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Abstract. 5G-R wireless communication system is the next generation of high-speed railway wireless com-
munication system. In the 5G-R high-speed scenario, trains will pass through multiple cell coverage areas in a
short period of time, resulting in frequent train handovers. Frequent handover events have a greater impact on
the synchronization of train master and slave clocks. Accurate time synchronization control is crucial for the
safety of high-speed railway operations during train operation. This paper proposes a railway time synchro-
nization method based on moving horizon estimation to address the issue of increasing master-slave clock
offset error caused by the failure of existing time synchronization methods to consider the impact of frequent
handover. Firstly, based on the 5G-R precise time synchronization protocol for train-to-ground communica-
tion, an ideal clock synchronization model is established; Secondly, by calculating the arrival cost of moving
horizon estimation and solving optimization problems, the optimal clock offset estimation value is obtained;
Finally, we can achieve time synchronization for different handover states. Through experimental simulation,
the impact of base station handover events on high-speed railway master-slave clock deviation under 5G-R
was analyzed, further achieving time synchronization performance analysis in different handover states. The
results show that the proposed method can effectively predict and compensate for the clock deviation of 5G-R
wireless communication, thereby completing time synchronization in the 5G-R high-speed railway train-to-
ground communication scenario.

Keywords: railway wireless communication, the fifth generation mobile communication-railway (5G-R),
time synchronization, moving horizon estimation, handover

1 Introduction

The railway communication system is the lifeline of railway transportation and a crucial component of high-
speed railway technology. It carries out tasks such as railway dispatching, train operation control, fault warning,
and emergency rescue. Railway time synchronization provides precise timing for various railway communication
subsystems [1], ensuring that all system clock devices are synchronized to the same standard time signal, which
is vital for operational performance.

Currently, high-speed railway wireless communication systems utilize the GSM-R (Global System for Mobile
Communications-Railway) technology. It supports core services such as railway voice dispatch and train control
information transmission, which are essential for ensuring the safe operation of trains. However, with the ad-
vancement towards intelligent railways, the demands on the wireless mobile communication system in terms of
capacity, latency, and bandwidth will significantly increase. The currently widely used narrowband GSM-R sys-
tem can no longer meet the requirements for new services in intelligent railway operations [2]. 5G-R is the next
generation of high-speed railway wireless communication system [3]. Compared to GSM-R, 5G-R has character-
istics of high bandwidth, low latency, and high data transmission rates. Its spectrum efficiency and interference
protection performance have also been greatly improved [4].

In 5G-R communication system, railway time synchronization refers to the use of high-precision timing
technology to ensure that the time deviation between various professional application systems and onboard
equipment in the railway system meets the quality requirements of railway services. With the rapid growth of
intelligent business demands in the modern railway network, ensuring the real-time and stability of train opera-
tions requires highly unified time for safe production, dispatching commands, and operational management [5].
The Precision Time Protocol (PTP), as the time synchronization protocol for 5G-R, can achieve sub-microsecond
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time synchronization. However, in the high-speed mobile environment, 5G-R bears more frequent train hando-
vers between cells. And frequent handover of trains can cause sudden changes or brief interruptions in communi-
cation link delay, resulting in uncertain transmission of PTP data synchronization messages on the up and down
communication links of vehicle ground communication, increasing transmission delay and decreasing transmis-
sion rate [6, 7]. Therefore, in order to solve the problems of reduced data transmission rate and handover comple-
tion delay caused by 5G-R handover events, is crucial for ensuring the operational safety and efficiency of high-
speed railways.

In recent years, many scholars have carried out a lot of research about delay prediction compensation. Wang et
al. [8] introduced a Proportional Integral Derivative (PID) controller in the time synchronization process to filter
out the noise interference of the system and improve the time synchronization accuracy. However, this method
cannot adapt to clock jumps in high-speed mobile environments. Chen ef al. [9] compress the frequency through
multi-channel dynamic response characteristics, which can reduce the uncertainty of noise on communication de-
lay. However, in the fast time-varying 5G-R wireless channel, this method has slow convergence speed question.
Wang et al. [10] proposed a relative skewness estimation method based on weighted median, but this method
did not consider the asymmetry of the communication link, resulting in a large estimated delay deviation. Liu
et al. [11] used fuzzy logic and synovial membrane control technology to achieve time synchronization of the
master-slave system. This method ignores the uncertain delay caused by handover events and cannot obtain an
optimal estimate close to the true value.

Based on analysis of the research status, the research motivation of this paper is as follows:

(1) In railway train ground communication, frequent handovers can lead to sudden changes in communication
latency or brief interruptions, resulting in increased uncertainty in transmission delay and reduced transmission
rates for PTP data synchronization packets on the uplink and downlink communication paths. Therefore, research
on railway time synchronization in the 5G-R scenario is of paramount importance.

(2) Current approaches mainly employ methods such as time filtering or delay estimation, optimizing clock al-
gorithms and timestamp mechanisms to enhance synchronization accuracy. Nevertheless, the above methods use
estimation algorithms to address delay jitter but only consider the impact of random noise on the synchronization
process.

(3) During train operation, handover events between cells can increase the transmission delay of synchroniza-
tion packets, leading to master-slave clock offset errors and reduced clock synchronization performance.

Therefore, improving the time synchronization performance of railway wireless communication and accu-
rately predicting and compensating for delay errors is crucial for ensuring the operational safety and efficiency
of high-speed railways. To address the aforementioned issues, this paper proposes a novel 5G-R railway time
synchronization method based on moving horizon estimation to enhance time synchronization performance
during high-speed railway handovers.

The main contributions of this paper are summarized as follows:

(1) Establish a clock synchronization model based on the 5G-R precise time synchronization protocol, taking
into account the impact of handover completion time on PTP messages.

(2) Design the Moving Horizon Estimation (MHE) method to calculate the cost and solve the optimization
problem, obtaining the optimal clock offset estimation value and achieving 5G-R railway time synchronization.

(3) Through simulation experiments, the impact of different handover states on the synchronization process is
obtained. We verify the effectiveness and stability of the proposed method by comparing with other methods and
improve time synchronization performance. Experiments show that the proposed method can effectively achieve
the next generation high-speed railway 5G-R train-ground time synchronization.

The rest of the paper is arranged as follows: Section 2 introduces the research work conducted by numerous
scholars on railway time synchronization networks. Section 3 introduces the handover events and time synchro-
nization in high-speed railway scenarios. Section 4. analyzes the impact of handover events on the time synchro-
nization process. The method of time synchronization is illustrated in Section 5. The numerical and experimental
evaluations are summarized in Section 6 and then conclusions are presented in Section 7.

2 Related Works

With the rapid advancement of railway automation and information technology, as well as the large-scale deploy-
ment and networking of various professional application systems, achieving time synchronization across railway
business systems and onboard-ground equipment is crucial for the safety, real-time performance, and reliability
of train operations. In recent years, many scholars have conducted related research on railway time synchroniza-
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tion networks. The specific research topics can be divided into two main areas: research on time synchronization
technology in railway time synchronization networks and research on achieving railway time synchronization
based on the PTP protocol.

2.1 Synchronization Technology in the Railway Time Synchronization Network

The railway time synchronization network typically uses the Network Time Protocol (NTP) as the synchroniza-
tion technology between clock nodes at various levels. However, with the development of railway services and
technology, the precision requirements for time synchronization in railway systems such as data detection sys-
tems, train positioning systems, and 5G-R wireless communication systems are increasing. The millisecond-level
synchronization precision of the NTP protocol can no longer meet the needs of future developments. Compared
to the NTP protocol, the Precision Time Protocol (PTP) can achieve sub-microsecond synchronization precision
[12]. Therefore, conducting research on the next-generation 5G high-speed railway time synchronization based
on the PTP protocol has significant theoretical and practical importance.

Liang et al. [13] build a monitoring system based on comprehensive atomic time scale to automatically mon-
itor the time nodes and PTP communication transmission links of the railway time synchronization network,
ensuring the stability of railway time synchronization. Cheng et al. [14] proposed a clock synchronization model
and delay measurement mechanism for the PTP protocol synchronization process, and analyzed the communica-
tion between master and slave clocks to reduce system errors and improve reliability. Teng [15] conducted tests
on the time precision and deviation of the PTP protocol in the railway time synchronization network, confirming
that the various indicators under the PTP protocol could meet the relevant standards of the railway time synchro-
nization network and satisfy the high-precision time synchronization requirements of future high-speed railway
5G-R new services. Zou [16] proposed the application of the PTP protocol in the railway time synchronization
network and used OPNET software to verify that the PTP protocol could improve the synchronization precision
of the railway time synchronization network.

In summary, the PTP protocol can meet the high-precision time synchronization requirements of the 5G-R
system. Therefore, conducting research on 5G-R time synchronization based on the PTP protocol has significant
theoretical and practical importance.

2.2 Current Research on Time Synchronization Based on PTP Protocol

Although the theoretical precision of the PTP protocol can meet the high-precision requirements of 5G-R, in ac-
tual high-speed railway operating environments, the fast variability of wireless channels and network complexity
can lead to transmission delay jitter in the PTP time synchronization process, which reduces actual synchroniza-
tion performance. Yu et al. [17] dressed the issue of reduced synchronization accuracy due to path delay jitter by
proposing a delay optimization method based on the PTP time synchronization protocol. This method measures
jitter errors multiple times, averages these errors to estimate the optimal value for the entire process, and com-
pensates for the average error to improve synchronization accuracy. Abdaoui et al. [18] treated random delays
as precise bounded noise, obtained the upper bound of maximum clock error during synchronization, and com-
pensated for this maximum error to complete time synchronization. Tian et al. [19] proposed a delay compen-
sation-based time synchronization algorithm that uses current and historical averages to estimate relative clock
offset and introduces a delay compensation mechanism, adapting the compensation based on the first-order dif-
ference of the offset estimate. Liu et al. [20], addressing the issue of differing propagation delays for master-slave
clock synchronization messages, derived the minimum variance unbiased estimator of clock offset based on the
existing PTP protocol, achieving higher synchronization accuracy. Chen et al. [21] proposed a time synchroniza-
tion method based on least squares estimation to accurately estimate the offset errors caused by random commu-
nication delays. Shi et al. [22] introduced a maximum likelihood estimation time synchronization method based
on the Gaussian model to reduce time offset errors caused by delay jitter.

2.3 Key Research Problem and Contributions

High-speed railway handover is a critical technology for ensuring seamless transition of communication links
during train operation. Its core concept is to achieve smooth switching of communication links through multi-
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base station collaboration, thereby ensuring continuous communication between the train and the ground control
system. However, in railway train-to-ground communication, frequent handovers can lead to sudden changes
in communication latency or brief interruptions, resulting in increased uncertainty in transmission delay and re-
duced transmission rates for PTP data synchronization packets on the uplink and downlink communication paths.
Therefore, research on railway time synchronization in the 5G-R scenario is of paramount importance. Current
research methods mainly focus on improvements to the PTP protocol for railway time synchronization. At pres-
ent, approaches mainly employ methods such as time filtering or delay estimation, optimizing clock algorithms
and timestamp mechanisms to enhance synchronization accuracy. Current time synchronization methods still
suffer from significant master-slave clock synchronization errors in railway handover scenarios, leading to poor
synchronization performance during handovers.

The key research problem of this paper is to enhance time synchronization performance during handover
processes in high-speed railway environments. Aiming at the problem of increased master-slave clock offset er-
ror caused by frequent base station handovers in high-speed railway scenarios, a railway time synchronization
method based on Moving Horizon Estimation (MHE) is proposed. Firstly, a clock synchronization model is es-
tablished based on the 5G-R precise time synchronization protocol, considering the impact of data transmission
rate and handover completion delay on time synchronization messages. Then, the optimal clock offset estimation
value is obtained by calculating and optimizing the time synchronization arrival cost through rolling time-domain
estimation. Finally, time synchronization is achieved in different degrees of handover scenarios. Through experi-
mental simulation, the impact of 5G-R base station handover events on the master-slave clock deviation of high-
speed railways is analyzed, and the time synchronization performance under different handover states is further
analyzed. The results show that the proposed method can effectively predict and compensate for the clock devia-
tion in 5G-R wireless communication, thereby completing the time synchronization of 5G-R high-speed railway
wireless communication.

3 Fundamental Theories of Handover and Time Synchronization

In 5G-R railway train-to-ground wireless communication, due to the limited coverage of a single base station,
in order to ensure better train-to-ground communication quality, continuous handover is required. The handover
event means that when the train enters the signal coverage overlap area, it needs to disconnect from the source
base station and establish a connection with the target base station [23, 24]. The process is shown in Fig. 1. It in-
volves specific links including establishing a new communication connection, release old connections and data
transfer processes [25]. In a high-speed operating environment, train handovers will be more frequent, and the
transmission rate of time synchronization messages will decrease and the uncertainty delay will increase during
the handover period. Therefore, handover will have a serious impact on railway time synchronization.
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Fig. 1. Schematic diagram of high-speed railway handover

High-precision time synchronization is the key to ensuring the safety of train operation. In order to meet the
high-precision requirements of train-to-ground communication links, train-to-ground communication time syn-
chronization needs to be completed using the PTP protocol, and its synchronization accuracy can reach sub-mi-
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crosecond level. The PTP protocol implements the synchronization process by sending timestamp information
messages between master and slave clocks. The synchronization principle is shown in Fig. 2.
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Fig. 2. PTP time synchronization principle

In the Fig. 2, T, T,, T;, and T, are timestamps information exchanged between master and slave clocks. The
PTP protocol calculates the time deviation of the master and slave clocks and the network delay of message
transmission through the exchange of data messages with timestamps information [26]. First, the master clock
periodically sends synchronization messages to the slave clock, using a two-step mechanism to package the time-
stamp 7 of the synchronization message into subsequent messages and schedule subsequent messages. The slave
clock receives the message and records it as arrival timestamp 7, then, sends Delay Req to the master clock and
its sending time is recorded as T;. After the master clock receives Delay Rep, it records the arrival time as 7,
and sends it back to the slave clock through Delay Resp. The slave clock calculates the time offset and network
transmission delay based on the timestamps 7, T,, T;, and 7, thereby updating and compensating the time offset
error until it is synchronized with the master clock. According to the synchronization process, the relationship
between the time deviation and the timestamp is:

T, -T, =delay, + offset ’
T,~T, = delay,, - offset M

Where offset is the master-slave time deviation, delay,,, is the path delay of packets sent from the master clock
to the slave clock, and delay,, is the path delay from the slave clock to the master clock. Then the master-slave
time deviation can be obtained from (1):

(T,=T)~(T,~T,) _delay,, ~delay,,

offset =
I 2 2

2

In the PTP protocol, it is assumed that the transmission delays of the uplink and downlink communication
links are equal, that is:

delay = delay,, = delay,, . 3

From (1), (2) and (3), we can get:
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(T, -T)+ (T, =T
2

(L,-T)-(L,-T)
2

delay =
“)
offset =

According to the above equation, calculating the value of path delay delay and clock deviation offset. The
slave clock updates the local clock to complete the synchronization with the master clock.

4 Analysis of the Impact of Handover on Synchronization

In the 5G-R time synchronization process, the master and slave clocks complete synchronization by exchanging
PTP messages carrying timestamp information. During the handover, the train needs to establish new communi-
cation connections and release old connections. Therefore, the impact of handover events on PTP message trans-
mission needs to be considered.

First, during the 5G-R handover process, when PTP messages are transmitted on the uplink and downlink of
the wireless channel, the transmission delay is affected by the link data transmission rate. The transmission rate is
related to the distance of the base station. The closer the train is to the base station, the greater the data transmis-
sion rate. Therefore, when the train gradually enters the handover area, the transmission delay will change with
the distance from the base station. In the synchronization process of the PTP protocol, the time synchronization
calculation in equation (4) is based on the ideal clock state. However, considering the impact of the master-slave
clock transmission rate on the delay, the synchronization error is large.

Second, we can see the PTP synchronization process that the synchronization of the master and slave clocks is
based on the assumption of equation (3), on the premise that the transmission delays of the uplink and downlink
are equal. However, due to the influence of handover events, there is a handover completion delay in the commu-
nication link, which causes the PTP master-slave clock offset error, resulting in unequal transmission delays in
the uplink and downlink communication links.

Accordingly, in actual high-speed environment, frequent handover is inevitable. During this process, the mes-
sage transmission rate and throughput decrease, resulting in an increase in the uncertain transmission delay of the
communication link. Therefore, in the 5G-R time synchronization process, in order to improve the time synchro-
nization performance, the above factors need to be comprehensively considered.

S Proposed Methods

Aiming at the impact of handover on time synchronization performance, this paper proposes a high-speed rail-
way time synchronization method based on moving horizon estimation (MHE). MHE is an optimization esti-
mation method that solves parameter optimization problems based on observation data in window sequences,
combined with state space models and state constraints [27]. This method considers the latest moving horizon
estimation results, calculates the cost function, and then converts the minimized cost function into a least squares
problem, forming a feedback loop mechanism that is beneficial to improving estimation accuracy.

In our method, a clock synchronization model is first established based on the 5G-R train-to-ground commu-
nication time synchronization protocol PTP. Then, the ideal clock state is used as the control input of the moving
horizon estimation, and the input moving horizon optimization and feedback update correction are performed.
Make the actual clock status information consistent with the ideal information, thereby completing the time
synchronization between the master and slave clocks. The time synchronization structure block diagram of this
method is shown in Fig. 3.
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Fig. 3. Time synchronization structure block diagram

where u(k) is the system control input quantity; x(k) is the train clock node status information; x;_y is the estimat-
ed value of the clock status information; P, is the weight matrix for estimating the clock offset error. y(k+1) is
the predicted output value of the train clock status at the next moment; By using the moving horizon estimation,
the impact of disturbances caused by frequent handover on 5G-R time synchronization is reduced, thereby im-
proving the performance of railway wireless communications. The procedure of this method are as follows:

Step 1: Based on the synchronization message timestamp, establish a 5G-R clock synchronization model and
obtain the clock status measurement output value.

Step 2: Construct the objective function of the moving horizon estimation method based on the latest mea-
sured output value.

Step 3: Calculate the clock status information and the weight matrix of the estimation error according to the
minimization cost function update strategy.

Step 4: At time k+1, obtain new time synchronization measurement data, return to step 2, update iteratively,
and predict and estimate the latest data to be consistent with the ideal clock information.

5.1 Ideal Clock Synchronization Model

In the process of railway communication time synchronization, the first step is to establish an ideal synchroni-
zation clock model. The master clock gNB uses a high-performance crystal oscillator from an external GPS or
rubidium clock as the reference clock source and uses it as an ideal clock [28]. The onboard clock controller of
the train OBC generally uses a regular crystal oscillator as the clock source, which is easily affected by external
environment and internal equipment aging, resulting in offset and delay jitter. Therefore, the master-slave clock
phase offset can be defined as:

e(t) =& +pO)*t+n(0) . ©)

Where ¢, is the initial phase offset, ¢(¢) is the frequency offset of the slave clock signal, #(?) is the random
clock phase jitter caused by environmental changes.
The frequency offset in the above formula can be defined as:

p(t) =@, + A1) . (6)

Where ¢, is the initial frequency offset, A(7) is the random frequency jitter.
Since the moving horizon estimation method requires a discretized state space model to describe the clock
state, equations (5) and (6) need to be discretized, and we get:

elk +1]=elk]+ @lk1*T, + o, [k +1]
plk+1] = plk]+ @ [k +1] : (7

Where T is the synchronization interval, o [k+1] is the clock phase jitter of the k+1 time synchronization cy-
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cle, and its variance is o~ ; o,[k+1] is the frequency jitter of the k+1 time synchronization cycle, and its variance
-2
iso,.

[

5.2 Actual Clock Synchronization Model

After completing the establishment of the ideal clock synchronization model, the next step is to model the actual
clock model of 5G-R time synchronization. Due to the impact of frequent train handovers, problems such as link
asymmetry, random delay jitter, and transmission rate reduction occurs when PTP time synchronization messages
are transmitted on communication links [29]. The above problems will cause uncertainty error offset in time syn-
chronization messages, thus seriously affecting the 5G-R time synchronization performance.

Therefore, when establishing the actual 5SG-R clock synchronization model, it is considered that in a handover
environment, when PTP packets occupy the uplink and downlink of the wireless channel between the master and
slave clocks for transmission, the delay of packet transmission is affected by the data transmission rate of the
5G-R uplink and downlink. When the train is ready to enter the handover area at the starting time, the distance
between the train and the base station is relatively far. As the train gradually moves towards the center of the base
station, it is closest to the base station, and then the distance from the base station increases with time. According
to [30], the calculation formula for the variation of data transmission rate with target base distance is:

SINR'.

M(t)= u*W *log, | 1+ (8)

B
J@2 + (b =)+ =v*e)

Where u is the deviation parameter, W is the channel bandwidth, SINR',, is the signal-to-noise ratio of the
wireless channel, d,, is the vertical distance between the railway track and the base station, %, is the height of the
base station from the ground, 7, is the height of the train receiving signal antenna from the ground, / is the hor-
izontal distance from the base station at the beginning of the cycle, f is the dependence coefficient on distance,
and v is the train running speed.

When establishing the actual clock model, analyze the timestamp of the synchronization message. In an ideal
environment, delay,,,= delay,, , the master-slave time deviation can be calculated according to equation (2), but
in actual high-speed railway operation, the uplink and downlink delays of the master-slave clocks are not equal.
The calculation formula is:

B
delay =——.
s =701 9

ms

B
delay, =——. 1
o =707 (10)

sm

Where B is the size of the PTP synchronization message, M,,, and M,,, are the downlink and uplink data trans-

mission rates of the 5G-R train-to-ground wireless communication link respectively.
After substituting (9) and (10) into (2), we can get:

(T2_Tl)_(n_T3)+Msm_Mms ) (11)

offset =
I 2 2B

In the 5G-R fast time-varying channel environment, the transmission delay during handover will be affect-
ed by the handover completion delay, and the handover completion delay shows different growth in different
handover states. Handover status include successful handover and link reconstruction handover. In successful
handover, the wireless link signal is better, and the PTP time synchronization between the master and slave
clocks completes the transmission better. Therefore, the handover completion time is shorter. However, in link
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reconstruction handover, due to the poor quality of the wireless signal in the transmission link, the train cannot
decode the handover instructions from the source base station, so the train cannot establish a connection with the
target base station. During this handover process, the train needs to search for a suitable base station again and
re-establish a connection with the target base station, resulting in a significant increase in transmission delay.
Therefore, considering the impact of different handover states on wireless channel link delay, the following delay
change model is introduced:

RIT, A =

state

rtt, state=0
12)

rtt, state=1

The condition of state=0 indicates link reestablishment handover, and state=1 indicates successful handover,
rtt, and rtt, respectively represent the transmission delay errors in different states, which obey Gamma distribu-
tion.

In addition, considering that the data transmission process is affected by uncertain queuing delay, it generally
cannot be accurately obtained. It is regarded as a Gaussian distribution with a mean of 0 and a variance of o7 .
Through discretization processing and substituting (12) into (11), a clock offset model considering the handover
completion delay and the change of data transmission rate with the distance of the base station is obtained:

o) < (BT ~(TIKI=TKD) | M, (K=MK .

13
2 2B (43)

Where V%, including clock phase offset random noise and wireless channel link delay difference, it is a
Gaussian random process with a mean value of 0 and a variance of 6%, [31].

5.3 Moving Horizon Estimation

According to the 5G-R ideal clock and actual clock synchronization model, a train-to-ground communication
clock state space model based on moving horizon estimation is established. From equation (7) and equation (13),
the MHE state space model of the time synchronization process can be obtained as:

(14)

x(k +1) = Ax(k) + Bu(k) + w(k)
(k) = Cx(k) +v(k) '

1 ¢ 1 REAGCIE
Among them, A:(O J, Bz[lj, W(k)—{ww(k)J ,C=(10).

Where u(k), x(k), y(k) are respectively the control input, state and output of the train clock at time & ; 4, B, C
are matrices with appropriate dimensions; w(k) and v(k) are respectively the system input disturbance and output
disturbance.

Considering the error caused by the immeasurable clock state due to the handover event, and by accurately
estimating the clock state to compensate, the state estimation problem of the state space model equation (14) can
be transformed into the following optimization problem:

min ¢, (x,.{w,}) . (15)

Xo ’{Wk }2:0

Among them:



A Novel 5G-R Railway Time Synchronization Method Based on Moving Horizon Estimation

Xo —Xo

¢ (XO’{Wk}) =

5 t 2 (-1 2
o2l 2wl (16)
0 k=0 R k=0 o'

Where ¢ is the current time, xo is the estimated value of the initial value of the clock state, P, is the covariance
. o . . . . . . 2
matrix of xo ; O and R are the covariance matrices of system noise and observation noise respectively. ||Z||U rep-

resents z' Uz; {w, };:O represents the uncertainty disturbance of the 5G-R wireless channel from time 0 to time
t-1.

Equation (16) uses clock state measurement data at all times, which is full information estimation. The calcu-
lation amount of full information estimation will increase rapidly as time ¢ increases. Therefore, the moving hori-
zon strategy is introduced to limit the amount of data for full information estimation, forming a moving horizon
estimation method. The objective function ¢, of the moving horizon estimation method is:

b (e lm )= Con )+ Xl + 2wl (17)

k=t-N R k=t-N o'

Where C,  (x, ) is the cost function, which is defined as:

(z)= min_|x, - Xo

XO’{Wk}k:O

s.t. x(t,xo,{wk}) =z

2 (=N-1 2 (=N-1 2
IR A R 1 I
0 k=0 R k=0 o'

(18)

Where x(z, x,,{w,}) represents the value of the state variable at time 7 when the initial value is x, and is dis-
turbed by the uncertainty of the 5G-R wireless channel.

According to the state space model, the clock state information at time #-N can be estimated from the clock in-
formation at time #-1. Therefore, the cost function is generally approximated by the following quadratic function:

- e
.
0y (va) =@ _n +Hx”N —va‘P

1-N

(19)

Where ¢, is the optimal value of the clock status information at time #-N; x,_ is the estimate of the clock
status information at time ¢-N; P,_ is the weight matrix for estimating the clock offset error.

Since ¢,y is a constant, calculating the minimization cost function is actually calculating x, , and P, . This
article starts from the perspective of solving optimization problems and solves the cost function.

5.4 Minimization Cost Function Calculation Update

According to the expression of the cost function in (19), at time #+1, the minimized cost function is:

. AP 2 2
Cown (X yn)= ann(“x,fN —xew |, vl H il )
1-N =N
(20)

st {WtN =X N T F(xt—N ’ ut—N)
Vin =Vin H(xth)

Perform Cholesky decomposition on the weight matrices P,_y, R and Q"', we get
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P = F?—NFt—N
= N e
R"=(R )R . (21)
e
0 =0 )0
According to (21), (20) can be written as:
— —_ 2
Pz—N (Xt—N — xt—N)
=
Coya (xt—N+l ) = rvrl}n R (y_y—H(x_y) . (22)

——1
Q (xt—NH _F(xth’”sz) )

Where ||z||> represents z'z.

In order to obtain the analytical solution to the optimization problem shown in equation (22), the nonlinear
functions F and H are linearized at the optimal estimate x~,_, obtained by moving horizon estimation:

. oF B ~
X ya =F(x_y)+ g . (X y—x_y)=x+Fx_ . (23)
In the same way, we can get:
" OoH X ~
Yin = H(xsz)"'g vy =X _y)=H+Hx_, . (24)
Substituting (23) and (24) into (22) we can get:
Pinxin Piox
==t ~ —-1 Xin
Cowsi (xszn) = min R (y.y—H)|-|R H 0 X : (25)
XN — i~ — — t-N+1
-0 x 0 F -0
;17'\ Pt—V;sz

X —
Among them, X:{ o },D: R

xl*’\lﬂ

The calculation problem of the minimization cost function of equation (25) is transformed into the least
squares problem as shown below:

Conva(x ya)= r}:}?”b _DX"§ :

(26)
In order to solve the least squares problem of equation (26), QR decomposition is performed on D.
RI RIZ
D=L|0 R,]|. (27)

0 0

11
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Where L is an orthogonal matrix, R, and R, are upper triangular matrices.
Substituting (27) into (26) we can get:

2 2

RI R 12 Rl R 12
C (% y,)=min]o—DX[. =min|b-L| 0 R, |X| =min|[L'b-|0 R, |X| =
oo | [ 7 o o ||
: (28)

C

1 RI R 12 x
minfl ¢, [-|0 R, { o :| = min(||c3||z -%—"c2 -Rx,
0 0

2
2

2

z)'

+||cI —(Rx,_, +R,x

17t-N 1277 1-N+1

27 =-N+1

=N+l
(&N )

According to equation (28), we can get:

XN = Rl_l(cl —R,X yi) - (29)

Substituting (29) into (28) we can get:

2 _ 2
C17N+1 (x,,N” ) = ||CS||2 + ||xt—N+1 - RZ ICZ RZTRZ N (30)
Comparing with equation (19), the update equation of the cost function can be obtained:
; —N+1 = R_]C
{ =N+ ZT 2 31)
By =R R,

The above process completes the calculation and update of the cost function. Obtain the optimal clock state
value at time k+1, and finally iteratively update it through the feedback loop mechanism. Ensure that the actual
clock state information is consistent with the ideal state information, thereby completing 5G-R railway time syn-
chronization.

6 Analysis of Experimental Result

In order to verify the effectiveness of this method for 5G-R time synchronization, MATLAB is used for simu-
lation analysis. According to [32], the clock phase variance and frequency jitter variance are set to 2x10™" and
2x10 °respectively. The relevant parameters of the high-speed railway scenario are shown in the Table 1.

Table 1. Parameter settings

Parameter Value
Transmit power P 43dBm
Signal carrier frequency f 1.9GHz

Distance between railway track and base station d,, 100m

Base station height from ground 4, 35m

Mobile device height from ground #, 1.5m
Moving speed v 300km/h

Path loss dependence coefficient on distance /3 2-2.5

Deviation parameter u 0.95
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6.1 Effect of Handover on Synchronization Accuracy

First, the impact of handover time on time synchronization performance under 5G-R is analyzed. Assume that the
current train speed is 300km/h, the coverage area of a single base station is 1.2km, and a handover event occurs
every 14 seconds on the train, then the transmission rate changes with time curve, as shown in Fig. 4.

(98]
D

|—— Transmission Rate]

Transmlgsmn Igate(M.gps) -
wn () W S

[uiy
=
T

% 20 m) 60 g0 100

Time(s)

Fig. 4. Result of transmission rate changing over time

Fig. 4 shows the variation in transmission rate over a continuous 100s interval in a high-speed railway scenar-
io. Overall, the distribution of the transmission rate exhibits an “abrupt increase - stable - abrupt decrease” fluctu-
ation trend. This occurs because the data transmission rate varies with the distance to the base station—the closer
the train is to the base station, the stronger the received signal strength and the higher the data transmission rate;
conversely, the farther the train is from the base station, the weaker the received signal strength and the lower
the transmission rate. Near the handover area, the wireless signal strength is relatively low, resulting in a reduced
transmission rate and increased transmission delay for time synchronization messages over the wireless channel.
During the handover process, the transmission rate drops significantly, but once the handover is complete, the
transmission rate begins to increase, and the accumulated data messages are retransmitted [33]. The variation of
transmission rate over time aligns with this theoretical analysis.

Second, the impact of the handover event on delay is analyzed. The analysis is divided into handover and
non-handover periods based on whether the handover completion delay is considered, resulting in the delay vari-
ation curves shown in Fig. 5.

From Fig. 5, it can be observed that the delay affected by the handover event has a larger oscillation range
compared to the delay during non-handover periods. During the handover period, the delay ranges between -7 to
8 seconds, while in non-handover periods, the delay ranges between -2 to 2 seconds. This indicates that frequent
handover events have a significant impact on the 5G-R wireless channel transmission delay. Under high-speed
train conditions, frequent handovers cause increased delay jitter in the transmission of PTP messages through the
channel, leading to greater transmission delay deviations.
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Fig. 5. The impact curve of handover on delay

6.2 The Impact of Different Handover on the Synchronization Process
Subsequently, through the analysis of the impact of this method on 5G-R time synchronization under different

high-speed railway handover states, the comparison results of the master-slave clock offset error of link recon-
struction handover and successful handover are obtained, as shown in Fig. 6.
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Fig. 6. Master-slave clock offset error in different handover states
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From Fig. 6, it can be observed that the rolling time-domain estimation method proposed in this paper effec-
tively reduces the master-slave clock offset error under both types of handover conditions, validating the effec-
tiveness of the proposed method. Based on the delay variations in high-speed railway scenarios, handover events
can be categorized into successful handovers and link reconstruction handovers.

In a successful handover, the wireless link signal quality is relatively good, allowing PTP time synchroniza-
tion messages to be effectively transmitted between the master and slave clocks, and the handover completion
time is shorter. In contrast, during a link reconstruction handover, although the source base station has sent ac-
cess request information and data messages to the target base station, poor wireless signal quality prevents the
train from decoding the handover instructions from the source base station, resulting in the inability to establish
a connection with the target base station [34]. The train then searches for a suitable base station and establishes a
connection with the new target base station. This process increases the handover completion time and the delay
of PTP synchronization messages during transmission, thereby affecting the 5G-R master-slave clock synchro-
nization performance. Successful handovers have better compensation for master-slave clock offset errors com-
pared to link reconstruction handovers.

In addition, the estimation errors in two different scenarios are further analyzed by calculating the deviation
between the true value and the optimal estimated value. The y-axis in the figure represents the estimated error
value. The smaller the value, the higher the accuracy of time synchronization.
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Fig. 7. Moving horizon estimation error in different handover states

It can be seen from Fig. 7 that in two different handover states, as the synchronization cycle increases, the es-
timation error gradually approaches zero, indicating that the proposed method in this paper can effectively elim-
inate the impact of the handover completion delay on time synchronization, and the successful handover state
estimation error is smaller. This also suggests that successful handover has little impact on 5G-R time synchroni-
zation. The simulation conclusion is consistent with the actual high-speed railway scenario rules. Since the train
needs to establish a connection with the new target base station during link re-establishment handover, and with
the high-speed movement of the train, there is transmission jitter when the PTP synchronization messages are
transmitted on the high-speed railway time-varying channel, so there may be significant fluctuations in estima-
tion, but it also achieves smooth compensation of errors in the 20th synchronization period. Through the above
analysis of the impact of different handover states on time synchronization, the effectiveness of this method is
further verified.
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6.3 Comparative Analysis of Methods

Finally, in order to verify the effectiveness of the time synchronization method proposed in this paper, it is com-
pared with the maximum likelihood estimation method and the time synchronization method based on propor-
tional integral differential controller The initial clock deviation is set to 10ms, and the synchronization period is
set to 100 times. The results of different time synchronization methods are compared, as shown in Fig. 8.

== Proportional Integral Differential Controlle
=== The Maximum Likelihood Estimation
== Minimum Variance Unbiased Estimator
= Proposed Methods

Master Slave Clock Offset Error(ms)

0 20 40 60 80 100
Synchronization Cycle

Fig. 8. Comparison of results of different time synchronization methods

From Fig. 8, We set the initial master-slave clock deviation for all methods to 10ms, it can be seen that as the
synchronization period increases, all four methods will generate master-slave clock offset errors. Compared with
the methods in this article, the maximum likelihood estimation method, minimum variance unbiased estimation
method, and proportional integral derivative controller based method have longer error convergence synchro-
nization periods and also suffer from serious fluctuations. The method described in this article achieves time
synchronization within 10 synchronization cycles, overcoming the effects of system and measurement noise,
compensating for delays caused by switching events, and demonstrating good synchronization performance. The
other three comparison methods have issues with long synchronization periods and up and down jitter, resulting
in time offset errors between the master clock and slave clock. The reason is that proportional integral derivative
controllers may have integral saturation problems, especially when there are constraints in the system, which
will affect the performance and stability of the controller, leading to error fluctuations. Maximum likelihood
estimation is more sensitive to the selection of initial conditions and is more suitable for estimating steady-state
data. The minimum variance unbiased estimation method is suitable for idealized statistical scenarios and strictly
depends on the correctness of model assumptions. Otherwise, the unbiasedness and minimum variance character-
istics of the estimator will fail, leading to estimation errors. Due to frequent switching events, the transmission of
5G-R wireless channel data is unstable. The method proposed in this paper can provide more real-time, efficient,
and stable estimation results, and achieve complete time synchronization in 5G-R wireless communication.

7 Conclusion

In the 5G-R scenario of the next-generation high-speed railway, the train will pass through multiple cell coverage
ranges within a short period of time, resulting in frequent handovers of the train. Moreover, the frequent hando-
ver events have a considerable influence on the master-slave clock synchronization of the train. A novel next gen-
eration high-speed railway 5G-R time synchronization method based on moving horizon estimation has proposed
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in this article. Through arrival cost calculation and optimization problem solving of moving horizon estimation,
the optimal clock offset estimate is obtained to achieve 5G-R railway time synchronization. The handover com-
pletion delay and data transmission rate are considered in actual modeling, and the impact of delay difference
on the synchronization process is reduced through the proposed method. Simulation experiments under differ-
ent handover states show that the proposed method can effectively reduce the impact of handover events on the
synchronization process. Experimental results show that the proposed method has better stability and synchro-
nization performance compared to other methods, thus can meet the requirements of next generation high-speed
railway 5G-R time synchronization.

This paper mainly studies the prediction and compensation of clock bias caused by handover events on the
5G-R train ground communication link, in order to improve the time synchronization performance of 5G-R. In
the future, we can consider building a software hardware collaborative optimization system, using FPGA pro-
grammable logic devices to implement physical layer time stamping function, improve timestamp marking accu-
racy, and enhance time synchronization accuracy from the physical layer. Moreover, with the rapid development
of quantum communication technologies, quantum time synchronization has emerged as a frontier research di-
rection. By leveraging the unique properties of quantum states, such as entanglement and superposition, quantum
time synchronization enables ultra-high-precision time transfer and synchronization. In future studies, we will
further research the application of quantum time synchronization in high-speed railway handover synchroniza-
tion.
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