of the same HT maxh_range. The HER by
RFG-T method is also much smaller than those determined
by RSRQ and elevation.

VI. CONCLUSION

In this paper, we proposed a novel method to determine the
handover threshold based on a reconfigurable factor graph
for the LEO satellite internet network. We designed MFDP
determination of HT for SIN. The tensor in the reconfigurable
factor graph can be introduced to describe multi-factors with
sharp changeable correlations in SIN. To verify the perfor-
mance of the proposed algorithm, we built a simulation,
which showed the proposed HT method has better perfor-
mance than those of RSRQ and elevation.
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