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Abstract

Purpose – As the strategy of 5G new infrastructure is deployed and advanced, 5G-R becomes the primary
technical system for futuremobile communication of China’s railway. V2V communication is also an important
application scenario of 5G communication systems on high-speed railways, so time synchronization between
vehicles is critical for train control systems to be real-time and safe. How to improve the time synchronization
performance in V2V communication is crucial to ensure the operational safety and efficiency of high-speed
railways.
Design/methodology/approach – This paper proposed a time synchronization method based on model
predictive control (MPC) for V2V communication. Firstly, a synchronous clock for V2V communication was
modeled based on the fifth generation mobile communication-railway (5G-R) system. Secondly, an observation
equation was introduced according to the phase and frequency offsets between synchronous clocks of two
adjacent vehicles to construct an MPC-based space model of clock states of the adjacent vehicles. Finally, the
optimal clock offset was solved through multistep prediction, rolling optimization and other control methods,
and time synchronization in different V2V communication scenarios based on the 5G-R system was realized
through negative feedback correction.
Findings – The results of simulation tests conducted with and without a repeater, respectively, show that the
proposed method can realize time synchronization of V2V communication in both scenarios. Compared with
other methods, the proposed method has faster convergence speed and higher synchronization precision
regardless of whether there is a repeater or not.
Originality/value – This paper proposed an MPC-based time synchronization method for V2V
communication under 5G-R. Through the construction of MPC controllers for clocks of adjacent vehicles,
time synchronization was realized for V2V communication under 5G-R by using control means such as
multistep prediction, rolling optimization, and feedback correction. In view of the problems of low
synchronization precision and slow convergence speed caused by packet loss with existing synchronization
methods, the observer equation was introduced to estimate the clock state of the adjacent vehicles in case of
packet loss, which reduces the impact of clock error caused by packet loss in the synchronization process and
improves the synchronization precision of V2V communication. The research results provide some theoretical
references for V2V synchronous wireless communication under 5G-R technology.
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1. Introduction
The train control system, central to high-speed railways, consists of core technical equipment
that ensures the operational safety and improves the operational efficiency of high-speed
railways. At present, Chinese Train Control System Level 3 (CTCS-3) uses a train-ground
communication system for the bidirectional transmission of train control information (Dou,
Li, Li, Bao,& Lin, 2021). However, the rapid development of high-speed railways raises higher
requirements for operational efficiency and safety protection.

As the strategy of 5G “new infrastructure” is deployed and advanced, 5G-R (the fifth
generation mobile communication-railway) becomes the primary technical system for future
mobile communication of China’s railway. It can provide a wide-bandwidth and high-
reliability wireless access guarantee for the train control system (Wang, 2020). As an
important application scenario of 5G-R, communication between trains (V2V communication)
can further improve the operational safety and efficiency of train control services. However,
in the process of V2V communication under 5G-R, the V2V communication link is
characteristic of time variation (Ding, 2020) due to the high-speed mobility of trains, resulting
in the degradation of synchronization performance. How to improve the time synchronization
performance in V2V communication is crucial to ensure the operational safety and efficiency
of high-speed railways.

Based on different V2V communication scenarios with and without a repeater (Wang, Li,
& Li, 2016), the current methods used to realize time synchronization can be divided into
centralized time synchronization methods and distributed time synchronization methods
(Koo & Mahyuddin, 2019). The centralized methods generally need a reference node to
provide a reference time for the synchronization process. Shi, Tuo, Yang, Lu, and Li (2020)
proposed a fast-flooding, multi-channel, unidirectional broadcast time synchronization
protocol, which realizes time synchronization by flooding the reference time along a multi-
hop path to a whole network, but once packet loss occurs at the single node, the
synchronization precision of the whole network will be affected. Wang, Qi, and Li (2020)
introduced proportional integral derivative (PID) control in the time synchronization process
to reduce the interference error, but it could not adapt to the clock jump caused by fast time
variation. Son and Chang (2020) proposed a clock synchronization method based on the
precision time protocol (PTP) to estimate the information of the faulty node by collecting and
analyzing the clock information of other nodes, but this method does not take into
consideration the factor of packet loss, thus leading to inaccurate estimates. Shivaaraman,
Schuster, Ramanathan, Easwaran, and Steinhorst (2021) proposed a cluster-based time
synchronization protocol, but this method cannot reduce the synchronization error caused by
packet loss. Jia, Wang, and Zheng (2020) proposed a clock synchronization protocol based on
clustering algorithms, but this method did not take into consideration the impact of packet
loss on the synchronization process.

For distributed time synchronization methods, the average time synchronization (ATS)
theory is generally used to realize time synchronization between both communication sides
(Schennato & Fiorentin, 2011) because there is no repeater to transmit reference time. Wang,
Chen, Gong, and Li (2020) used the ATS time synchronization method to compensate for the
clock offset estimate obtained by using the weighted median. Shi, Tuo, Ran, Ren, and Yang
(2020) proposed a multi-hop average consensus time synchronization method to enhance
algebraic connectivity of the network and improve convergence speed through virtual links.
Phan and Kim (2021) proposed a virtual topology time synchronization method based on
ATS to speed up convergence. However, compared with centralized synchronization
methods, the distributed time synchronization methods mentioned above generally have the
disadvantage of slow convergence speed (Koo & Mahyuddin, 2019) and cannot adapt to the
fast time variation of 5G-R wireless channels. To sum up, the current methods proposed in
most studies for time synchronization in V2V communication do not consider the impact of
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packet loss on synchronization, thus leading to problems such as low synchronization
precision and algorithm convergence speed.

In this paper, a time synchronizationmethod based onmodel predictive control (MPC) was
proposed for V2V communication under 5G-R. A synchronous clock model was established
for V2V communication under 5G-R, and an observation equationwas introduced to build the
MPC-based space model and incremental prediction model of clock states of adjacent
vehicles. Time synchronization was realized for V2V communication in different scenarios
through control modes including multistep prediction, rolling optimization and negative
feedback regulation.

2. Analysis of time synchronization in V2V communication under 5G-R
The proximity service technology in the 5G standard supports V2V communication
technology (Lai, Shieh, Chou, & Hsu, 2020). V2V communication technology is divided into
two scenarios: direct communication without a repeater and indirect communication through
repeater stations. In the latter scenario, information exchange between adjacent trains is
indirectly completed through the Next Generation NodeB (gNB), as shown in Figure 1.

High-precision time synchronization between adjacent trains is the key to V2V
communication. Time synchronization in V2V communication under 5G-R requires time
precision to be better than ± 50 ms (Teng, 2021). The higher the time synchronization
precision, the more key real-time control information such as speed and location of adjacent
trains, and the more conducive to improving the operation safety of trains. In order to reach
the required high precision of the V2V communication link, time synchronization between
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adjacent vehicles needs to be measured by the PTP protocol. The PTP protocol can reach
synchronization precision of sub-microsecond level, and can provide high-precision time
service for equipment to support high-precision time synchronization and synchronous
measurement requirements of V2V communication and other services (Seijo, L�opez-
fern�andez, Bernhard, & Val, 2020; Teng, 2021). As a time synchronization protocol for a
bidirectional information exchange mechanism, the master and slave clocks complete time
synchronization by exchanging PTP messages carrying timestamps (Figure 2). Wherein, i is
the clock nodes of adjacent vehicles, in i∈ f1; 2g;T1,T2,T3, andT4 are the timestamps when
PTP messages are transmitted between the reference clock and the vehicle clocks,
respectively; θ is the time offset between the reference clock and the vehicle clocks; d is the
path delay between the reference clock and the vehicle clocks.

It is generally assumed that the transmission path of PTP messages is symmetrical
between the master and slave clocks, and then the clock offset θi between the adjacent
vehicles and the reference clock is

θi ¼ ðT2;i � T1Þ � ðT4 � T3;iÞ
2

(1)

The path delay di between the adjacent vehicles and the reference clock is

di ¼ ðT2;i � T1Þ þ ðT4 � T3;iÞ
2

(2)

The time deviation between the adjacent vehicles and the reference clock can be calculated
from Equations (1) and (2), thus realizing time synchronization with the reference clock.

In the process of V2V communication under 5G-R, whether there is a repeater or not, the
goal of time synchronization between adjacent vehicles is achieved by dynamically adjusting
the local clock Si(t) of the adjacent vehicles against and finally aligning it to the standard
reference clock L(t). The time synchronization process in V2V communication refers to the
setting of time S(t) and needs to be adjusted according to different V2V communication
scenarios.
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(1) When there is a repeater in V2V communication, the repeater station gNB obtains the
standard time signal through the built-in GPS receiver, and thus gNB can be set as the
reference clock. In this scenario, if the maximum error e(t) between the local time Si(t)
of the adjacent vehicles and the reference time satisfies Equation (3) below:

lim
t→∞

eðtÞ ¼ maxðSðtÞ � SiðtÞÞ ¼ 0 (3)

The time synchronization process is completed for V2V communication with a repeater.

(2) When V2V communication is in a scenario without a repeater, a virtual reference
clock needs to be set since there is no physical reference clock to provide standard
time. At this time, adjacent vehicles can be regarded as independent intelligent
agents, and the time of the virtual reference clock can be dynamically set through the
exchange of time information. The local time Si(t) of the adjacent vehicles is kept
consistent with the virtual reference time, thus realizing the time synchronization
between the vehicles, that is

SiðtÞ ¼ cðtÞ (4)

where c(t) is the virtual reference time.

3. Establishment of synchronous clock models for V2V communication
3.1 Ideal clock model
In the process of time synchronization in V2V communication, a synchronization clockmodel
was established first, and the adjacent vehicles and the repeater station gNB were equipped
with local clock modules. Thanks to the built-in high-precision voltage-controlled crystal
oscillator, the local time of the clock module of the repeater station gNB can remain stable
(Fan, Liu, Li, & Chen, 2021). And with ordinary crystal oscillators built in, clock modules of
the adjacent vehicles are susceptible to external environmental factors such as temperature
and pressure on account of their physical characteristics, and the crystal oscillators will
suffer from random jitter of varying extent, resulting in clock frequency and phase offsets.
The phase offset θi(t) between different clocks of the adjacent vehicles and the reference clock
can be defined as

θiðtÞ ¼ θ0i þ
Z t

0

αiðτÞdτ þ wiθðtÞ (5)

where θ0i is the initial clock phase offset of node i;αiðτÞ is the clock frequency offset of node i at
time τ; wiθðtÞ is the random clock phase jitter caused by environmental changes of node i at
time t.

Similarly, the clock frequency offset αi(t) between different clocks of the adjacent vehicles
and the reference clock t can be defined as

αiðtÞ ¼ α0i þ wiαðtÞ (6)

where α0i is the initial clock frequency offset of node i; wiαðtÞ is the random clock frequency
jitter of node i at time t.

To solve clock synchronization in MPC-based V2V communication, it is necessary to
discretize the continuous differential Equations (5) and (6) since the MPC solution is based on
the discrete space state equation of the controlled object. The following equations were
obtained
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θiðkÞ ¼ θiðk� 1Þ þ αiðk� 1Þτ ðkÞ þ ωiθðkÞ (7)

αiðkÞ ¼ αiðk� 1Þ þ ωiαðkÞ (8)

where k is the number of time synchronization cycles, k 5 1, 2,. . .; ωiθðkÞ is the clock phase
jitter of the k-th time synchronization cycle and is normally distributed with zero mean and
variance of σ2

θ; ωiαðkÞ is the frequency jitter of the k-th time synchronization cycle and is
normally distributed with zero mean and variance of σ2α.

3.2 Actual clock model
After the ideal clock model for V2V communication is established, an actual clock model for
V2V communication needs to be additionally established.

In the process of actual time synchronization in V2V communication under 5G-R, PTP
messages, affected by the fast time variation of 5G-R wireless channels, will suffer from link
asymmetry, random jitter of transmission delay, and packet loss, when transmitted on the
V2V communication link (Novaes, Freire, Klautau, & Almeida, 2021). The above problems
will cause uncertainty errors in PTP timestamps, which will seriously affect the time
precision of PTP protocol on the V2V communication link. In general, the uncertainty
timestamp error is assumed to be random noise following a Gaussian distribution, so the
phase offset θiM in the actual clock model of the adjacent vehicles is

θiMðtÞ ¼ ðT2;i � T1;iÞ � ðT4 � T3;iÞ
2

þ viθðtÞ (9)

where viθ is the random noise of clock phase offset, and its values are normally distributed
with a mean of 0 and a variance of σ2iM.

4. Time synchronization methods for V2V communication under 5G-R
Demonstrating clock synchronization in V2V communication with a model, this paper
proposed anMPC-based time synchronizationmethod for V2V communication under 5G-R to
improve the performance and efficiency of V2V communication synchronization. MPC is a
model-based closed-loop optimal control method and has the characteristics of fast transient
response and high control bandwidth, making it suitable for fast time-varying scenarios
(Alfaro, Guzman, De Vicu~na, Miret, & Castilla, 2022).

With the method in this paper, the reference clock for time synchronization tracking of the
adjacent vehicleswas set for different scenarios ofV2V communication. Then, the clock states of
adjacent vehicles are used as inputs to the MPC controllers of adjacent vehicles, respectively.
Through the predicted output of MPC input, iterative rolling optimization and feedback
correction, consistency tracking between the adjacent vehicles and the reference clock was
realized, and time between vehicles was synchronized. Figure 3 shows how theMPC controllers
in this paper were established. In the figure, r(k) is the reference clock selected for MPC
controllers according to different V2V communication scenarios, either being the clock of the
repeater station gNB, or if there is no repeater, being dynamically set through the exchange of
time information between the adjacent vehicles; ui(k) is the control input; yi(k) is the clock state
output of the adjacent vehicles; yiðkÞ is the predicted output of the current train clock state;
yiðkþ njkÞ is the train clock state output for the next n synchronization cycles.

After the reference clock was selected for the communication scenario, time was
synchronized between vehicles through the MPC controllers established for the adjacent
vehicles. The specific steps are as follows.
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Step 1: Based on synchronous clock models for V2V communication, establish a clock
state space model with MPC for V2V communication and obtain the corresponding clock
state output yi(k) of the adjacent vehicles.

Step 2: Build a predictive model according to the clock state of the current train to obtain
the predicted output yi(k) of the current train clock state.

Step 3: According to the current predicted output yi(k) and the control input ui(k), the train
clock state in the next n synchronization cycles is predicted to obtain the predicted output
yiðkþ njkÞ.
Step 4: Design a cost function J in the form of a quadratic matrix to minimize the deviation
between the predicted output y and the actual output y, and take a rolling-horizon
quadratic-programming approach to obtain the optimal solutions of different input
control ui of the adjacent vehicles in the next synchronization cycle. Finally, perform
feedback correction with the optimal control input ui and iterate the above steps for the
adjacent vehicles to track the reference clock through the correction with ui, thus
synchronizing the time between vehicles.

4.1 State space model
According to the MPC-based synchronization steps for V2V communication, a state space
model for V2V communication needs to be established first. As an optimal control method
based on the state space model (Zhang, Wu, Teng, Gong, & Tang, 2022), MPC predicts the
state and output of the adjacent vehicle clocks at future moments through the state space
model. Figure 4 shows the specific process of the state space model.

As can be seen, the state space model for synchronization in V2V communication in this
paper consists of a general state equation and an observation equation. In a certain
synchronization cycle k, if no PTP message is lost, that is, the clock states of the adjacent
vehicles can be accurately measured through PTP message transmission, the accurate clock
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states xi(k) of the adjacent vehicles in the k-th cycle can be calculated from the general state
equation, and then the standard reference clock yi(k) for clock state output can be obtained
through the dimensional coefficient matrix C. If PTP message loss occurs, meaning that the
clock states of the adjacent vehicles cannot be accurately measured, it is necessary to
introduce the observation equation, observe the output estimate byiðkÞ obtained from the
observation equation through the gain matrix L and perform negative feedback adjustment,
so that the output estimate valuebyiðkÞ of the clock states of the adjacent vehicles obtained by
the observer can be infinitely close to the standard reference yi(k) and the V2V
synchronization process can be completed.

For the establishment of the observation equation inFigure 4, in the scenariowith a repeater,
Equations (7)–(9) can be combined, and the control input u can be added so that the adjacent
vehicles are consistent with the gNB reference time by continuously adjusting u. Since there is
no accurate physical reference clock in the repeater-free scenario, the virtual reference clock
time c(t) in Equation (4) needs to be dynamically adjusted according to the time of the adjacent
vehicles so as to realize V2V synchronization. Therefore, according to the characteristics of the
two V2V communication scenarios, the MPC state-space model of the time synchronization
process of V2V communication under different scenarios was established as

x iðkþ 1Þ ¼ Ax iðkÞ þ BuiðkÞ þωiðkÞ ¼
ð1� βÞx iðkÞ þ βx jðkÞ (10)

yiðkÞ ¼ Cx iðkÞ þ νiðkÞ (11)

with

A ¼
�
1 τ
0 1

�

B ¼
�
1
1

�

ωiðkÞ ¼
�
ωiθðkÞ
ωiαðkÞ

�

C ¼ ð 1 0 Þ

where xi, ui and yi are the state, the control input and the output of train clock node i,
respectively;A, B and C are matrixes of appropriate dimensions, determined by the system;
ωi and νi are the system input disturbance and the output disturbance caused by the
uncertainty of 5G-R wireless channel, respectively; β is the dynamic coefficient; x jðkÞ is the
clock state of train clock node j at the current time.

In the actual V2V communication process, losing clock information transmitted via PTP is
inevitable due to the complex and changing environment of the 5G-R wireless channel. This
makes it impossible for clock state measurements of the adjacent vehicles to arrive on
time within a specified synchronization cycle and results in the failure of accurate time
synchronization of the adjacent vehicles. To reduce the error caused by clock state
immeasurability due to packet loss, an observer was introduced to accurately estimate
the immeasurable clock state. The specific observation equation of the observer is as follows:

bx iðkþ 1Þ ¼ Abx iðkÞ þ BuiðkÞ þ LðyiðkÞ �byiðkÞÞ (12)

where bx i(kþ1) and bx i(k) are the clock state estimates of the adjacent vehicles at time kþ1 and
time k, respectively;byiðkÞ is the clock state output estimate of the adjacent vehicles at time k.
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In order to solve the observer gain matrix L, the error vector e of the actual state and the
observer state estimate was introduced, and the formula is as follows:

e iðkÞ ¼ x iðkÞ � bx iðkÞ (13)

With Equations (10) and (12) put in, Equation (13) is expanded and simplified as

e iðkþ 1Þ ¼ ðA� LCÞe iðkÞ (14)

Since A and C are constants defined by the system, L is generally calculated by pole
placement with all eigenvalues for the matrix A-LC within the unit circle.

It can be seen from Equation (14) that the poles of matrix A-LC determine whether the
estimation error e of the observer can finally converge to 0. After obtaining the state estimate
from the observer in the case of packet loss, a random variable γ[k] following the Bernoulli
distribution was introduced to describe the PTPmessage loss of the k-th synchronization cycle
to further describe the phenomenon of packet loss due to the 5G-Rwireless channel. If γ[k] takes
the value 1 with probability 1�p, indicating that no message loss occurs in the cycle, then the
clock state at the current time can bemeasured and calculated byEquation (10). If γ[k] takes the
value 0 with probability p, indicating that a message loss occurs and the clock state cannot be
measured in the k-th cycle, then the clock state estimate obtained by Equation (12) can be used
to replace the immeasurable null state value for calculation.

Combining Equations (10)–(12) and considering packet loss, the state space model of the
adjacent vehicles was finally established as

x iðkþ 1Þ ¼ Ax iðkÞ þ BuiðkÞ þ ωiðkÞ γ½k� ¼ 1

bx iðkþ 1Þ ¼ Abx iðkÞ þ BuiðkÞ þ Lðyi �byiÞ γ½k� ¼ 0

yiðkÞ ¼
8<
:

Cx iðkÞ þ νiðkÞ γðkÞ ¼ 1

Cbx iðkÞ þ νiðkÞ γðkÞ ¼ 0

8>>>>>><
>>>>>>:

(15)

4.2 Predictive model
After the state space model for V2V communication was established, the clock state predictive
model for V2V communication was established. An incremental state space predictive model
was used instead of traditional predictive models to eliminate the influence of the clock’s
uncertain input disturbance caused by the external environment and its uncertain output
disturbance caused by the 5G-R wireless channel on the predictive output results.

Let the short duration disturbance of the 5G-R wireless channel remain unchanged, and
rewrite Equation (15) into an incremental form as

Δx iðkþ 1Þ ¼
8<
:

AΔx iðkÞ þ BΔuiðkÞ γðkÞ ¼ 1

AΔbx iðkÞ þ BΔuiðkÞ γðkÞ ¼ 0

ΔyiðkÞ ¼ CΔx iðkÞ

8>>><
>>>:

(16)

Based on the incremental state Equation (16), an additional state variable output y was
introduced to expand the original model, obtaining the incremental state vector as

x iðkÞ ¼
�
Δx iðkÞ
yiðkÞ

�
(17)
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Equations (10), (16) and (17) were combined to obtain an extended model with incremental
output, that is the predictive model, as below

x iðkþ 1Þ ¼ A
^

x iðkÞ þ B
^

ΔuiðkÞ
yiðkÞ ¼ C

^

x iðkÞ

(
(18)

with

A
^ ¼

�
A 0
CA I

�

B
^ ¼

�
B

CB

�

C
^ ¼ ð0 I Þ

whereA
^

is the transition matrix from the current state x i(k) to the next state x i(kþ1);B
^

is the

transition matrix from the control input increment Δui(k) to the next state x i(kþ1); C
^

is the
transition matrix from the current state to output yiðkÞ.

4.3 Multistep prediction
After the predictive model was established, the goal of time synchronization for V2V
communication can be achieved with phase and frequency offsets at the clock node i of the
adjacent vehicles taken as the states of the closed-loop system and through time
synchronization of the adjacent vehicles with the reference clock by adjusting the control
input ui of the closed-loop system. Assuming that the prediction step size of the clock node
state is Np and the control step size of the control quantities in the prediction horizon is Nc,
then the predicted state value of each clock node of the adjacent vehicles will be obtainedwith
Nc control quantities used in the future Np time synchronization cycles

x iðkþ NpjkÞ ¼ A
^Np

x iðkÞ þA
^Np−1

B
^ ΔuiðkÞ þA

^Np−2

B
^

Δuiðkþ 1jkÞ þ � � �

þA
^Np−Nc

B
^

Δuiðkþ Nc� 1jkÞ (19)

where kþ1jk is the predicted state value of the kþ1-th synchronization cycle at the k-th
synchronization cycle.

Similarly, the predicted output value of each clock node of the adjacent vehicles withinNp
cycles from the k-th cycle can be obtained as

yiðkþ NpjkÞ ¼ C
^

A
^Np

x iðkÞ þ C
^

A
^Np−1

B
^

ΔuiðkÞ þ C
^

A
^Np−2

B
^

Δuiðk þ 1jkÞ þ � � �

þ C
^

A
^Np−Nc

B
^

Δuiðk þ Nc� 1jkÞ (20)

Equation (20) is further integrated into a matrix form and is obtained as

Y iðkÞ ¼ Fx iðkÞ þ ΦΔU iðkÞ (21)

with
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Y iðkÞ ¼

yiðkþ 1jkÞ
yiðkþ 2jkÞ

..

.

yiðkþ NcjkÞ
..
.

yiðkþ NpjkÞ

0
BBBBBBBB@

1
CCCCCCCCA

F ¼

C
^

A
^

C
^

A
^2

..

.

C
^

A
^Nc

..

.

C
^

A
^Np

0
BBBBBBBBB@

1
CCCCCCCCCA

Φ ¼

C
^

B
^

0 � � � 0
C
^

A
^

B
^

C
^

B
^ � � � 0

C
^

A
^2

B
^

C
^

A
^

B
^ � � � 0

..

. ..
. ..

. ..
.

C
^

A
^Nc

B
^

C
^

A
^Nc−1

B
^ � � � C

^

A
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where Yi(k) is the predicted output matrix within Np steps from time kþ1; ΔUi(k) is the
control input increment matrix within Nc steps from time k; F and Φ are the coefficient
matrixes of clock states of adjacent vehicles and control input increment ΔUi, respectively.

4.4 Rolling optimization and feedback correction
After obtaining the predicted output values of the clock states of the adjacent vehicles in the
nextNp cycles, it is necessary to continuously adjust and use the control input incrementΔu
to correct the clock state so that the predicted output gradually converges to the reference
time r, thus synchronizing the local clocks of the adjacent vehicles with the reference clock.

The optimal control input increment Δu can be solved by minimizing the cost function J
of the MPC. Generally, the quadratic matrix of error and output increment is used as the cost
function. If the reference time provided by gNB is R, the cost function J is defined as

J ¼ ðR � Y iðkÞÞTðR � Y iðkÞÞ þ Δui
TðkÞQΔuiðkÞ (22)

where the first term on the right side is expressed as the error between the reference inputR
and the output of the predictivemodel, and its value reflects the synchronization performance
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of the adjacent vehicles during V2V communication; the second item reflects the stability of
time synchronization in V2V communication, in which Q is a diagonal matrix that restricts
control input increment Δu to avoid poor stability due to excessive increment values.

Substituting Equation (21) into Equation (22), the cost function J will be further
rewritten as

J ¼ ðR � Fx iðkÞÞTðR � Fx iðkÞÞ � 2Δui
TðkÞΦTðR � Fx iðkÞÞ þ Δui

TðkÞðΦTΦþ QÞΔuiðkÞ
(23)

To obtain the optimal control input increment Δu, the first-order partial derivative of Δu in
Equation (23) is solved and obtained as

vJ

vΔuiðkÞ ¼ −2ΦTðR � Fx iðkÞÞþ

2ðΦTΦþ QÞΔuiðkÞ
(24)

Let the first-order partial derivative of J be 0, and the optimal solution of Δui(k) of clocks of
the adjacent vehicles in the k-th synchronization cycle can be obtained as

ΔuiðkÞ ¼ ðΦTΦþQÞΦTðR � Fx iðkÞÞ (25)

During time synchronization for V2V communication under 5G-R, due to the end-to-end delay
(Yu, 2021), in order that the model is more in line with the actual situation, it is necessary to
further constrain the value of the clock phase optimal control input increment Δuiθ in
Equation (25) as

jΔuiθðkÞj≤Δumax (26)

where Δumax takes the upper limit 150 ms of end-to-end delay (Yu, 2021).

Finally, the optimal control input ui(k) of the whole-time synchronization process for V2V
communication in the k-th synchronization cycle is obtained as

uiðkÞ ¼ uiðk� 1Þ þ ΔuiðkÞ (27)

where Δui(k) is the optimal control input increment.

After obtaining the optimal control inputu of the k-th synchronization cycle, it can be used
as a feedback input to time synchronization in V2V communication to perform feedback
correction of the cycle. The above steps were iterated continuously so that the clocks of
adjacent vehicles can keep track of the reference clock and realize time synchronization in
different scenarios of V2V communication under 5G-R.

5. Analysis of simulation results
In order to verify the effectiveness of the proposed method in V2V communication under 5G-
R,MATLAB software was used to simulate the synchronization process in the scenarios with
and without a repeater, respectively.

5.1 Simulation analysis of synchronization in V2V communication with a repeater
5.1.1 Simulation of synchronization process. First, it was simulated in the scenario of time
synchronization process in V2V communication with a repeater. According to the
requirements of the 3rd Generation Partnership Project (3GPP), the initial clock frequency
offset α0i of the adjacent vehicles was set as 0.05 ppm (Teng, 2021). Additionally, let the input
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and output disturbance variances be σ2θ, σ
2
α and σ2iM be 5 3 10�11, 5 3 10�8 and 10�6 (Chen,

2020), and the packet loss probability p be 10�3 according to the Quality of Service (QoS)
indicator. Assuming the expected pole of the closed loopP5(0.1 0.2), the observer gainmatrix
L5(1.7 1.44)T can be calculated according to the pole placement method. Assuming the
number of simulated synchronization cycles is 60 and the local time of adjacent vehicles and
their corresponding repeater station gNB is 0.4, 0.2 and 1 ms, respectively, the MPC-based
time synchronization process of V2V communication under 5G-R with a repeater was
obtained, as shown in Figure 5.

As can be seen from Figure 5, as synchronization cycles increase, the time of gNB, the
reference clock for the time synchronization process in the scenario with a repeater, remains
unchanged, while clocks of the adjacent vehicles with different initial times can dynamically
adjust their own time and gradually align to the gNB reference time in a limited time with the
increase of synchronization cycles, realizing the consistencywith the gNB reference clock and
completing the time synchronization process for V2V communication. The simulation results
in Figure 5 show that time synchronization for V2V communication under 5G-R with a
repeater can be completed by using the method in this paper.

5.1.2 Comparison of synchronization performance. In order to verify the effectiveness
of this method in the scenario of V2V communication with a repeater, this method
was compared with the time synchronization method based on PID controllers (Wang,
Qi et al., 2020) and the MPC method based on error increment (Zhang et al., 2022) in terms of
convergence time, clock offset and system stability.

First, comparison of convergence time, as the number of cycles required for the maximum
logical clock error e→ 0 in the whole synchronization process, is an important index for
evaluating clock synchronization methods. For ease of comparing different methods’
capability to track the reference time, the initial time of trainswas uniformly set to 0ms for the
methods by Wang, Qi et al. (2020), Zhang et al. (2022) and this paper, and the reference clock
time of repeater station gNB in the whole synchronization process was set to 1 ms. The
convergence of the three methods used in the scenario of V2V communication with a repeater
was obtained, as shown in Figure 6.

As can be seen, themethods require different numbers of synchronization cycles to realize
time synchronization between adjacent vehicles; time synchronization between the adjacent
vehicles and the gNB cannot be realized until about the 40th synchronization cycle with
the PID-based synchronization method (Wang, Qi et al., 2020) and the method based on error
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increment MPC (Zhang et al., 2022); while convergence with the method in this paper is
achieved after 8 synchronization cycles, about one-fifth that of the former two methods. This
is because the PID control method adopted by Wang, Qi et al. (2020) has poor adaptability to
fast time variation and is prone to frequent modification of control parameters and long
duration (Liu, Wang, & Zhao, 2022), resulting in slow convergence, and the error-based MPC
synchronization method adopted by Zhang et al. (2022) takes the clock error as the model
increment during time synchronization, in which case its control quantities will fluctuate
rapidly when the clock error fluctuates rapidly due to time variation of 5G-Rwireless channel
and packet loss, also resulting in slow convergence. Conversely, with the method in this
paper, the synchronization process of V2V communication can be completed more quickly
than the methods by Wang, Qi et al. (2020) and Zhang et al. (2022), resulting in a faster
convergence speed, thanks to the comprehensive consideration of the impact of packet loss
and 5G-R channel time variation on the synchronization process.

Second, clock offset was compared, when the mean and standard deviation were
introduced for quantitative comparison, and the standard deviation σ was calculated using
the equation below:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ðzi � zÞ2
vuut (28)

where zi is the input value; z is the mean of the input value; N is the number of samples.

Table 1 gives the mean of clock offset obtained by the three methods and the standard
deviation of clock offset calculated by Equation (28).

As shown, both the mean and standard deviation values obtained by the methods by
Wang, Qi et al. (2020) and Zhang et al. (2022) are greater than those by the method in this
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paper. Therefore, the method in this paper has smaller errors and higher precision in
synchronization compared with the other two methods because the smaller the standard
deviation, an index reflecting the dispersion of samples, the smaller the clock synchronization
error, and the closer to the standard reference value.

Finally, the system stability was compared. The variation of system control input
increment Δuiθ reflects the system stability, and Figure 7 shows the variation with different
methods in the scenario with a repeater.

It can be seen from Figure 7 that the control input incrementΔuiθ ofMPC controllers in the
method of this paper tends to stabilize rapidly when the number of synchronization cycles
increases, while the control input incrementΔuiθ of the methods byWang, Qi et al. (2020) and
Zhang et al. (2022) fluctuates violently since these methods do not consider the influence of
clock error caused by packet loss in the synchronization process; themethod in this paper can
effectively ensure the stability of the time synchronization process of V2V communication
with a repeater.

It can be comprehensively concluded that, in the cases of V2V communication under 5G-R
with a repeater, the proposed method can complete time synchronization of V2V
communication more effectively through the above analysis of convergence time, clock
offset and system stability.

5.2 Simulation analysis of synchronization in V2V communication without a repeater
5.2.1 Simulation of synchronization process.After completing the analysis of synchronization
in V2V communication with a repeater, the time synchronization process in the scenario
without a repeater was simulated and analyzed. In the scenario without a repeater, it is
necessary to set up a virtual reference clock as the master clock for synchronization between
the adjacent vehicles as there is no gNB repeater station to provide a standard reference clock,
and the vehicles achieve time synchronization by tracking the time of the virtual
reference clock.

Assuming there are 10 simulated synchronization cycles, the initial times of the adjacent
vehicles remain 0.4 and 0.2 ms, respectively, and the dynamic coefficient β is 0.4. Then the
synchronization process in repeater-free V2V communication was simulated using the
method in this paper, as shown in Figure 8.
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It can be seen from Figure 8 that, as synchronization cycles gradually increase, the adjacent
vehicles can dynamically adjust their own clock states and synchronize their clocks with
different initial times in a limited time through the exchange of time information even when
there is no physical reference clock, thus realizing time synchronization of direct V2V
communication without a repeater.

5.2.2 Comparison of synchronization performance. In order to verify the effectiveness of
this method in time synchronization process of repeater-free V2V communication, its
performance was analyzed from two aspects of convergence time and clock offset, and
compared with that of the synchronization method in repeater-free scenario proposed by
Phan and Kim (2021). For easier comparative analysis, it was assumed that the initial time of
the leading vehicle was 0.4 ms and the initial time of the following vehicle was 0.2 ms for both
methods by Phan and Kim (2021) and in this paper.

First, the convergence time in the repeater-free scenario of V2V communication was
compared between different methods, and the comparison results were obtained through
simulation, as shown in Figure 9.

It can be seen from Figure 9 that the time synchronization method adopted by Phan and
Kim (2021) is based on average consensus and realizes time synchronization between vehicles
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within 30 synchronization cycles, while the MPC-based synchronization method proposed in
this paper realizes time synchronization between adjacent vehicles within only 5
synchronization cycles, greatly shortening the convergence time; the primary cause for
this large difference in convergence time is that Phan and Kim (2021) use the consensus
theory as their synchronization method, and as a distributed cooperation method, this
method realizes global consensus mainly with the help of the value of the input control
quantity, which is mainly calculated according to the local information of adjacent nodes
(Zhang, Xue, & Gao, 2020) and largely influenced by the uncertain output disturbance
brought about by the 5G-R wireless channel, resulting in long convergence time; with the
method in this paper, however, adjacent trains dynamically adjust their own clocks through
the exchange of time information, and the synchronization cooperativity and convergence
speed are thus improved.

Finally, the clock offset between the adjacent vehicles in repeater-free V2V communication
was compared, and the comparison results were obtained through simulation, as shown in
Figure 10.

It can be seen from Figure 10 that in the repeater-free mode, the clock offset of the adjacent
vehicles can be gradually reduced and converged as synchronization cycles increase with
both methods; Phan and Kim’s (2021) method fails to realize time synchronization in the real
sense, and there is still a certain clock offset between the adjacent vehicles; on the other hand,
the clock offset between the adjacent vehicles is 0 with the method in this paper, indicating
that this method has higher synchronization precision, better realizes high-precision time
synchronization between vehicles without a repeater under 5G-R and can meet the time
synchronization precision requirements of V2V communication under 5G-R (Teng, 2021).

According to the above convergence time and clock offset analysis, it can be concluded
that the proposed method has a faster convergence speed and higher synchronization
precision than the comparedmethods and can better realize time synchronization in scenarios
of repeater-free V2V communication under 5G-R.

5.3 Influence of different delays and jitter levels on synchronization
The influence of 5G-R delay and jitter on the time synchronization process was further
analyzed in this paper. First, the influence of 5G-R delay was analyzed. To compare the
influence of different delays on the synchronization process, the delays of 19, 56 and 100 ms
were taken according to the packet delay range under 5G-R (Zhou, 2021), and the change of
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control input increment Δuiθ of the method in this paper with the synchronization cycle was
clarified through simulation, as shown in Figure 11.

It can be seen from Figure 11 that the larger the 5G-R delay, the greater the change of the
control input incrementΔuiθ. Since the control input increment represents system stability, it
indicates that the delay can affect the stability of the time synchronization process under 5G-
R, and that the larger the delay, the more unstable the synchronization process. As the
number of synchronization cycles increases, the value of control input increment Δuiθ
gradually becomes stable, which indicates that the method in this paper can effectively
eliminate the influence of time delay on synchronization, and further verifies its effectiveness.

Then, the influence of 5G-R transmission jitter on synchronization was analyzed. Jitter
occurs when PTP synchronization messages are transmitted on time-varying channels of
high-speed railways, resulting in asymmetric transmission of PTP protocol links. Assuming
that the initial train clock is 20 ms, the reference clock is 50 ms and the transmission jitter is
random noise, then the influence of different jitter levels, represented by different values of
noise variance σ2iM, on the synchronization process was obtained and shown in Figure 12.

It can be seen from Figure 12 that the greater the noise variance σ2iM, that is the greater the
5G-R jitter, the more violently the train time will fluctuate in the synchronization process.
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This is because in the 5G-R scenario, the jitter level determines the degree of interference to
the transmission of PTP synchronization messages. The greater the jitter level, the greater
the influence on time synchronization.

6. Conclusions

(1) This paper proposed an MPC-based time synchronization method for V2V
communication under 5G-R. Through the construction of MPC controllers for
clocks of adjacent vehicles, time synchronization was realized for V2V
communication under 5G-R by using control means such as multistep prediction,
rolling optimization, and feedback correction.

(2) In view of the problems of low synchronization precision and slow convergence speed
caused by packet loss with existing synchronization methods, the observer equation
was introduced to estimate the clock state of the adjacent vehicles in case of packet loss,
which reduces the impact of clock error caused by packet loss on the synchronization
process and improves the synchronization precision of V2V communication.

(3) The simulation test results with and without repeaters indicate that the proposed
method can achieve time synchronization of V2V communication in two situations.

(4) Compared with other methods, the method in this paper provides a faster
convergence speed and higher synchronization precision regardless of whether
there is a repeater or not. The research results of this paper provide some theoretical
references for V2V synchronous wireless communication under 5G-R technology.
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