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Abstract: The railway mobile communication system is undergoing a smooth transition from the Global System for Mobile Communications-

Railway (GSM-R) to the Railway 5G. In this paper, an empirical path loss model based on a large amount of measured data is established to

predict the path loss in the Railway 5G marshalling yard scenario. According to the different characteristics of base station directional anten-

nas, the antenna gain is verified. Then we propose the position of the breakpoint in the antenna propagation area, and based on the breakpoint

segmentation, a large-scale statistical model for marshalling yards is established.
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1 Introduction
ith the deployment and advancement of the 5G
“new infrastructure” strategy, a series of techno-
logical innovations for the new generation of rail-
way mobile communication are actively being car-
ried out in China. Taking 5G as an opportunity, 5G for Rail-
way (5G-R) has been widely regarded as a solution to meeting
the diverse requirements of railway wireless communica-
tions'' 2. Railway 5G is composed of 5G-R and the public 5G
network dedicated to the railway. Among them, 5G-R refers to
a private 5G network that provides services for the railway sys-
tem, which is completely independent and highly reliable.
However, the current 5G-R bandwidth is limited and cannot
carry a large number of high-bandwidth services in railways”.
It is necessary to use the dedicated frequency of the public 5G
network to carry out some services uncorrelated to driving
safety because the 5G-R frequency has not been approved. At
present, the development of the Railway 5G is in the prelimi-
nary stage, without enough technical standards for the con-
struction of a railway wireless network. For various scenarios
with higher frequencies, it is necessary to conduct a large num-
ber of field measurements and tests to collect test data. The
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current technical standards can be summarized and improved
more accurately based on these data. Compared with the previ-
ous, the current railway system has changed a lot. Therefore,
we need to determine the field strength prediction model un-
der typical railway scenarios and provide corresponding tech-
nical standards for the construction of the Railway 5G through
the evaluation of wireless network coverage. At the same time,
high-speed railway is also one of the important application sce-
narios of the 6G mobile communication technology in the fu-
ture. A 6G network can provide more comprehensive perfor-
mance indicators, such as ultra-low delay jitter, ultra-high se-
curity, stereo coverage, and ultra-high positioning accuracy.
With the help of 6G, more high-speed railway business and ap-
plication requirements can be realized, and the development
of railway digitalization can be promoted™. Therefore, we not
only need to build a 5G-R network in an all-round way, but
also make theoretical and technical preparations for 6G.

The channel parameters of 5G including path loss exponent
and shadow fading were measured in the scene of campus in
Ref. [5]. A new path loss prediction model for the viaduct area
was deduced through statistical analysis of the measurement
results in Ref. [6]. To model the path loss of viaducts and
plains, Ref. [7] proposed a modified free space model with
good results. The authors in Ref. [8] divided viaducts into four
areas: suburban, open, mountainous and urban. They calcu-
lated respective path loss exponent and standard deviations of
shadow fading. Ref. [9] measured and analyzed the path loss
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for the 915 MHz railway yard environment. For the scenarios
of high-speed railway noise barriers and forests, the channel
characteristics including delay spread and Doppler spread
were analyzed based on ray tracing in Ref. [10]. On the basis
of Ref. [10], the authors utilized multiple antennas for model-
ing and supplemented the discussion of received power in Ref.
[11]. Curved and straight tunnels were measured at 900 MHz
and 2 100 MHz, and the path loss modeling under train-to-
train (T2T) communication was fitted""”; Based on ray tracing
simulation technology, the channel parameters such as path
loss, delay spread, and Doppler spread under the 5G system
in the urban rail viaduct scenario were analyzed''?.

The main contributions made in this paper are summarized
as follows.

Considering the influence of the main lobe and side lobe of
the directional antenna pattern of a base station, two methods
of dividing the propagation area are proposed: one is based on
the side lobe and main lobe coverage area division, and the
other is based on the center of the main lobe of the antenna
pattern. And the above two methods were compared with the
Fresnel band gap division method.

Based on the field strength data measured in the actual mar-
shalling yard scene, the above-mentioned conjecture of the di-
vision of the propagation area is verified, and a large-scale fad-
ing empirical model is established. The radio wave propagation
area is divided into Area A and Area B for segmental modeling.

It is concluded that the path loss model of Area A is similar
to the two-path model, and that of Area B is consistent with
the traditional empirical model of large-scale fading.

Combined with the Hata model, the relationship between
the correction factor and the antenna height of the base station
in the marshalling station scenario is fitted. Then we propose a
correction factor for Area B and establish an empirical model
about this area.

2 Data Preprocessing

2.1 Antenna Gain Check

The effects of the main lobe and side lobes of the antenna
pattern should be taken into account to build an accurate path
loss model. By verifying the antenna gain of the original data
samples, the application scope of the model can be expanded
effectively. Firstly, we verify the original measurement data to
obtain the received power of the reference signal at the test
point. The path loss of the test point is given by

PL(d) =P, - P,(d) + G(d,0,) - L., (1)

where P, defines the reference signal transmitting power,
P_.(d) is the test point reference signal received power, L,
denotes the feeder and its connection loss in the test system,
and G(d, 6,) expresses the vertical gain sum of the transmit-
ting and receiving antennas of the base station.

The horizontal beam of the transmitting antenna we adopted
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is wide, and the receiving antenna is a horizontal omnidirec-
tional antenna. The antennas are linear coverage in the sce-
nario of a marshalling yard. It can be approximately consid-
ered that the gain of the transmitting and receiving antennas is
invariable on the horizontal plane. Therefore, only the vertical
antenna pattern is considered and the horizontal is irrespec-
tive in this paper.

Result PL(d) obtained after antenna gain verification is the
sum of path loss and shadow fading. Relative to the transmitting
antenna, the receiving antenna moves slowly and the shadow fad-
ing has less effect on the overall results. Therefore, a large-scale
path loss model is built based on the results obtained through an-
tenna gain verification in the following work of this paper.

2.2 Radio Wave Propagation Area Division

The base station antennas generally used in the construc-
tion of rail transit wireless communication systems are high-
gain directional antennas. Directional antennas are character-
ized by a small coverage angle, strong directivity, and a large
signal gap between the main lobe and the side lobe. Fig. 1 is a
2D schematic diagram of a directional antenna system, where
0, denotes the downtilt angle of the base station antenna, tak-
ing into account both mechanical downtilt and electrical down-
tilt, and 6, denotes the 3 dB lobe width of the base station an-
tenna in the vertical direction.

In Fig. 1, Point O represents the location of the base station
tower, Point A represents the position of the vertical side lobe
edge of antenna, and Point B represents the center position of
the vertical main lobe of antenna. In other words, the direction
of the base station antenna pointing to Point B is the main ra-
diation direction of the antenna, which indicates the direction
with the largest gain in the antenna pattern. Generally, the
gain of the directional antenna pattern is large and uniform in
the main lobe, while the gain in the side lobes is small and
fluctuates greatly. The main lobe and side lobes will have a
great impact on the received power. The antenna pattern of the
transceiver antenna should be considered as a whole to ensure
accurate results.

Point B

A Figure 1. 2D schematic diagram of directional antenna system
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The antenna pattern in the near-field area of the base sta-
tion has low receiving intensity and large fluctuation, which is
different from the variation trend of the received power and
distance of the reference signal outside the near-field area.
From the antenna pattern of the base station antenna, it can be
seen that the side lobe gain of the base station antenna fluctu-
ates by 10 - 20 dB. The received power of the reference signal
will be affected by both the gain of the transmit antenna and
that of the receive antenna. It is indicated that the path loss
model in this part of the region no longer follows the logarith-
mic fading model*.

The path loss model divides the antenna coverage area into
two parts based on the side lobe and main lobe coverage ar-
eas, which are referred to here as Area A and Area B. Segmen-
tation is performed with Fresnel zone gaps in Ref. [15]. There
are three ways to divide the propagation area:

1) The antenna coverage area is divided based on the side
lobe and main lobe coverage areas, which is the distance of
the line segment OA in Fig. 1. The distance of OA is given by:

Ah

dl 270
tan(@l + 72)

(2)

2) The propagation area can be divided based on the center
position of the main lobe of the antenna pattern, which is the
distance of the line segment OB in Fig. 1. The distance to OB
is given by:

Ah
dy=—1—
tan(6,). (3)

3) The propagation area can also be divided according to
the Fresnel zone gap, and the distance is given by:

—_— 4hl hl‘

=) (4)

3 Path Loss Statistical Modeling for Area A

The marshalling yard scenario tested is somewhat similar to
the cutting scenario in rail transportation. The railway yard is lo-
cated in the middle, with slopes and mountains covered with
trees on one side and several workshops on the other side. Ac-
cording to the analysis, the received signal may be affected by
direct waves, reflected waves, and scattered waves. The test area
includes three base stations and nine cells. In the measurement,
the transmitter uses a 5G AAU base station with an antenna gain
of 24.5 dBi, the receiver uses a PCTEL horizontal omnidirec-
tional antenna, and SPARK software is used for data storage and
visual analysis. We select one of the cells for specific analysis.

An example of a single measurement result of the path loss
after the antenna gain verification process of 150 cells in the
marshalling station scenario is shown in Fig. 2. It can be seen
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A Figure 2. Path loss of 150 cells of the marshalling station

from the figure that the path loss in the near-field area of the
base station fluctuates greatly, which is different from the
variation trend with a distance of the far-field area. When the
conditions of 150 cells is substituted, it is calculated that
0A = 154.64 m, OB = 214.66 m, and the Fresnel zone gap =
1212.17 m. From the actual test results in Fig. 2, it can be
concluded that the boundary points in Definition (2) can better
represent the boundary points of Area A and Area B, and the
conclusions of other cells are similar. To sum up, Point B is di-
vided as the breakpoint of the propagation area, and the mod-
els built in subsequent segmentation are based on this.

Due to the presence of a large number of metal products in
the marshalling yard scenario, the influence of the reflection
path in the near-field area is difficult to ignore. By contrasting
the accuracy of the two-path model and the logarithmic fading
model in Area A, we make statistics based on the path loss
prediction error e(i) of the sample points in each cell. The cal-
culation formula of e(i) is given by:

(i) = PLypy, () = PL 0 (0) (5)
where i denotes the cell sample point number, PL, .. (i) is
the i-th measured data sample, and PL (i) defines the i-th
predicted data sample.

Under the same conditions, probability statistics are per-
formed based on e(i) of the path loss results predicted by the
logarithmic fading model and the two-path model in the test
cell of Area A. The corresponding cumulative distribution
function (CDF) results are shown in Fig. 3. The average pre-
diction error of the two-path model is 2.80 dB, and the stan-
dard deviation is 7.24 dB. The average prediction error of the
logarithmic fading model is 4.75 dB, and the standard devia-
tion is 8.26 dB. At the same time, it can be seen from Fig. 3
that in Area A, compared with the logarithmic fading model,
the average prediction error of the two-path model is smaller
and the change is more stable, which is more consistent with
the actual measured data. Therefore, according to the calcula-
tion results, it can be concluded that in the marshalling station
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A Figure 3. Prediction error statistics of marshalling yard Area A

scenario, the change of path loss in Area A obeys the two-path
model. The received power of the two-path model is as:

2
G G —jky(d, = d,)
P =P (L) 6, gilCee
T an |, d, ©)

where d, is the length of the direct path of the transmitter and re-
ceiver, d, is the total length of the reflection path of the transmit-
ter and receiver, k, is the wave number, and ¢ is the reflection
coefficient of the ground. In general, {=-1,G, = G G,, and «/El
is the total gain of the transmitting and receiving antennas on the
direct path from the transmitter to the receiver; G, = G_G,, and
ﬁ is the total gain of the transmitting and receiving antennas
on the reflective path from the transmitter to the receiver.

The fitting results of the two-path model are shown in Fig. 4.

4 Path Loss Statistical Modeling for Area B

In this section, an empirical model of large-scale fading of
radio waves is established based on a large number of test

int path loss
ace propagation model

Path loss/dB
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A Figure 4. Fitting two-path model for path loss in marshalling station
Area A
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samples obtained in the marshalling station Area B. Among

them, the carrier frequency of the base station is fixed at

2.6 GHz, and the height of the receiver antenna is fixed at

1 m. We build a statistical model of Area B utilizing the

path loss PL, the distance d of the transceiver antenna, and

the height of the base station antenna h, in the test data.
The path loss formula of the Hata model is as follows:

PLy,. = 69.55 + 26.16lgf. — 13.82lgh, — a(h,) +
(44.9 - 6.55lgh,)lgd, (7)

(1.1lgf, = 0.7)h, - (1.561gf. - 0.8),
8.291g%(1.54h,) - 1.1, large city, f. <200 MHz
321g*(11.75h,) = 497,  large city, f, > 400 MHz
0, h,=15m

medium and small cities

?

(8)

where f, is the frequency (the unit is MHz), i, and h, define
the effective heights of the transmitter antenna and the re-
ceiver antenna (the unit is m), and «a(h,) varies with the city
size (medium and small cities; large cities) and frequency (<
300 MHz or >300 MHz).

In different scenarios, the Hata model changes the path loss
model by adding a correction factor, and the expression after
adding the correction factor is shown in Eq. (9).

PLy,. = A, +74.52 + 26.16lgf. — 13.82lgh, -
3.2(1g(11.75k))% + (A, + 44.9 - 6.55lgh,)lgd. (9)

One part of the correction factors A, and A, in the Hata
model is linear with the logarithm of the height of the transmit-
ting antenna, and the rest are the constants in Table 1. The
correction factors are given by:

A =p, loglo(h:) +4q,
A, =p,log, (h,) + q,, (10)

where p,,p,., g, and ¢, are the undetermined coefficients.

The correction factors A, and A, are fitted to the height of
the base station antenna based on the calculation results. Tak-
ing the results of multiple tests as statistical data, we perform
a least-square (LS) fitting model based on the path loss test
data of nine cells. The fitting results are shown in Table 2.

VTable 1. Correction factors of Hata model in different scenarios

Scenario Correction Factor A Correction Factor A,
Urban area -20.47 -1.82
Suburbs 5.741gh, — 30.42 ~-6.72
Rural 6.431gh, — 30.44 -6.71
Viaduct -21.42 -9.62
Cutting -18.78 51.341gh, - 78.99
Station 34.291gh, - 70.75 -8.86
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According to the results of the nine cells in the marshalling
yard scenario, we fit the optimal regression model under each
cell through linear regression, including the corresponding con-
stant term and path loss exponent n, and then calculate the cor-
responding correction factor for each cell. By conducting joint
analysis of the height information of base stations in the corre-
sponding cell, it is determined whether there is a significant
linear relationship between the correction factors (A, and A,)
and the height of the base station antenna. The fitting results
are shown in Figs. 5 and 6. The correction factors are given by:

-141.73, (11)

A

A, = 17.64lgh, - 17.22. (12)

S Validation and Evaluation

The empirical model proposed in this paper is compared
with several traditional empirical models that are improved
Hata models as well. The traditional empirical models includ-
ing the Stanford University temporary model (SUI) and the
Hata-Okumura extended model are selected as the reference
model for comparison and verification. The validation data

VTable 2. Fitting measurement results
Path-Loss Ex-

Correction Fac-  Correction Fac-

Cell Number  Path Loss PL,

ponent n tor A, tor A,
62 4.5650 4.513 81 -134.29 10.16
63 7.949 0 4.347 35 -131.07 9.25
64 3.6512 435874 -136.12 8.37
143 -3.014 8 4.542 59 -141.86 10.64
150 =7.1158 4.472 55 -145.97 9.95
151 -4.066 2 4.48293 -142.92 10.05
156 -4.460 3 4.442 59 -143.31 9.64
184 -13.1052 4.438 65 -151.96 9.44
185 0.0439 4.447 31 -138.89 9.53
=130 T
* *  Measurement results
S fit
*
=135 1
*
< *
2 -140f .
k] ————————
L o-145¢ .
3 *
o
=150 &
*
-155 : ;
1.45 1.50 1.55 1.60

log, (R,
LS: least-square

A Figure 5. Results of correction factor A and LS regression fitting curve
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A Figure 6. Results of correction factor A,and LS regression fitting curve

consist of three cells, and the validation data have the same
measurement system as the statistical modeling data. The vali-
dation data are not used in statistical modeling, so they can be
used to verify the accuracy and generalizability of the model.
The SUI model, Hata-Okumura extended model and statisti-
cal model are represented by Model 1, Model 2 and Model 3,
respectively. Fig. 7 shows a comparison of the accuracy of dif-
ferent models on the validation data at different prediction er-
ror sensitivities. When the maximum prediction error sensitiv-
ity is required to be 10 dB, the maximum prediction accuracy
of the SUI model is 61.66%, that of the Hata-Okumura model
is 59.55%, and that of the statistical model is 59.55% with an
accuracy of 71.06%. In this scenario, compared with the exist-
ing SUI and Hata-Okumura models, the accuracy of the self-
built statistical model is improved by about 11.06%. However,
the prediction accuracies of the SUI model, the Hata-
Okumura extended model and the self-built model in the mar-
shalling yard scenario are not much different, indicating that
the SUI model and the Hata-Okumura extended model have

0.8

0.6 -

CDF

0.4+

021

=== = SUI model

mmm = Hata-Okumura extended model

s Statistical model
1 . T T T T

0 5 10 15 20 25 30 35

Prediction error sensitivity/dB

CDF: cumulative distribution function  SUI: Stanford University temporary model

A Figure 7. Accuracy comparison of different models based on valida-
tion data
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certain applicable values in the marshalling yard scenario.

6 Challenges

In the statistical model, the path loss will increase with the
growing of the distance between transceiver antennas as a
whole. There is no need to consider detailed environmental in-
formation when the large-scale fading empirical model is ap-
plied to the scenario. In specific environments, such as rail-
way marshalling yards, the transmission of radio waves may
encounter fading and other conditions, resulting in changes in
the final received power to reach the user, making it difficult
to determine the specific value of the calculated path loss.
This is also a deficiency of large-scale fading empirical mod-
els. In the future, it is hoped to re-validate predictions with
the help of deterministic modeling, machine learning and
other methods to achieve higher prediction accuracy.

7 Conclusions

In this paper, the calculation method of the propagation de-
marcation point for marshalling yard scenarios is proposed
and verified to improve the accuracy of the subsequent empiri-
cal model. Based on numerous measured data, a large-scale
path loss statistical empirical model for marshalling yard sce-
narios is established, and the propagation boundary point is re-
garded as the model segmentation point. The path loss in Area
A conforms to the two-path model, and that in Area B is close
to the logarithmic model. According to the measurement data
in different cells, the correction factor in the marshalling yard
scenario is fitted with the Hata model as the benchmark. Fi-
nally, the shortcomings and improvements that need to be
made to the statistical model are discussed.
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