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ABSTRACT Train Control system as the nerve of railway has attracted significant attention from both
academia and industries since it is closely related to safety, especially in High-speed railway(HSR). To be in
line with the research of 5G network for railway (5G-R), which is a topic of common concern for railways
around the world, performance of 5G-R bearing train control information needs to be studied to ensure
high-quality of transmission. In this article, the train-ground communication demand for train control is
deeply analyzed, and three scientific questions are extracted, involving the service establishment latency
of the train control on-board modules, the end-to-end data transmission latency distribution, as well as the
redundant communication link switching algorithm under network abnormal conditions. A hardware-in-
the-loop simulation environment combining the actual 5G-R system and channel simulator is built, under
which, 95% statistical value of service establishment is analyzed, which is furtherly used to determine length
of transition section between 5G-R and GSM-R. End to end latency samples are collected and the statistical
distribution is analyzed with x? fitting test method, and statistically modeled by Student t-distribution.
Moreover, in order to maintain a reliable communication link, based on the heartbeat information of dual
train-ground links, a better link decision algorithm using Informer Long Sequence Time-Series Forecast-
ing(LSTF) method is proposed, and verified with normal as well as abnormal latency samples by caculating
MAPE values. Relevant research results of this article will be helpful for facilitating the design of future
train control and 5G-R system.

INDEX TERMS 5G-R, channel model, CTCS, ETCS, fitting test, HSR, informer, LSTF, train control.

I. INTRODUCTION for high-speed lines. Train control system plays an impor-

European Train Control System(ETCS) is the signalling
element of the European Rail Traffic Management System
which includes the control of train movement authorities,
automatic train protection and the interface to interlockings
[1]. China Railway has also proposed the Chinese Train
Control System(CTCS). Currently, ETCS and CTCS sys-
tems have been deployed all over the world, especially
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tant role in improving the level of railway transportation
automation, improving efficiency and ensuring the safety of
transportation.

Both ETCS and CTCS have different levels. As the high-
est level currently in use, ETCS-2 and CTCS-3 system use
GSM-R as train-ground information transmission bearer net-
work. As a broad consensus, GSM-R, of which the first
implementation was launched in 1999, has been a great
success, more than 100,000 km of railway tracks are daily
operated through GSM-R. However, GSM-R is a narrowband
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system, the approximately cell rate is about 100 kbps,
which is unable to meet the constantly evolving demand
for vehicle-ground transmission bandwidth. What’s more,
from the perspective of industrial chain, GSM-R products
and related technical support are also facing the problem of
life cycle, with an end of support for GSM-R planned by
2030 [2].

These considerations led UIC, as soon as 2012, to launch
the first studies for a successor to GSM-R, pertinently named
Future Rail Mobile Communications System (FRMCS) [2].
In 2011, China Railway started the research of the next
generation radio-communication system. And in 2015, the
Next Generation Radio-communication Working Group
of CHINA RAILWAY(NGCR), was established, includ-
ing 5 sub-working groups, which focus on spectrum,
standard, service, industry, test respectively.

In the meanwhile, on June 6, 2022, 3GPP Release 17(R17))
standard, namely the third full version of the 5G NR standard,
has been officially frozen, marking that the enhanced func-
tions of the 5G system have been implemented with complete
technical support, and 5G technology and standards have
entered a mature and stable period. The global 5G network
has developed steadily. By the end of the third quarter of
2022, 224 operators in 91 countries and regions around the
world have launched commercial 5G networks based on the
3GPP standard. In the third quarter of 2022, 6 new 5G com-
mercial networks have been added globally. It is estimated
that by the end of 2022, the number of global 5G commercial
networks will exceed 230 [3]. Considering the maturity of 5G
standard and industrial chain, both UIC and China Railway
have adopted 5G standard for the future railway mobile com-
munication system, Japan and the Republic of Korea have
also conducted railway related 5G tests.

In its latest version of FRMCS user requirements spec-
ification, UIC described the importance of a reliable
communication bearer in order to ensure efficient data
transmission between the on-board and the ground sys-
tem(e.g., ETCS,CTCS) [4]. In the future, train control appli-
cation will be a key application for 5G-R, and 5G-R network
will provide train control system with lower latency, larger
capacity and higher reliability.

Scholars have carried out a series of related research work.
In the era of GSM-R, the control and signalling informa-
tion between the train and the related ground control center,
is transmitted via a circuit-switched and wireless approach,
which is a connection-oriented system, in which a static
channel was allocated to each wireless user. A deadlock of
the system may be caused if the number of users rapidly
increases. In order to solve this problem, and taking into
account that the GSM-R infrastructure, which has already
been installed by the national railway operators, should con-
tinue to be used in a certain period, to save the high capital
investment of these railway operators, GPRS was introduced
and investigated [5]. In Europe, during 2012~2016, labora-
tory and field tests of GPRS bearing ETCS-2 information was
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carried out, and corresponding standards were revised [6].
In [7], QoS key metrics of GPRS based CTCS-3 train control
safety data transmission was proposed. By using the QoS
measurement methodology of hard-in-the-loop simulation
test bench, statistical regularities of transfer delay of UDP
frame, error or lost frame as well as GPRS attachment and
Packet Data Protocol(PDP) context activation were offered.

With respect to research of next generation mobile com-
munication network, UIC conducted relevant research, which
include railway needs and communication system function-
alities, defining the targeted architectures and evaluating the
candidate technologies, as well as spectrum issues, besides,
a special group named TOBA was set to investigate the archi-
tecture of the FRMCS on-board system [8]. In 2020, Korea
Railroad Research Institute(KRRI) announced the successful
testing of 5G-based autonomous train control technology at
its dedicated test track in Osong, using 5G communications
helps to reduce the transmission delay between trains, whilst
improving both the data transmission capacity and reliability
up to 20-fold compared to GSM-R. It is estimated that using
of train-to-train communications could reduce headways by
up to 30%, to a minimum of around 60 s [9].

The high-speed railway(HSR) propagation channel has a
significant impact on the design and performance analysis of
wireless railway control systems [10]. When the speed of the
train is over 300 km/h, the wireless channel exhibits rapidly
time-varying and nonstationary features [11], [12]. In [13],
impact of Doppler shift to the railway dedicated mobile com-
munication quality was analized, and a Doppler shift mea-
surement approach which correctly reflects the time-varying
characteristic of the channel was proposed. The differences
between radio communication protocols based on GSM-R
network and 5G-R network were compared and analyzed
from the aspects of protocol function, transmission reliability
and transmission rate, the conclution that the radio communi-
cation protocol based on 5G-R network has higher reliability
and faster transmission rate was drawn [14].

In [15], CTCS-3 train control system scheme based on
5G-R network was studied, interface interconnection scheme
between 5G-R network and train control system was high-
lighted, the 5G-R network settings, engineering deployment
and communication process in the complex scenarios of RBC
handover boundaries were investigated in detail. Onboard
radio of train control system was designed based on embed-
ded system in [16], architecture, interface with ATP, AT Com-
mand, connection establishment and data transmission
process were expounded.

Deterministic and stochastic Petri nets(DSPN) formal
modeling tool was commonly used to analyze reliability of
the 5G-R network. In [6], the 5G-R wireless communication
fault model and the train-ground communication scenario
model of the train control system were built respectively,
according to the laboratory test data, parameter selection
of DSPN model was completed, and non-fault probability
of train-ground communication link as well as reliability
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index of the train-ground communication data transmission
were analyzed through simulation. DSPN was also used in
the reliability analysis of Communication-based train con-
trol(CBTC) systems, in [17], a laboratory test environment
testing the next generation CBTC data communication sys-
tem performance was set up, and the performance data was
converted as DSPN model parameters to evaluate the system
reliability, including both reconnection and handover scenar-
ios. In [18], the authors focused on probabilistic analytical
expressions of several conditions, such as packet error rate,
long handover execution time, and connection loss that lead
to a train control system service interruption, and the accuracy
of this analytical approach was proved when the results were
compared with those given by a simulation approach with a
Petri net model. Considering the high reliability requirements
of train-ground data transmission for train control, both ETCS
and CTCS choose TCP/IP protocol as the data transmission
layer protocol stack. In [19], the authors investigated the
performance and behavior of TCP/IP in a high speed envi-
ronment with a peak speed of 310 km/h, performance metrics,
such as Round Trip Time(RTT), packet loss rate, and through-
put were analysed, the results show that RTT and packet loss
rate increase significantly and throughput drops considerably
in high speed situations. In [20], authors conducted in-depth
examination of the performance of two widely deployed con-
gestion control algorithm of transport-layer protocols: TCP
CUBIC and TCP BBR, and based on BBR a simple yet effec-
tive congestion control algorithm was designed to further
boost the throughput by up to 36.5%. The communication
delay of train control services has a great impact on the
safty and design of the train control system. In [21], the
instantaneous data rate of the wireless channel was charac-
terized by a semi-Markov modulated process, which took
into account the channel variations due to both large-scale
and small-scale fading effects, and the stochastic upper delay
bounds of train control services were derived with both the
moment generating function method and the complementary
cumulative distribution function method.

5G-R network adopts packet switching technology, it is
significantly different from GSM-R system with respect to
business flow and quality of service management. To the
best of the author’s knowledge, although much remarkable
progress has been achieved, there is no publicly reported
papers to discuss in detail performance of 5G-R network
bearing train control information, under typical railway sce-
narios of wireless communication channel and high-speed
conditions, in terms of service establishment, data transmis-
sion, as well as communication link keeping stage. To fill
the aforementioned research gaps, the aim of this paper is
to deeply analyzed the train-ground communication demand,
base on which, 3 scientific questions, which are the regis-
tration and service establishment latency of the train con-
trol on-board modules, the end-to-end data transmission
latency distribution, as well as the redundant communication
link switching under network abnormal conditions, are pro-
posed and analyzed in our fairly built hardware-in-the-loop
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TABLE 1. Abbreviations used in this manuscript.

Abbreviations Full Name
3GPP The 3rd Generation Partnership
Project
5G-R 5G For Railway
5QI 5G QoS Identifier
AOA Azimuth angle Of Arrival
AOD Azimuth angle Of Departure
ARP Allocation Retention Priority
ATP Automatic Train Protection
AWGN Additive White Gaussian Noise
CBTC Communication-based train
control
CDL Clustered Delay Line
CPE Customer Premise Equipment
CSD Circuit Switched Data
CTCS-3 Chinese Train Control System
Level 3
ETCS-2 European Train Control System
Level 2
FRMCS Future Railway Mobile
Communications System
GBR Guaranteed Bit Rate
GSM-R GSM for Railway
HSR High-speed Railway
LOS Line Of Sight
LSTF Long Sequence Time-Series
Forecasting
MAE Mean Absolute Error
MAPE Mean Absolute Percentage Error
MSE Mean Square Error
MT Mobile Terminal
NAS Non-Access Stratum
PDU Protocol Data Unit
QoS Quality of Service
RBC Radio Block Center
RRC Radio Resource Control
RTT Round Trip Time
RTU Radio Transfer Unit
TDL Tapped Delay Line
UIC International union of railways
ZOA Zenith angle Of Arrival
ZOD Zenith angle Of Departure

simulation environment combining the actual 5G-R system
and channel simulator.

The rest of this paper is structured as follows. In section II,
we will decribe the train-ground communication demand for
train control. The simulation environment and methods to
solve the 3 scientific questions will be presented in Sec-
tion III. Then corresponding analysis results are summarized
in Section I'V. Finally, Section V will present the conclutions
and highlight the futher research works.

The abbreviations listed in Table. 1 are used in this
manuscript:

Il. TRAIN-GROUND COMMUNICATION DEMAND
ANALYSIS FOR TRAIN CONTROL

From the perspective of whole life cycle process of 5G-R
providing train-ground communication bearer for train con-
trol service, the train-ground communicatin demand for train
control can be can be classified into three categories. Service
establishment, the end to end data transmission of train con-
trol service and also strategy which has to be considered when
the wireless channel deteriorates, these are different stages of
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FIGURE 1. Entire lifecycle of 5G-R network bearing train control services.

the entire lifecycle of the 5G-R network bearing train control
services, these three scientific stages and thereby derived
questions of these stages, constitute an organic integrity, and
they are closely related to each other, as shown in Fig. 1.
Service establishment is the premise of data transition, and
the redundant communication link switching algorithm is
used to maintain good channel transmission quality, thereby
improving the reliability of train control services.

A. SERVICE ESTABLISHMENT LATENCY

At the initial stage of the deployment of the 5G-R network,
the GSM-R network will not be completely replaced nation-
wide [22], instead, the 5G-R network will be deployed in
the new lines, in the meanwihle, part of the existing GSM-R
network covered lines of which the GSM-R equipment has
reached its life cycle will be equipted with 5G-R network.
Therefore, there must be a scenario of train operation in
which train runs from the GSM-R network covered line to
the 5G-R network covered line. For the train control on-board
equipment ATP, it is best to complete the registration and
service migration to the 5G-R network in the shortest time.
However, the registration and service migration process of the
on-board terminal to the 5G-R network needs to go through
four steps, including initialization registration, default bear-
ing PDU establishment, dedicated PDU modification [23],
[24], as well as TCP/IP connection establishment. The total
latency of the four steps constitutes the latency of service
establishment process.

Service Establishment latency multiplied by the train oper-
ation speed is the distance required to establish services under
the 5G-R network. In this distance range, which we call tran-
sition section, GSM-R and 5G-R double coverage needs to be
achieved. The length of the transition section is an important
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FIGURE 2. Transition section.

parameter which needs to be considered in the network design
stage. The transition section is shown in Fig. 2.

B. END TO END DATA FRAME TRANMISSION LATENCY

In order to ensure the reliable transmission of train-ground
data of train control service, both the ETCS and CTCS train
control systems based on packet switching adopt TCP/IP
as the data link layer protocol [25], in order to carry the
upper layers’ services, including adaptation layer, security
layer and application layer. The typical TCP/IP data frame
length transmitted between train and ground is 560 bytes [26].
The train-ground data transmission latency is directly related
to the effectiveness of the train control system. Mastering
the TCP/IP 560 bytes train-ground transmission latency sta-
tistical rules under typical railway channel scenarios is of
great significance for the design, development and reliable
operation of the train control system.

C. WIRELESS COMMUNICATION LINK RELIABILITY

The train control information transmitted between the train
and ground [27], such as the uplink train position report,
request for shunting and the downlink movement authority,
is directly related to the safety of the train operation and
passengers, so the robustness of the wireless channel is par-
ticularly important.

At present, two sets of independent communication mod-
ules and antenna feeder systems are used for on-board equip-
ment to carry out service continuity in the RBC handover
area, which is the transition session mentioned above. Nor-
mally, only one module carries data transmission service.
Fig. 3 describes the scenario of connection loss, in which the
Rxqual and Rxlev of MT1 deteriorates until the connection
is lost, and then MT2 takes over the service, and the discon-
nection of wireless channel finally results in an interruption
of train control application layer service, which is defined as
train control service time out.

The authors of [15] proposed the idea of two modules
transmitting the same train control data at the same time. This
solution can form link redundancy, however, it will increase
the waste of air interface resources and the complexity of
ground equipment’s processing logic. This paper proposes
a new solution, that is, two small amount heartbeat data
are transmitted between train and ground equipment via two
independent modules respectively at the same time, and the
informer method is used to analyze the latency samples,
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FIGURE 3. Train control service time out caused by loss of module
connection. (a) Rxqual and Rxlev of MT1. (b) Rxqual and Rxlev of MT2.
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FIGURE 4. Simulation system architecture.

to further forcast the statistical law of the transmission delay
of the future wireless channel, and decide the data trans-
mission link to be used in the next step. In this way, the
probability of wireless link loss will be significantly reduced.

IIl. SIMULATION AND ANALYSIS

A. ESTABLISHMENT OF SIMULATION ENVIRONMENT
5G-R has been adopted as the future mobile communication
system by International Railway Union (UIC), and specifica-
tions such as user requirements have already been released,
moreover, corresponding prototype equipments have been
developed. Experimental environment is an important infras-
tructure for static R&D activities, low-speed train field tests
for proof of concept (PoC), as well as high-speed field tests.
Research institutes and companies from many countries have
already built their own laboratory static 5G-R experimental
environment. In the meanwhile, several countries have built
low-speed train field tests environment, for instance, China
has built a 9-kilometer circular railway test line with 5 5G-R
base stations for 5G-R PoC test in the northeast part of
Beijing, and Germany has also built a 10-kilometer railway
test line in the Ore Mountains and PoC test is being conducted
on this line. However, to the best of the author’s knowledge,
there is no high-speed 5G-R field test environment in the
world, so a hardware-in-the-loop simulation system has to be
built and used in our research.

The architecture of our simulation system is shown in
Fig 4.

Our hardware-in-the-loop simulation system consists of
mobile terminal(MT), Propsim F32 wireless channel simu-
lator, 5G-R base station, 5G-R core network, radio block
center of train control system(RBC) as well as signaling
and data testing software. Among them, MT and RBC are
equipment of train control system, which are connected by
feeder and adjustable attenuator to the 5G-R network and
channel simulator.

VOLUME 11, 2023

RTU | @

FIGURE 5. Architecture of 5G-R network.

All the Hardware equipments except the wireless channel
simulator are exactly the same as the equipments which will
be used in the future deployment. As for the wireless chan-
nel simulator, we choose Propsim 32 produced by Keysight
company, and this channel simulator is DEKRA Certified,
conforms with EN ISO/IEC 17050.1:2010, and commonly
used by universities, research institutes, network operators as
well as manufacturer in the channel simulation area all over
the world. In order to avoid introducing of other interference
signals in the channel, the simulator connects the base station
and the terminal through wired feeders.

Propsim F32 wireless channel simulator has a radio fre-
quency bandwidth of 40 MHz, supports up to 32 RF phys-
ical channel interfaces, up to 128 logical fading channels
(bidirectional 8 x 8 MIMO), and supports a frequency range
of 350 MHz-6 GHz. The maximum path delay is 3 ms, the
maximum Doppler is £1.6 MHz, and the mobile speed is
up to 500 km/h. It can achieve accurate signal fading pro-
cessing in terms of time, phase, and amplitude. It contains
a variety of channel models, including geometric channel
modeling tools that support 3GPP Spatial Channel Model
(SCM), Wireless World Initiative New Radio (WINNER)
Model and user-defined models. The simulator has out-
standing multi-link simulation ability. It can restore wireless
channels with characteristics of different channel models,
mobile speed, path loss, noise, and interference by simulating
real parameters such as path loss, multipath fading, Doppler
spread, delay spread, polarization, correlation, and also, it can
simulate high-speed train scenarios and is suitable for railway
channel simulation.

During the test, a computer connecting with the test termi-
nal MT is used to run softward with which RRC and NAS
signaling message, as well as latency samples are extracted.

1) 5G-R NETWORK CONFIGURATION

We use the real SG-R system to build the test environment.
The architecture of 5G-R network is shown in Fig. 5, which
includes 5GC conponents, as well as access network.
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TABLE 2. Typical parameters of the 5G-R network.

Parameter Detail Information
5G NR Standard 5G FDD
Frequency 3GPP Band n1(1965-1975
MHz/2155-2165 MHz)
BandWidth 10 MHz
Subcarrier interval 15 kHz
MIMO Configuration 4T4R(BS)/1T4R(UE)

Modulation and coding mode QPSK/16QAM/64QAM/256QAM

TABLE 3. 5G-R QoS requirements of train control.

| 5QI Property |
|5QI[Resource Type| Priority [Packet Latency[Packet Loss Rate]
|65] GBR | 7 | 75ms | 1.00E-01 |
| ARP Property |
JARP| Occcupy [Be Occupied| Be Released | - |
2 v |~ [~ -

The typical parameters of the 5G-R network are listed in
Table 2.

Considering the high priority requirements of train control
service, it is necessary to provide high priority radio channel
for train control train-ground data transmission. The parame-
ters of 5G-R network QoS used in our configuration is listed
in Table 3.

2) CHANNEL MODEL SELECTION

The simulation uses the 3GPP TR 38.901 channel model [28].
3GPP TR 38.901 channel model is developed by 3GPP for
5G in 0.5-100 GHz frequency range. It presents four typical
scenarios, namely, indoor hotspot (InH), urban macro (Uma),
urban micro (Umi) and rural macro (RMa) under different
frequency bands, different bandwidths and different spatial
dimensions.

Since railway propagation scenario has the characteristics
of fast-moving speed, small distance between base stations,
complex and changeable environment (viaduct, cutting, tun-
nel, etc.) [29], the coverage area being distributed in a strip
along the railway, and high cell handover frequency, as shown
in Fig. 6, the RMa model meets the requirements of the
railway scene, so it is used as the large-scale channel model
of our simulation.

There may be a line-of-sight (LOS) path in the communi-
cation path between MT and base station, whereas other com-
munication paths are defined as non-line-of-sight (NLOS)
paths due to diffraction and reflection loss through buildings.
The definition of LOS probability in RMa model is:

1 dop <10 m
P, = drp — 10 1
LOS (_ D ) dp > 10m (D

1000

The 2D and 3D distance are shown in Fig. 7:
Considering that the terrain along the high-speed rail-
way is mainly composed of plains and viaducts, also taking
into account that the coverage radius of 5G base station is
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FIGURE 6. Typical HSR propagation scenario.

hBS

FIGURE 7. 2D and 3D distances.

about 1500 m, when d>p is greater than 703.147 m, the
probability of the existence of LOS is more than 50%, so there
is a strong direct component in the received signal, and the
LOS model is selected as the simulation channel.

PLgrya—L0s = 201og;( (40 d3pfc/3)
+ min (0.03h1~72, 10) logo (dap)

— min (0.044h1~72, 14.77)
+ 0.002 log,o(W)d3p )

The large-scale channel model generated by the high-speed
channel simulator is shown in Fig. 8. The scene simulated
in the Figure is that the train switches from one base station
to another base station at a constant speed of 350 km/h, and
the blue line represents the power output by the simulator at
different times. When the train moves away from the base
station in the left side of the Figure, the pathloss increases
and the power decreases. After the train passes the cell edge,
and runs to the base station in the right side of the Figure, the
pathloss decreases and the power increases. The abscissa is
time, the unit of which is s, and the ordinate is power, the
unit of which is dBm, and a grid in the vertical direction
represents 10 dBm.

In [30], the RSRP data of 5G public network along the
railway are collected using a 120km/h train, and compared
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(b)

FIGURE 8. Downlink and uplink large-scacle channel models.
(a) Downlink large-scale channel model. (b) Uplink large-scale channel
model.

with the data obtained by 3GPP TR 38.901 model simulation
by calculating MAPE. The result shows that the MAPE of
the field test data and the data obtained by 3GPP TR 38.901
model simulation is 4.48 (< 5), which demonstrates that the
two data set are consistent with each other, and can indirectly
prove the reliability and accuracy of our simulation results.

In terms of small-scale channel model, CDL (Clustered
Delay Line) channel model and TDL (Tapped Delay Line)
channel model are defined in 3GPP standard. The TDL
model mainly studies the multipath delay parameters and
the Doppler parameters reflecting the time-varying char-
acteristics of the channel. Based on the TDL model, the
CDL model introduces the concept of cluster, and adds the
azimuth angle of departure (AOD), azimuth angle of arrival
(AOA), zenith angle of departure (ZOD), and zenith angle of
arrival (ZOA) to characterize the spatial characteristics of the
channel model.

According to the fact that there are fewer reflections and
refractions in the railway propagation scenario compared to
public network, so this paper uses a simplified TDL model.
TR38.901 has five TDL models. TDL-A, TDL-B and TDL-C
are three different NLOS models. TDL-D and TDL-E con-
struct the LOS models. The model corresponding to the Rma
scenario is TDL-E.

In the ITU-R report [31], three TDL models, namely
TDL-i, TDL-ii and TDL-iii, are constructed to represent
three different channel profiles for NLOS, while TDL-iv and
TDL-v are constructed for LOS. These five models are the
same as TDL-A, TDL-B, TDL-C, TDL-D and TDL-E defined
in 3GPP 38. 901.

From Table. 4 [31], we can tell, ITU-R recommends the
TDL-E model in the rural area and mobile scenario, which is
exactly consistent with RMA scenario defined in TR 38.901.

The number of TDL-E model taps N is 14, and the nor-
malized delay 7, 0401 and power of each tap P, are shown in
Table 5.
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TABLE 4. Additional channel model parameters for link-level simulation.

Scenarios Link-level Channel model
Indoor Hotspot-eMBB(for NLOS:CDL/TDL-i;LOS:CDL
Mobility) /TDL-iv
Dense Urban-eMBB (for NLOS:CDL/TDL-iii;LOS:
Mobility) CDL/TDL-v

Rural-eMBB (for Mobility)

NLOS:CDL/TDL-
ii;LOS:CDL/TDL-v

Urban Macro-mMTC(for
Connection density)

NLOS:TDL-ii;LOS:TDL-v

Urban Macro- URLLC (for
Reliability)

NLOS:TDL-i;LOS:TDL-v

TABLE 5. TDL-E Model*.

Tap # Normalized Power in [dB] Fading
delay in [ns] distribution

1 0 -0.03 LOS Rath

0 -22.03 Rayleigh
2 0.5133 -15.8 Rayleigh
3 0.5440 -18.1 Rayleigh
4 0.5630 -19.8 Rayleigh
5 0.5440 -22.9 Rayleigh
6 0.7112 -22.4 Rayleigh
7 1.9293 -15.8 Rayleigh
8 0.5133 -20.8 Rayleigh
9 1.9589 -22.6 Rayleigh
10 2.6426 -22.3 Rayleigh
11 3.7136 -25.6 Rayleigh
12 5.4524 -20.2 Rayleigh
13 12.0034 -29.8 Rayleigh
14 20.6519 -29.2 Rayleigh

* The first tap follows a Ricean distribution with a K-factor of KT =22 dB

and a mean power of 0 dB.

TABLE 6. Example scaling parameters for CDL and TDL models.

Model DS gesired in [ns]
Very short delay spread 10
Short delay spread 30
Nominal delay spread 100
Long delay spread 300
Very long delay spread 1000

According to the actual needs of the channel simulator, it is
necessary to scale the normalized delay of each tap 7y jmoder
in Table 5 to obtain the actual delay of each tap 7;,:

Th = Tn, model X DSesired 3)

where DS gesireq is the Root Mean Square delay expansion fac-
tor required for scaling. In [28], example scaling parameters
are given, as shown in Table 6:

Since the existence of LOS path, this paper selects the root-
mean-square extension factor of short delay spread(30 ns) to
implement the scaling.
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FIGURE 10. RSRP and SINR Caculated by the UE.

The small-scale model is shown in Fig. 9. The green lines
represent the power and delay characteristics of different
paths, the abscissa is absolute value delay, of which the unit
is ns, and the ordinate is attenuation, of which the unit is dB.

The large-scale and small-scacle channel model is loaded
cyclically in the time domain, and the fluctuation of the SINR
and RSRP parameters obtained from the MT is shown in
Fig. 10, simulating the scene of train running on the track
and switching between different base stations. The power of
AWGN added in the wireless channel is —120 dBm/Hz.

3) UU INTERFACE SIGNALING MONITORING TOOL

In order to analyzed the service establishment process of a
MT, the Uu interface signaling monitoring tool is needed,
to extract the 3GPP 5G NR RRC and NAS message with
precise timestamp of the MT. Here a CDS software, which is
commonly used by public network operator in their driving
test, is adopted in our study. We choose a CPE that can
output standard 3GPP Uu signaling which can be decoded
and displayed with CDS, and the hardware of our signaling
monitoring tool is shown in Fig. 11.

B. SERVICE ESTABLISHMENT LANTENCY AND
TRANSITION SECTION LENGTH ANALYSIS

Service establishment process is composed with four parts,
which are initialization registration, default bearing PDU
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FIGURE 11. Architeture of signaling monitoring tool.

establishment, dedicated PDU modification, as well as
TCP/IP connection establishment. The latency of the first
three parts can be derived from the CDS tool, as shown in
Fig. 12:

The latency of TCP/IP connection establishment can be
derived from the software of Wireshark, as shown in Fig. 13:

The Service establishment latency is noded as Tsg, the
RRC Registration Latency is noded as Tgg, the PDU Session
Establishment Latency is noded as Tpg, the PDU Modifica-
tion Latency is noded as Tpy, and the TCP/IP Connection
Establishment Latency is noded as T7g, the we get:

Tsg = Tgr + Tre + Tpm + TrE @

Registration, PDU session establishment, PDU session
Modification, TCP/IP connection establishment samples are
obtained through testing in the typical channel environment
mentioned above, and the train speed is set to 350 km/h. The
95% statistical value of latency samples of registration, PDU
session establishment, PDU modification, TCP/IP connec-
tion establishment are caculated respectively. By adding the
four values we get the statistical value of service establish-
ment latency, and then the length of the transition session is
caculated. The length of the transition session is noded as Ly,
the speed of the train is noded as Vrg, then we get:

Lys = Vrs x Tsg (5)

C. DISTRIBUTION ANALYSIS OF PACKET LATENCY
SAMPLES
TCP/IP data packets of 560 bytes are transmitted via the
wireless channel with the large-scale and small-scale fading
characteristics mentioned above, and the train speed is set
to 350 km/h. The latency, which is approximated by half of
the round trip time, is used as the sample, and 2016 samples
are collected.

According to the large number theorem, when the number
of samples is large, normally the sample follows normal dis-
tribution. x fitting test method is used to verify whether the
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09:54:27 424 " N->RRCSetupRequest UL_CCCH_NR
09:54:27 424 ¥ N->RRCSetup DL_CCCH_NR
09:54:27.424 4 N-=CeliGroupConfig CellGroupConfig
09:54:27 440 " N->RRCSetupComplete UL_DCCH_NR
09:54:27.565 ¥ N->UECapabilityEnquiry DL_DCCH_NR
09:54:27.565 4 N->UE_CapabilityRequestFilterNR UE-CapabilityRequestFilterNR
09:54:27.565 ' N->UE_NR_Capability UE-NR-Capability
09:54:27.565 " N-=UECapabilitylnformation UL_DCCH_NR
09:54:27 628 4 N-=DLInformationTransfer DL_DCCH_NR
09:54.27.628 4 N->Authentication Request NAS NR

09:54:27 628 " N-=Authentication Response NAS NR
09:54:27.628 1" N->ULInformationTransfer UL_DCCH_NR
09:54:27.722 ¥ N-=DLInformationTransfer DL_DCCH_NR
09:54:27.722 4 N->Security Mode Command NAS NR
09:54:27.722 1" N-=Security Mode Complete NAS NR
09:54:27.722 1 N-=ULInformationTransfer UL_DCCH_NR
09:54:27.848 ¥ N->SecurityModeCommand DL_DCCH_NR
09:54:27 848 1" N-=SecurityModeComplete UL_DCCH_NR
09:54:27 848 ¥ N->DLInformationTransfer DL_DCCH_NR

17.51:47.827 ¥ N->Senvice Request MNAS NR
17.51.47.827 ' N->RRCSetupRequest UL_CCCH_NR
17.51:47.859 4 N->RRCSetup DL_CCCH_NR
17:51:47.859 4 N->CellGroupConfig CellGroupConfig
17:51:47.859 N-RRCSetupComplete UL_DCCH_NR
17:51:47.920 4 N->DLinformationTransfer DL_DCCH_NR
17:51:47.921 & N->Service Accept NAS NR
17:51:47.921 I N->UL NAS Transport NAS NR
17:51.47.921 N->ULInformationTransfer UL_DCCH_NR
17:51:48.173 4 N->SecurityModeCommand DL_DCCH_NR
17:51:48.173 N->SecurityModeComplete UL_DCCH_NR
17:51:48.173 ¥ N->UECapabilityEnquiry DL_DCCH_NR
17.51:48.173 4 N->UE_CapabilityReguestFilterNR UE-CapabilityRequestFilterNR
17:51:48.173 N->UE_NR_Capability UE-NR-Capability
17:51.48.173 ¥ N->UECapabilityinformation UL_DCCH_NR
17:51:48.298 4 N->RRCReconfiguration DL_DCCH_NR
17:51:48.298 4 N->CellGroupConfig CellGroupConfig
17.51.48.314 I N->RRCReconfigurationComplete UL_DCCH_NR
17.51:48.314 & N->DL NAS Transport NAS NR

09:54:45 645 ¥ N->CellGroupConfig CellGroupConfig

09:54:45.645 ¥ N->DL NAS Transport NAS NR

09:54:45 645 " N-=RRCReconfigurationComplete UL_DCCH_NR

09:54:45.645 4 N->PDU Session Modification Command NAS NR

095445 645

09:54:45.645 I N-=UL NAS Transport NAS NR

09:54:45.661 N-=ULInformationTransfer UL_DCCH_NR

(©)

FIGURE 12. Signaling of NAS and RRC. (a) RRC Registration Process
obtained from RRC message. (b) PDU Session Establishment Process
obtained from NAS message. (c) PDU Session Modification Process
obtained from NAS message.
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FIGURE 13. Process of TCP/IP establishment captured by Wireshark.

sample conforms to normal distribution, K.Pearson statistic
is:
k k 2
2o (M .)2 s Biopd)”
X ;(n p) o ; - (©)
Considering the actual scenario, to evaluate the 5G-R
network in terms of data transmission latency, the samples
are obtained via the inspection train running on the track,
normally the sample size may be small (n < 30), so the
Student t-distribution is used to statistically model these
latency parameter. The standard deviation o is then replaced
by the standard deviation of the sample s [32].
One of the properties of the Student t-distribution is the
degree of freedom, which corresponds with the sample size.
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The confidence interval is denoted as:

s S
x:l:t~ﬁ @)

Making a choice for a deviation of 10% for x, results in:

_ _ - s - s
09X,1.1X]=|X -t " —, X +1t"— 8
ot =[x e tger ]
where 7 is the recommended number of test samples needed
to be collected during the inspection process.

D. BETTER LINK DECISION ALGORITHM DESIGN WITH
INFORMER METHOD

The Informer method is adopted to build the better link
decision algorithm. Informer is a transformer-based model
for Long Sequence Time-Series Forecasting(LSTF) to predict
long sequences [33]. The ProbSparse selfattention mecha-
nism and distilling operation were designed to handle the
challenges of quadratic time complexity and quadratic mem-
ory usage in vanilla Transformer. Also, the carefully designed
generative decoder alleviates the limitation of traditional
encoder-decoder architecture. The experiments on real-world
data demonstrated the effectiveness of Informer for enhanc-
ing the prediction capacity in LSTF problem. The ProbSparse
self-attetion formular is:

A(Q, K, V) = Soft max (QKT) \% O]
o Vd
where V is the vector representing input features, and Q and
K are the eigenvectors for calculating the weight of attention.
Q is the sparse matrix. And d is the input dimension. It greatly
reduces the amount of calculation, and is more conducive to
feature extraction and periodic information capture.
Heartbeat information is transmitted between each MT and
the ground RBC, TCP/IP data packets of 560 bytes are trans-
mitted separately via the two wireless channels. Large-scale
and small-scale fading characteristics of the channels are
mentioned above, and the train speed is set to 350 km/h.
The Heartbeat information latency, which is approximated
by half of the round trip time, is used as the input of Informer
method. And the output of Informer, which is the forecasting
long sequences of the future heartbeat information latency,
is further used in the better link decision algorithm.

IV. RESULTS
A. LENGTH OF TRANSITION SECTION OF HSR
Probability Density Function(PDF) of Trg, Tpg, Tpy as well
as Trg are shown in Fig. 14:

Cumulative Distribution Function(CDF) of Trg, Tre, Tpy
as well as Trg are shown in Fig. 15:

The 95% statistical value of Trg, Tpg, Tpy as well as TTg
are shown in Table 7.

The 95% statistical value of Tsg is noded as Tsgo959 and
calculated as:

Tseosa% = 1534 + 1612 + 6 4 87 = 3239ms (10)
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FIGURE 14. Probability Density Function(PDF) of Latency Samples. (a)
RRC Registration Latency. (b) PDU Session Establishment Latency. (c) PDU
Modification Latency. (d) TCP/IP Establishment Latency.
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FIGURE 15. Cumulative Distribution Function (CDF) of Latency Samples.
(a) RRC Registration Latency. (b) PDU Session Establishment Latency.
() PDU Modification Latency. (d) TCP/IP Establishment Latency.

The Length of Transition Session is calculated as:

Lts = 350km/h x Tsgosq, = 350km/h x 3239ms ~ 320m
Y

B. PACKET LATENCY DISTRIBUTION IN TYPICAL
CHANNEL SCENARIOS

The total 2016 samples are divided into 22 groups, within
each group, there are at least 5 samples, to meet the
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TABLE 7. 95% statistical value of Tpg, Tpg, Tpy, Tre-

Latency 99% value 95 % value 50% value
in[ms] in[ms] in[ms]
Registration 2112 1534 316
PDU 1774 1612 355
Establishment
PDU 7 6 6
Modification
TCP/IP 245 87 53
Establishment
400 [ Number of Samples‘
350
1]
(5]
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c
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= |
=
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FIGURE 16. Probability Density Function (PDF) of Latency samples.

requirement of y? fitting test method. The Probability Den-
sity Function(PDF) of latency samples is shown in Fig. 16:
The K.Pearson statistic is calculated as:

 (iapi)?
2= % =5508.9845 > 2 (k—1) (12)
i=1 !
where k = 21, and @ € (0,1). So the samples do not conform
to normal distribution.
Next, we use the Student t-distribution to statistically
model the latency samples, and calculate the recommended
test sample number in the inspection process.

st* O\
= 13
" (0.132) (13)
where x = 57.00099206, s = 28.82275128, when df = oo
and confidence probability is 95%, r* = 1.96, using (13),
we getn ~ 98.

Then we use df = 98 and confidence probability is 95%,
t* = 1.984, we finally get n ~ 100.

C. ANALYSIS OF LINK SELECTION ALGORITHM
FEASIBILITY

Setting the power of AWGN added in the wireless channel to
—120 dBm/Hz, which is a normal interference level, we get
2000 latency samples, the calculate window is set to 20 sam-
ples. The 2000 samples are put into the model to extract
features. After the iteration is stable, 100 prediction data are

VOLUME 11, 2023



Y. Liang et al.: Performance Analysis of 5G-R Network Bearing Train Control Information of HSR

IEEE Access
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Results of the 2nd prediction
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FIGURE 17. Consistency analysis of five prediction results.

TABLE 8. MSE,MAE,MAPE value of normal samples.

Prediction MSE MAE MAPE
Ist 4.129988 1.609 2.69%
2nd 4.494008 1.6496 2.74%
3rd 12.66821 2.5968 4.26%
4th 3.894428 1.369 2.29%
5th 16.33253 3.274 5.53%

output, and the experiment is repeated for 5 times. The results
are shown in Fig. 17:

In Fig. 17, we can tell that the trends of forcasting results
of 5 independent predictions are fairly similar, to further
analyze the correlation degree of the five results, MSE, MAE
and MAPE are calculated and shown in Table 9:

where:

n

1 AN\ 2
MSE = — > (Yi - Yi) (14)
=1
1 g
MAE == ‘(Y,- — Yi)‘ (15)
n i=1
1Y -1
MAPE = - 100% 16
-2 7| X 100% (16)

i=1

The MAPE of each forcasting is below 20%, which indi-
cates that the consistency of the five independent tests is
good.

Now we use the former 1900 latency samples to extract
features, the calculate window is still set to 20 samples. After
the iteration is stable, 100 prediction data are output. Then we
compare the prediction data with the latter 100 real samples.
First we normalize the prediction value and the real value:

y= Xi — Xmin (17)

Xmax — Xmin
As shown in Fig. 18, we can tell the prediction value
and the real value have a fairly good consistency, and the
effectiveness of Informer method in prediction for latency
samples can be proved:
We adjust the power of AWGN to —110 dBm/Hz,
and 500 abnormal latency samples are obtained. We use
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FIGURE 18. Comparison of normalized prediction and real values.
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FIGURE 19. Comparison of Predictions with normal and abnormal input
samples.

TABLE 9. MSE, MAE, MAPE value of abnormal samples.

MSE MAE
241.6449 12.8752

MAPE
22.93%

1500 normal samples and 500 abnormal samples to
form 2000 samples, as the input of Informer method,
and predict 100 samples. Comparison of prediction results
obtained with normal and abnormal input samples is shown
in Fig. 19:

We can tell that when the power of AWGN is raised to
—110 dBm/Hz, the prediction result of latency obviously
deteriorates. MSE, MAE and MAPE are calculated again and
shown in Table 9:

Here, MAPE is greater than 20%, which further proves the
deterioration of the link. The result can be used to trigger the
switching to the other standby wireless link, so as to maintain
the continuity of train control service.

V. CONCLUSION

The service establishment time of the train control on-board
modules, the end-to-end data transmission latency distribu-
tion, as well as the redundant communication link switching
algorithm under network abnormal conditions, which are key
points of 5G-R network bearing train control information
in 350 km/h HSR, are simulated and analyzed under the
built hardware-in-the-loop simulation environment combin-
ing the actual 5G-R system and channel simulator. 95%
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statistical value of train control service establishment latency
of 3239 ms was obtained, and a recommend transition session
length of 320 m was proposed. 2016 end to end latency
samples of TCP/IP protocol with 560 bytes each packet were
collected. x? fitting test method verifed that the samples do
not conform to normal distribution, and Student t-distribution
was used to statistically model the latency samples, and
the recommended test sample number of 100 in the fur-
ther inspection process was proposed. Based on the heart-
beat information of dual MT links, Informer Long Sequence
Time-Series Forecasting(LSTF) method was used to build a
better link decision algorithm. The consistency and effective-
ness of the algorithm were verified with normal latency sam-
ples. Then 500 abnormal samples were used as the input to the
algorithm, which raised the MAPE of forecasted 100 samples
up to 22.93%, and the degradation trend of the channel was
successfully predicted.

Scholars are actively carrying out 5G-R channel modeling
work. In the meanwhile, in China, the high-speed railway
5G-R field testing environment in under consideration and
will be built in the near future. Corresponding channel model
and simulation results need to be furtherly modified and
verified with the presence of the HSR 5G-R environment.
So the following directions of our future research are: 1) con-
ducting wireless channel measurement and modeling in HSR
5G-R field testing environment, to obtain more tailored and
accurate 5G-R large-scacle and small-scale channel models.
2) furtherly verifying the relevant simulation results, as well
as algorithms proposed in this paper in HSR 5G-R field
testing environment.
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