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Abstract: With the booming development of high-speed railways (HSRs), key technologies of wireless
communications need to be constantly innovated. In particular, the frontier issue of low delay of the
handover for the fifth generation (5G) in fast-moving scenarios has attracted attention from both
industry and academia. Based on an analysis of a large number of measured data and the location
of the user equipment (UE), a fast handover algorithm is proposed to solve the problem of long
delay for a train moving at high speed in a 5G-railway (5G-R). By calculating the speed of a train
and its direction of movement, a reasonable handover mode is selected and the handover chain of
neighboring cells is identified. The location of the train can be calculated to determine whether UE
enters the defined identification zone of pre-handover. Depending on the values collected in the
measurement report, the command of the handover is triggered when the weight of the target cell is
greater than that of the source cell. Our experimental results show that the delay of the fast handover
algorithm is reduced by 2.03%, and the success rate of the handover is increased by 0.42%. Research
directions for smart railways are discussed based on these findings.

Keywords: rail transit communication; smart railways; handover chain; delay of the handover;
success rate of the handover

1. Introduction

China has developed high-speed railways (HSRs) with 38,000 km in total length,
accounting for over two-thirds of the world’s total [1]. One railway was built with a speed
of 350 km/h to enable athletes, reporters, audiences, and service staff to shuttle efficiently
between Beijing and Zhangjiakou for the Beijing 2022 Winter Olympics. In the meantime,
HSRs are under construction all over the world. In recent years, wireless communications
applying the long-term evolution for railway (LTE-R) have been under consideration [2–5].
However, its maximum bandwidth is just 20 MHz, which can only maintain tens of
Mbit/s data rate and cannot meet the requirements of Gb/s-level applications [6]. As mo-
bile networks of the fifth generation (5G) are being deployed rapidly, higher data rates,
lower communication delays, and more device connections are expected to be achieved
by 5G for railway (5G-R). However, a speed above 200 km/h of a high-speed train (HST)
requires more frequent handovers and a shorter time to pass through the overlapping
coverage area of two neighboring cells [7]. Moreover, it may lead to serious deterioration
of wireless communication indicators, such as the delay of handover and the success rate
of the handover, and this is similar to LTE-R [8,9]. Wireless network optimization can
effectively eliminate the interference of communications along the rail, avoid the existence
of no-signal areas, and improve a user’s perception [10,11]. Due to the high speed of user
equipment (UE) on a train, wireless communications of 5G-R face great challenges [12,13].
Therefore, the development of fast handover algorithms for HSRs is essential in support of
speeds of 200 km/h and for use of 5G-R.
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In order to reduce the delay of the handover of wireless communications, several
different approaches have been explored. A simple but effective algorithm of distributed
load balancing is presented to reduce the service interruption ratio due to frequent han-
dovers in high-speed scenarios [14]. Adjusting power in the time domain relieves the
“uncertainty” of the received strength of the signal and requires less energy transmission in
the procedure of handovers [15,16]. The latest research on C/U-plane staggered handover
suggests a methodology to achieve soft and fast handovers [17]. With the large bandwidth
of free-space optical communication, the loss rate of data can be decreased and the han-
dover performance of the communication for HST is improved by changing hardware
structures [18]. The optimal distance from the rail of a train to a ground base station and the
distance between base stations are found to provide seamless connectivity and handover
while minimizing the number of stations along the rail [19]. The optimization strategy of
the handover based on the upper bound algorithm [20,21], which finds the station with the
largest reward by sampling from the reward set of stations, can effectively improve the
performance of the handover. However, when UE enters a different scenario, the algorithm
of upper bound needs to be drawn from a random initial point again. It is also required
to learn from a random initial point for a newly connected UE. Because the performance
of the initial random point is poor, it may cause the communication quality to be lower
than what the system requires for a long time. This is unacceptable in practical applica-
tions. Due to the penetration loss of HST [22,23], complex coverage scenarios, frequent
handovers, and doppler shifts in HSRs [24,25], the architecture of a network has a great
impact on the performances of wireless communications. However, existing handover
algorithms are difficult to deal with in highly dynamic, complex scenarios, and special
channel environments [26–28]. This has become a limitation of mobile communication
technology for HSRs. While previous studies made connections between the handover and
system performances, they improve only one of performances while worsening another.
Some studies suggest increasing the cost of construction for wireless communications to
reduce spacing of base stations in order to obtain favorable indicators of communications;
few studies involve the optimization of the overall performances with the fast handover
algorithm as the pointcut under the condition of the existing size of base stations.

This paper takes the wireless communications of 5G for HSRs as an application sce-
nario to analyze system architecture, planning of the handover zone, synchronization
signal reference signal receiving power (SS-RSRP), and quality (SS-RSRQ) measurement of
the serving cell (SCell) and the neighboring cell (NCell). The collection of the measured
data with location information can be acquired by the portable control unit (PCU). It is com-
posed of five ports to connect external devices, as shown in Figure 1. An alternating current
(220 V) can be obtained from the train or from a portable power source. The terminals
HUAWEI P40 Pro, installed with developed software to measure the wireless communica-
tions, are connected to port 3 and port 4. The software SPark can be used to display some
of the test results in time, including the path loss, SS-RSRP, SS-RSRQ. A fast handover
algorithm in HSRs is realized through the process of the speed decision, the location recog-
nition, and the weight calculation. The results of this paper have important implications
for designing wireless networks, constructing base stations, and improving performances
of communications for 5G-R. The rest of the article is organized as follows: In Section 2,
the architecture of 5G-R in HSRs is presented through the measured data, with the factors
for handling the handover zone analyzed. Section 3 develops the fast handover algorithm
in detail. The experimental results are presented to verify the effectiveness of the pro-
posed algorithm in Section 4. Finally, Section 5 concludes with some concluding remarks
and discussions.
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2. G-R for HSRs
2.1. Architecture of Networks

The architecture of networks in the 5G-R for HSRs mainly involves three parts: access
network, bearer network, and core network, as shown in Figure 2. The smooth and stable
mission-critical communication services are supported, such as signaling, onboard video
surveillance, driver look-ahead as well as supporting passenger high-data-rate connectiv-
ity [29]. The building baseband unit (BBU) or the distributed unit (DU) offers large-scale
cooperative processing and is able to achieve lots of real-time connectivity. The fronthaul
network consists of gNodeBs and BBU/DU through a high-capacity optical fiber. The net-
work decouples completely the control plane and the user plane, then reconstructs flexibly
the system control. CloudRAN is introduced to address the requirements for the recon-
figuration of the access network. If there is a mobile edge computing server, it is usually
deployed in the same set of servers as the centralized unit (CU). In terms of the physical
level, the bearer network is divided into fronthaul, middlehaul, and backhaul. The concept
of the logic of middlehaul for the bearer network is proposed. The cellular structure is
changed to the chain structure in a private communication system for HSRs because each
gNodeB contains two sectors, while a public communication system typically consists of
three sectors. The HST runs at an average speed of v and passes gNodeB(i−1) (i = 1, 2, . . . ,
N), gNodeBi, and gNodeB(i+1) in turn.

As shown in Figure 3, there are corresponding interfaces to connect each element in
5G-R for HSRs. NG is the interface between the access network and the core network. F1 is
the interface between the functional entities of CU and DU, which supports the signaling
exchange between endpoints and the data transmission of each endpoint. The air interface
of 5G-R is Uu, which is the port between UE and gNodeB. In order to distinguish it from
LTE-R, it is defined as NR-Uu.
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2.2. Planning of the Handover Zone

The model of the handover zone is established as shown in Figure 4. The width of the
rail is w1 with the value of 1435 m (the international standard gauge), and the width of the
HST is w2 with the value of 3328 m. The overlapping area of stationi, station(i+1), and the
range within w2/2 on both sides of the central axis of the rail is the handover zone of the
wireless network. The effective height of the stationi is

h = h1 + h2 − h3 (1)
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where, h1, h2, and h3 respectively denote the height of the station, the vertical distance
between the station foundation plane and the rail plane, and the vertical distance between
the geometric center of the train’s window and the rail plane. The station spacing d1 is the
distance between stationi and station(i+1) as indicated in Equation (2):

d1 = 2× (
√

d2
2 − h2 − d2

3 − d4) (2)

where d2, d3 and d4, severally, represent the coverage radius of the station, the horizontal
distance between gNodeB and rail, and the length of unidirectional overlapped coverage
area. Suppose the point o is the location of the UE at any time and the point o’ is the
handover location of two stations, then the distance that the HST travels with the handover
hysteresis is

d = d5 − d4 (3)
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Figure 4. Model of the handover zone.

Assuming the process of the handover takes ∆t, the planning distance of the handover
zone is shown as Equation (4). As the moving speed of the train is known and the coverage
capacity of cells is limited, the handover zone can be reduced by decreasing the delay of
the handover, that is, the spacing between gNodeBs can be increased and the construction
cost of 5G-R can be reduced. With the continuous raising of the speed of HST, the reduction
of the delay of the handover can ensure that UE can complete the whole handover process
within the given handover zone.

Dhan = 2× d4 > 2× (v× ∆t) (4)

As shown in Figure 5, the process of handover consists of three phases: measurement,
judgment, and execution. The measurement configuration message is the radio resource
control (RRC) information sent by gNodeB to UE, including objects, identities, and types.
Physical layer filtering and RRC layer filtering can reduce the jitter amplitude of measured
values. The measurement is reported according to the interval cycle of measurement
configuration parameters. When the Xn/NG signaling interaction is triggered when the
rules of the handover are met, the Scell’s resources occupied by UE are released after the
handover is completed.
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2.3. Handover Measurement of SCell and NCell
2.3.1. SS-RSRP

The command of the handover is triggered when the measured value of NCell is
higher than the preset threshold of the measured value of SCell and this state lasts for a
certain time. Two gNodeBs with a spacing of 1.2 km were selected in the section of an HSR
from Lanzhou station to Jiayuguan Station in China. Based on the actual measurement data
of a handover period, 1610 sampling points of the SS-RSRP of SCell and 1500 sampling
points of the SS-RSRP of NCell are shown in Figure 6. According to the fitting curve, it is
found that the measured values of SS-RSRP of SCell decrease gradually, while that of NCell
increase gradually.
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Figure 6. Statistics of the synchronization signal reference signal receiving power (SS-RSRP) mea-
surement. The box plots represent the statistic of SS-RSRP in each 80 m: For a certain box, the bottom
is the lower quartile Q1, the top is the upper quartile Q3, the horizontal line in the middle of the box
is the median Q2; the top of the whisker is O3 + 1.5IQR, and the bottom is Q1 − 1.5IQR, where IQR
is the interquartile range IQR = Q3 − Q1.

2.3.2. SS-RSRQ

According to the actual measurement data of a handover period, 1458 sampling points
of the SS-RSRQ of SCell and 1449 sampling points of the SS-RSRQ of NCell are shown in
Figure 7. The SS-RSRQ of the measured data is obtained by a method similar to SS-RSRP.
According to the fitting curve, it is found that the measured values of SS-RSRQ gradually
decrease and the measured values of NCell gradually increase, that is, the change rule of
SS-RSRQ sampling points is consistent with that of SS-RSRP sampling points.
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2.3.3. Dynamic Hysteresis Margin of SS-RSRP/SS-RSRQ

In order to suppress ping-pong handover, a hysteresis margin is required between
the SCell and the NCell. The default hysteresis margin of 5G is difficult to adapt to 5G-
R because the HST is moving at a high speed. The relationships between the dynamic
hysteresis margin of SS-RSRP/SS-RSRQ and the speed of HST are shown in Figure 8.
The traditional SS-RSRP/SS-RSRQ based on the trigger scheme of the handover generally
takes the approximate 5 dB/6 dB as the default hysteresis margin. The hysteresis margin
of SS-RSRP/SS-RSRQ is 1.84 dB/2.23 dB when the speed of HST is 350 km/h. With the
increase of HST’s speed, the hysteresis margin of SS-RSRP/SS-RSRQ is reduced accordingly
to improve the trigger probability of the handover and enhance the success rate of the
handover.
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Based on the above measurement analysis, the trigger point of the handover is
shown in Figure 9. In addition to the measurement results of the Scell and the Ncell,
the hysteresis-1, the hysteresis-2, and the time to trigger (TTT) are also considered during
the process of the handover. In the optimization of wireless communications, these param-
eters can be adjusted on the station to improve the handover performance, and different
values of parameters can adapt to different scenarios.
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3. Fast Handover Algorithm
3.1. Analysis of the Feasibility of the Fast Handover Algorithm

The traditional algorithm takes SS-RSRP or SS-RSRQ in the measurement report as
the basis of a handover decision. However, the effect of fast fading may cause frequent
fluctuation of SS-RSRP or SS-RSRQ in the wireless channel of HSRs, so that UE cannot
accurately switch to the appropriate NCell. The chain structure is generally for the network
coverage along the rail, and adjacent gNodeBs are alternately distributed on both sides
of the rail. When the HST is moving, the order of cells attached by UE is unique. UE’s
location information, moving speed, and running direction can be obtained by computing
in real time. According to the moving direction of HST, its track is definite. The speed
of UE is consistent with the speed of the train. These features are different from the
randomness of UE moving range and speed in the scenarios of non-HSRs. In wireless
communications, reasonable utilization of these features can solve the problem of the
deterioration of performance indexes, such as the success rate of the handover and the
delay of the handover in HSRs. The signaling process of the fast handover algorithm in the
5G-R wireless communications for HSRs is shown in Figure 10. The speed and direction
of the train, and the location information of UE, are periodically monitored through the
initiation report.
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3.2. Moving Speed of HST

The sampling points of the global positioning system (GPS) and the BeiDou Navigation
Satellite System (BDS) are the main data sources for the calculation of the speed of HST.
The source of original data needs to undergo the transformation and offset correction of
coordinates. Furthermore, abnormal sampling points (above 10 m off the track curve)
should be eliminated. The main fields of the calculation of the train’s speed are shown in
Table 1. Instantaneous speed V j

ins (j = 1, 2, . . . , M) is based on Equation (5). Where, latitude
and longitude are (θj, ϕj), R is as the radius of the earth, and ∆T is for the interval between
two sampling points. The train D2706 runs from Urumqi to Lanzhou.

V j
ins = R× (arccos(sin ϕj sin]ϕ(j+1) + cos ϕj cos ϕ(j+1) cos(θj − θ(j+1)))×

π/180◦)/(∆T/3600)
(5)

Table 1. Running speed of HST.

Train
Number Data Return Time Longitude Latitude Instantaneous Speed (km/h)

D2706

9 December 2020 17:06:41 97.286705 40.104435 209.46
9 December 2020 17:06:42 97.287155 40.103947 239.06
9 December 2020 17:06:43 97.287613 40.103508 224.84
9 December 2020 17:06:44 97.288086 40.103127 210.33
9 December 2020 17:06:45 97.288544 40.102764 201.95
9 December 2020 17:06:46 97.288933 40.102238 241.93
9 December 2020 17:06:47 97.289375 40.101746 238.98
9 December 2020 17:06:48 97.289810 40.101322 215.76
9 December 2020 17:06:48 97.290268 40.100941 207.20

In the scenario of HSRs with a speed of 350 km/h and station spacing of 2.5 km, it takes
about 26 s for the train to pass through the coverage area of a single station. Based on
this, the train’s speed v is calculated once within 26 effective cycles of data return, and the
equation of calculation is

v =
V j

ins + V(j+1)
ins + . . . + V(j+25)

ins
26

(6)
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3.3. Moving Direction of HST

After the completion of the construction of wireless communications for HSRs, the SCells
information attached to UE on the train and the NCells information have strong regularity.
The sequences of the handover chain of two UEs in different directions on the same line
are opposite. The chain of the handover pointing to Beijing’s direction is defined as pos-
itive, and the chain of the handover deviating from Beijing’s direction is reverse. In the
handover chain, if gNodeBi is SCell, gNodeB(i−1) and gNodeB(i+1) are NCells. At time
t1, the reference signal receiving powers of gNodeB(i−1) and gNodeB(i+1) are SS-RSRP(i−1)
and SS-RSRP(i+1), respectively. At time t2, the reference signal receiving powers are SS-
RSRP’(i−1) and SS-RSRP’(i+1), respectively. When Equations (7) and (8) are both satisfied,
the train is moving forward and the chain of the handover in the forward is selected. When
Equations (7) and (8) cannot be satisfied at the same time, the train moves in reverse and
the chain of the handover in reverse is selected. When Equations (7) and (8) satisfy either
one, the measurement and calculation are re-performed.

SS− RSRP′(i−1) − SS− RSRP(i−1) < 0 (7)

SS− RSRP′(i+1) − SS− RSRP(i+1) > 0 (8)

3.4. Process of the Fast Handover Algorithm

The process of the fast handover algorithm includes the speed decision and location
recognition of UE, and the weight calculation of the handover.

3.4.1. Speed Decision

When the moving speed v of UE is less than Vthr, that is to say that Equation (10) is
satisfied. When the service quality of NCell is better than that of SCell, and the duration
meets the TTT, then the handover of A3 is started. The handover condition of the same
frequency band is

Mn + Ocn− Hys > Ms + Ocs + O f f (9)

where Mn is the SS-RSRP measurement value of NCell, Ms is the SS-RSRP measurement
value of the SCell, Ocn is the offset value of NCell, Ocs is the offset value of the source
cell, Hys is the handover hysteresis, and Off is the handover bias. When the moving speed
of UE is no less than Vthr, that is, when Equation (11) is satisfied, location recognition
is performed.

v < Vthr (10)

v ≥ Vthr (11)

3.4.2. Location Recognition of UE

In the preliminary study, a UE’s positioning algorithm, which can obtain the real-time
location information in the case that the GPS and BDS signals are missing, was proposed
based on a fuzzy clustering fingerprint database [30]. Let (θc, ϕc) be the coordinates of UE’s
estimated location, and (θz, ϕz) be the coordinates of NCell, and the distance between UE
and NCell is

∆D = R× arccos(sin ϕc sin ϕz+
cos ϕc cos ϕz cos(θc − θz))× π/180◦

(12)

If the distance ∆D between the UE and the NCell is not less than Dthr, that is to say,
Equation (13) is satisfied, then the location information of UE is continuously updated;
if ∆D is less than Dthr, that is, Equation (14) is satisfied, then the weight of the handover
is calculated.

∆D ≥ Dthr (13)

∆D < Dthr (14)
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As shown in Figure 11, suppose the positions of two eNodeBs are A and B, namely,
the distance d1 = AB between eNodeBs, and the distance threshold Dthr = d/2 between UE
and the NCell. AA’ is the vertical distance between gNodeB and rail, and AA’ = BB’. U and
U’ are the locations of UE respectively. BU and BU’ are the distance ∆D from UE to NCell.
C is the intersection point of AB and the rail.
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3.4.3. Weight Calculation of the Handover

According to a large number of simulation experiments and the statistics measured
data, the value range of SS-RSRP acquired by UE in 5G-R wireless communications for
HSRs is −156 dBm ~ −31 dBm, and the value of SS-RSRQ ranges from −43 dB to 20 dB.
SS-RSRPi and SS-RSRQi are normalized into Pi and Qi, and SS-RSRP and SS-RSRQ of all
sampling points of UE are normalized into sets {P} and {Q}. The result di of the weight
calculation of the sampling point i is shown in Equation (15), where WN

i and WS
i are the

weights of NCell and Scell, respectively.

di = WN
i −WS

i = α× P(i+1)−min(P)
max(P)−min(P) + (1− α)× Q(i+1)−min(Q)

max(Q)−min(Q)
−

α× Pi−min(P)
max(P)−min(P) + (1− α)× Qi−min(Q)

max(Q)−min(Q)

(15)

where α (α [0,1]) is the weight factor. When di > 0, the gNodeB sends the command of the
handover; when di ≤ 0, the weight of the handover is recalculated.

Let the delay of the fast handover algorithm be

Tfas =
n

∑
f = 1

t f (16)

where tf (f = 1, 2, . . . , n) is the delay of all interactions of signaling, including the mea-
surement, the judgment, and the execution, which are parts of the end-to-end delay [31].
Compared with the traditional handover algorithm A3, the fast handover algorithm saves
the time cost of measurement configuration and periodic reporting. The flow chart of
the fast handover algorithm in the 5G-R wireless communications for HSRs is shown in
Figure 12.
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4. Experiment and Analysis
4.1. Simulation Parameters

The simulation parameters of the fast handover algorithm for 5G-R refer to the pa-
rameter configuration of the comprehensive experimental section of Beijing-Shanghai HSR,
as shown in Table 2. Transmission Mode (TM) 3 is the spatial multiplexing of the open
loop, which is applied to the wireless environment of UE at high speed. Considering the
effect of network coverage, the vertical distance between gNodeBs and rail ranges from
50 m to 200 m in actual deployment. Under the condition of fixed station spacing, if the
vertical distance is too close, the grazing angle decreases and the penetration loss increases
accordingly. If the vertical distance is too far, the multi-path loss increases, resulting in the
effect of poor coverage.
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Table 2. Configuration of parameters.

Parameters Value

Frequency 2.6 GHz
Bandwidth 100 MHz
nTx/nRx 4/4

TM 3
d1 1.5 km
h 25 m

Antenna mechanical dip angle 3◦

Antenna electronic dip angle 6◦

Antenna gain 21.5 dB
Minimum coupling loss 58 dB

Vthr 120 km/h
Dthr 0.9 km

α 0.75
Moving speed of HST 150/250/350/450 km/h

4.2. Simulation Results

Figure 13 plots the coverage distance d6 of gNodeB under different effective height h
and the horizontal distance d3. The maximum d6 on rail of HSRs is not more than 1.2 km.
This picture shows that as the d3 increases, the range of d6 is extended in the range of 1 km.
When the h increases, the distance d6 has hardly improved.
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The length of the handover zone is one of the important factors to determine the
spacing of gNodeBs. The study of path loss in different scenarios of HSRs is helpful for the
rational planning of the handover zone. The power attenuation of wireless signals received
under different path-loss models (COST 231 and TS 36.942) and different regional types
(suburban and urban areas) are different, as shown in Figure 14. The path loss of suburban
terrain and free space in TS 36.942 is relatively low, and the changing trend of path loss in
the distance between UE and gNodeB is basically the same in the other four cases.
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Figure 15 displays the delays of the handover with two algorithms at different speeds
of HST. Since the process of the fast handover algorithm is optimized, the delay of the con-
trol plane is greatly shortened. This is basically consistent with the results of the theoretical
analysis. When the speed increases gradually, the delay of the fast handover algorithm is
steadily improved due to the optimized measurement mechanism and execution process.
Compared with the A3 handover algorithm at speeds 150 km/h, 250 km/h, 350 km/h and
450 km/h, the delays of the fast handover algorithm are reduced by 1.39%, 1.94%, 2.26%,
and 2.54%, respectively. The advantage of the fast handover algorithm makes full use of
the characteristics of HSRs, such as known train running line and recognizable handover
chain, thus reducing the redundant overhead of time.
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The success rate of the handover, which directly affects the key indexes such as drop
rate and throughput, is one of the important indexes to measure wireless communications.
The expression of the success rate of the handover is

Phan = 1− Nfai
Natt

(17)

where Nfai is the number of failed handovers, and Natt is the number of attempted han-
dovers. When the times of the handover exceed 450, the success rates of the handover of
both algorithms tend to be stable as shown in Figure 16. Taking 1000 times of the handover
as an example, the success rate of the handover is increased by 0.42% on average at the
four speeds of HST. Based on the above analysis, the inter-macro cell of handover and
the conventional scheme of handover reach the same success probability of handover [17].
The proposed fast handover algorithm has a more stable and superior success rate of the
handover. The fast handover algorithm and inter-macro-cell handover [32] reach the same
effect: they not only reduce the delay of the handover but also improve the success rate of
the handover.
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5. Conclusions

In the scenario of HSRs, the effective coverage distance of gNodeB has little relation
with the height of base station, but it is strongly correlated with the horizontal distance
between gNodeB and rail. This is fundamentally different from the non-HSRs. The power
attenuation values of wireless signals are unlike under the diverse path loss models and
various region types, so it is necessary to distinguish and apply them reasonably in the
construction of 5G-R. When both large-scale fading and shadow fading are taken into
account, the design of overlapping coverage areas between gNodeBs along the rail is
relatively complex.

The process of the handover in 5G-R can be optimized through the planning of
handover zone, the estimate of the speed of HST and the location recognition of UE,
and the weight calculation of the handover. It can effectively reduce the delay of the
handover and improve the success rate of the handover. With the increase of speed of
a train in the range of 150 km to 450 km, the delay of the fast handover algorithm is
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significantly reduced. The speed of HST is inversely proportional to the success rate of
handover, and the proposed algorithm can improve the success rate of handover. In the
future, with continuously increasing train running speeds, fast handover algorithms will
become more important. As 6G technology is being developed, the fast algorithm can
be further applied for HSRs with distinct characteristics such as a definite trajectory of
movement, a knowable range of running speed, and an identifiable handover chain.

Author Contributions: B.D. wrote the manuscript, conducted most of the analysis, and interpreted
results. C.L. and J.X. provided critical advice on analysis methods and interpretation of results,
and afforded lab resources, advice on method. W.W. and D.Z. helped with preparing the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by National Natural Science Foundation of China,
grant number 61661025 and 61661026, and in part by the Science and Technology Plan of Gansu
Province (20JR10RA273).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request from the authors.

Acknowledgments: We are very grateful to China Mobile Communications Group Gansu Co., Ltd.
for the large amount of raw measured data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Geng, Y. Encyclopedia Entry High-Speed Railway for Popularizing Science in China. Available online: https://baike.baidu.com/

item/%E9%AB%98%E9%80%9F%E9%93%81%E8%B7%AF/147658?fr (accessed on 17 February 2021).
2. He, R.; Ai, B.; Wang, G.; Guan, K.; Zhong, Z.; Molisch, A.F.; Briso-Rodriguez, C.; Oestges, C.P. High-Speed Railway Communica-

tions: From GSM-R to LTE-R. IEEE Veh. Technol. Mag. 2016, 11, 49–58. [CrossRef]
3. Yang, J.; Ai, B.; Salous, S.; Guan, K.; He, D.; Shi, G.; Zhong, Z. An Efficient MIMO Channel Model for LTE-R Network in

High-Speed Train Environment. IEEE Trans. Veh. Technol. 2019, 68, 3189–3200. [CrossRef]
4. Jayaram, P.; Menaka, R. Performance Evaluation of Modified Hybrid Handover Scheme in LTE Fast Moving Rail Networks. Int. J.

Wirel. Mob. Comput. 2017, 12, 96–106. [CrossRef]
5. Xiao, Y.; Qiu, G.; Wang, Y. A Fast Hybrid Beamforming Scheme for High-Speed Railway Communications. Electronics 2019, 8, 998.

[CrossRef]
6. Gozalvez, J. Samsung Electronics Sets 5G Speed Record at 7.5 Gb/s [Mobile Radio]. IEEE Veh. Technol. Mag. 2015, 10, 12–16.

[CrossRef]
7. Yu, X.; Luo, Y.; Chen, X. An Optimized Seamless Dual-Link Handover Scheme for High-Speed Rail. IEEE Trans. Veh. Technol.

2016, 65, 8658–8668. [CrossRef]
8. Bao, D.; Cui, L.; Jian, X. Design of 5G Wireless Communications in the High-speed Railway Scenario. In Proceedings of the 2020

IEEE 92nd Vehicular Technology Conference, Victoria, BC, Canada, 4–7 October 2020; pp. 1–6.
9. Hou, Z.; Zhou, Y.; Tian, L.; Shi, J.; Li, Y.; Vucetic, B. Radio Environment Map-Aided Doppler Shift Estimation in LTE Railway.

IEEE Trans. Veh. Technol. 2017, 66, 4462–4467. [CrossRef]
10. Azpilicueta, L.; Astrain, J.; Lopez-Iturri, P.; Granda, F.; Vargas-Rosales, C.; Villadangos, J.; Perallos, A.; Bahillo, A.; Falcone, F.

Optimization and Design of Wireless Systems for the Implementation of Context Aware Scenarios in Railway Passenger Vehicles.
IEEE Trans. Intell. Transp. Syst. 2017, 18, 2838–2850. [CrossRef]

11. Ai, B.; He, R.; Li, G.; Guan, K.; He, D.; Shi, G.; Zhong, Z. Determination of Cell Coverage Area and its Applications in High-Speed
Railway Environments. IEEE Trans. Veh. Technol. 2017, 66, 3515–3525. [CrossRef]

12. Ai, B.; Molisch, A.F.; Rupp, M.; Zhong, Z. 5G Key Technologies for Smart Railways. Proc. IEEE 2020, 108, 856–893. [CrossRef]
13. Song, H.; Fang, X.; Fang, Y. Millimeter-Wave Network Architectures for Future High-Speed Railway Communications: Challenges

and Solutions. IEEE Wirel. Commun. 2016, 23, 114–122. [CrossRef]
14. You, J.; Zhong, Z.D.; Dou, Z.Z.; Dang, J.; Wang, G.P. Wireless Relay Communication on High Speed Railway: Full Duplex or Half

Duplex. China Commun. 2016, 13, 14–26. [CrossRef]
15. Lu, J.; Xiong, K.; Chen, X.; Fan, P. Toward Traffic Patterns in High-Speed Railway Communication Systems: Power Allocation and

Access Selection. IEEE Trans. Veh. Technol. 2018, 67, 12273–12287. [CrossRef]
16. Lu, Y.; Xiong, K.; Fan, P.; Zhong, Z.; Ai, B. The Effect of Power Adjustment on Handover in High-Speed Railway Communication

Networks. IEEE Access 2017, 5, 26237–26250. [CrossRef]

https://baike.baidu.com/item/%E9%AB%98%E9%80%9F%E9%93%81%E8%B7%AF/147658?fr
https://baike.baidu.com/item/%E9%AB%98%E9%80%9F%E9%93%81%E8%B7%AF/147658?fr
http://doi.org/10.1109/MVT.2016.2564446
http://doi.org/10.1109/TVT.2019.2894186
http://doi.org/10.1504/IJWMC.2017.083056
http://doi.org/10.3390/electronics8090998
http://doi.org/10.1109/MVT.2015.2390931
http://doi.org/10.1109/TVT.2015.2508485
http://doi.org/10.1109/TVT.2016.2599558
http://doi.org/10.1109/TITS.2017.2688858
http://doi.org/10.1109/TVT.2016.2599113
http://doi.org/10.1109/JPROC.2020.2988595
http://doi.org/10.1109/MWC.2016.1500255WC
http://doi.org/10.1109/CC.2016.7781714
http://doi.org/10.1109/TVT.2018.2875817
http://doi.org/10.1109/ACCESS.2017.2775044


Sensors 2021, 21, 3100 17 of 17

17. Yan, L.; Fang, X.; Fang, Y. A Novel Network Architecture for C/U-Plane Staggered Handover in 5G Decoupled Heterogeneous
Railway Wireless Systems. IEEE Trans. Intell. Transp. Syst. 2017, 18, 3350–3362. [CrossRef]

18. Taheri, M.; Ansari, N.; Feng, J.; Rojas-Cessa, R.; Zhou, M. Provisioning Internet Access Using FSO in High-Speed Rail Networks.
IEEE Netw. 2017, 31, 96–101. [CrossRef]

19. Fathi-Kazerooni, S.; Kaymak, Y.; Rojas-Cessa, R.; Feng, J.; Ansari, N.; Zhou, M.; Zhang, T. Optimal Positioning of Ground Base
Stations in Free-Space Optical Communications for High-Speed Trains. IEEE Trans. Intell. Transp. Syst. 2018, 19, 1940–1949.
[CrossRef]

20. Shen, C.; Tekin, C.; Schaar, M. A Non-Stochastic Learning Approach to Energy Efficient Mobility Management. IEEE J. Sel.
Areas Commun. 2016, 34, 3854–3868. [CrossRef]

21. Shen, C.; Schaar, M. A Learning Approach to Frequent Handover Mitigations in 3GPP Mobility Protocols. In Proceedings of the
2017 IEEE Wireless Communications and Networking Conference (WCNC), San Francisco, CA, USA, 19–22 March 2017; pp. 1–6.

22. Hayashi, M.; Tsunemitsu, Y.; Maeyama, T. Analysis of Penetration Loss of Ultra High Frequency Band Radio Waves on Trains.
IEICE Electron. Express 2015, 12. [CrossRef]

23. Zhang, L.; Rodríguez-Piñeiro, J.; Fernández, J.; García-Naya, J.A.; Matolak, D.W.; Briso, C.; Castedo, L. Propagation Modeling for
Outdoor-to-Indoor and Indoor-to-Indoor Wireless Links in High-speed Train. Measurement 2017, 110, 43–52. [CrossRef]

24. Zhang, Q.; Sun, H.; Feng, Z.; Gao, H.; Li, W. Data-Aided Doppler Frequency Shift Estimation and Compensation for UAVs. IEEE
Internet Things J. 2020, 7, 400–415. [CrossRef]

25. Zhang, C.; Wang, G.; Jia, M.; He, R.; Ai, B. Doppler Shift Estimation for Millimeter-wave Communication Systems on High-speed
Railways. IEEE Access 2019, 7, 40454–40462. [CrossRef]

26. Wu, C.; Wang, Y. Cognitive Communication in Rail Transit: Awareness, Adaption, and Reasoning. IT Prof. 2017, 19, 45–54.
[CrossRef]

27. Wu, C.; Wang, Y.; Yin, Z. Realizing Railway Cognitive Radio: A Reinforcement Base-Station Multi-Agent Model. IEEE Trans.
Intell. Transp. Syst. 2019, 20, 452–1467. [CrossRef]

28. Rojeena, B.; Rakesh, S.; Haejoon, J. Future Is Unlicensed: Private 5G Unlicensed Network for Connecting Industries of Future.
Sensors 2020, 20, 2774.

29. Wang, C.; Ghazal, A.; Ai, B.; Liu, Y.; Fan, P. Channel Measurements and Models for High-speed Train Communication Systems: A
Survey. IEEE Commun. Surv. Tutor. 2017, 18, 974–987. [CrossRef]

30. Duan, B.; Li, C.; Xie, J.; Zhou, D.; Wu, W. Positioning Algorithm Based on the Fingerprint Database by Twice-fuzzy Clustering in
the High-speed Railway Scenario. IEEE Access 2020, 8, 64846–64856. [CrossRef]

31. Hussain, S.M.S.; Aftab, M.A.; Ustun, T.S. Performance Analysis of IEC 61,850 Messages in LTE Communication for Reactive
Power Management in Microgrids. Energies 2020, 13, 6011. [CrossRef]

32. Lai, W.K.; Shieh, C.; Chou, F.; Hsu, C.; Shen, M. Handover Management for D2D Communication in 5G Networks. Appl. Sci.
2020, 10, 4409. [CrossRef]

http://doi.org/10.1109/TITS.2017.2685426
http://doi.org/10.1109/MNET.2017.1600167NM
http://doi.org/10.1109/TITS.2017.2741999
http://doi.org/10.1109/JSAC.2016.2612038
http://doi.org/10.1587/elex.12.20150142
http://doi.org/10.1016/j.measurement.2017.06.014
http://doi.org/10.1109/JIOT.2019.2943608
http://doi.org/10.1109/ACCESS.2018.2861889
http://doi.org/10.1109/MITP.2017.3051334
http://doi.org/10.1109/TITS.2018.2849824
http://doi.org/10.1109/COMST.2015.2508442
http://doi.org/10.1109/ACCESS.2020.2985211
http://doi.org/10.3390/en13226011
http://doi.org/10.3390/app10124409

	Introduction 
	G-R for HSRs 
	Architecture of Networks 
	Planning of the Handover Zone 
	Handover Measurement of SCell and NCell 
	SS-RSRP 
	SS-RSRQ 
	Dynamic Hysteresis Margin of SS-RSRP/SS-RSRQ 


	Fast Handover Algorithm 
	Analysis of the Feasibility of the Fast Handover Algorithm 
	Moving Speed of HST 
	Moving Direction of HST 
	Process of the Fast Handover Algorithm 
	Speed Decision 
	Location Recognition of UE 
	Weight Calculation of the Handover 


	Experiment and Analysis 
	Simulation Parameters 
	Simulation Results 

	Conclusions 
	References

