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Abstract
In 3GPP New Radio (NR), high-speed train 

(HST) is considered as one of the essential ver-
ticals in 5G applications. In this article, architec-
tures and applications of 5G network slicing to 
HST are described. In addition, both higher layer 
and physical layer technologies are proposed to 
improve the quality of train communication in a 
5G system. End-to-end network slicing that pen-
etrates both the core network and radio access 
network can meet various performance require-
ments for 5G HST use cases, thanks to the flexi-
bility offered by the proposed technologies. The 
higher layer technologies proposed in this article 
cover initial access, mobility management, and 
linear cell designs. Following the descriptions 
of evaluation parameters for the HST scenario 
adopted in 3GPP, the proposed physical layer 
technologies for HST applications including 
numerology and reference signal designs are 
explained. Link-level evaluation results are shown 
to demonstrate the superior performance of the 
proposed methods.

Introduction
In order to efficiently support a wide range of fifth 
generation (5G) services such as general human-
type broadband access, massive machine-type 
communications, and high-reliability latency-crit-
ical applications, network slicing has been pro-
posed as an enabler for allowing the coexistence 
of diverse service verticals over the same physical 
infrastructure [1]. Using software-defined network-
ing (SDN) and network functions virtualization 
(NFV) techniques, network slicing can create sep-
arate and independent logical networks (i.e., net-
work slices), in which each slice is tailored for the 
specific use case on top of a common physical 
network [1]. By employing network slicing, the 
overall network resource usage will be more effi-
cient, flexible, and scalable, as well as meet the 
distinct requirements of each service. Network 
slicing is typically implemented in an end-to-end 
manner encompassing the core network (CN) 
and radio access network (RAN) [1]. In the Third 
Generation Partnership Project (3GPP), network 
slicing features are being standardized, mainly in 
the 3GPP system aspects (SAs) working groups 
(WG)2, RAN2, and RAN3 WGs) [2, 3].

High speed train (HST), considered as one 
of the verticals in 5G, has been discussed in 

3GPP 5G New Radio (NR) [4]. With the avail-
ability of several hundreds of megahertz of 
bandwidth, the super high frequency (SHF), 
including millimeter-wave (mmWave), is seen 
as an attractive frequency band for enhanced 
mobile broadband (eMBB) services dedicat-
ed for passengers in the HST. An access link 
for the passenger user equipment (UE) on the 
train can be established through an onboard 
relay deployed on top of the train carriage, 
distributing data to passengers in all carriages. 
Field trials were conducted to investigate feasi-
bility and achievable data rates using mmWave 
communication for train systems in South 
Korea [5] and Japan [6].

Network slicing can bring several benefits to 
HST applications in terms of security of connec-
tions and flexibility to support a variety of oper-
ations for trains and railway equipment in a train 
system. Supporting network slicing in the 3GPP 
HST scenario involves two aspects, namely, sup-
port for diverse services in the HST network and 
mobility management. An advantage of network 
slicing is that performance can be isolated per 
slice, making the technology suitable for various 
HST use cases in which quality of service (QoS) 
or reliability depends on the speed of the train, 
train operations, availability of frequency bands, 
or network design.

In this article, slicing concepts for various 
HST-specific applications are described. Consid-
ering the above mentioned end-to-end slicing, a 
set of higher layer and physical layer technolo-
gies optimized for HST-specific use cases having 
different levels of QoS, reliability, and latency is 
proposed. While the proposed higher layer tech-
nologies include initial access, handover methods, 
and cell designs, the proposals for physical layer 
technologies for HST include numerology and ref-
erence signal designs. In addition, the system and 
channel models adopted in 3GPP NR to assess 
the proposed technologies are described in this 
article.

Network Architecture and 
Higher Layer Designs

In this section, we first describe a network archi-
tecture focusing on the support for network slic-
ing in the HST scenario, and then provide higher 
layer design issues including initial access, mobility 
management, and linear cell designs.
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Support for Network Slicing in HST
As one of the slices supporting diverse services in 
HST, a mobile broadband slice may provide high 
definition (HD) video streaming or high-speed 
Internet access service for passengers with a cer-
tain QoS requirement between the UE and the 
core cloud, as illustrated in Fig. 1. Thanks to the 
NFV-based mobile edge computing capability, 
local caching servers deployed at the edge cloud 
as baseband units (BBUs) or onboard relay sta-
tions can offer traffic offloading and latency reduc-
tion.

There may also be a mission-critical slice for 
critical train communications such as safety and 
control message delivery and surveillance. In the 
mission-critical slice, most core network func-
tionalities will be processed at the edge cloud in 
order to minimize latency. One example of safety 
and control message delivery can be communica-
tion between a train conductor and rail operating 
center. In addition, different kinds of trains such 
as cargo, passenger. and maintenance trains may 
share the same track, creating a need for configu-
rable reliability or QoS in a slice.

Another example will be a machine-type slice, 
which can be used for the machine-type track-side 
sensors measuring and monitoring the track sta-
tus. These machine-type applications are typically 
delay-tolerant and have no mobility. Therefore, 
CN functions can be carried out at the centralized 
core cloud for cost effectiveness, and mobility 
management functionalities can be omitted in the 
slice. Conversely, slices that support UEs inside 
the train face very challenging mobility require-
ments, especially during handovers. Hence, a 
powerful handover management functionality in a 
slice is needed such as the functionality explained 
in [7].

Initial Access Methods and  
Mobility Management

Considering requirements for low latency and 
high reliability within a slice, initial access methods 
and mobility management can be improved for 
the 5G slicing-based HST system. Let us illustrate 
an example of an architecture of a directional net-
work for HST communications with multi-beam 
operations in Fig. 2, where the ith BBU is con-
nected with m remote radio heads (RRHs) along 
the rail track. The architecture of the directional 
network is defined as a dedicated network archi-
tecture for HST communications where multi-
ple RRHs are deployed along the rail track and 
equipped with antennas for generating directional 
beams via analog or digital beamforming tech-
niques.

The synchronization signal (SS) structure 
adopted by NR [8] is also shown in Fig. 2, which is 
designed to support advanced hybrid beamform-
ing techniques enabling multi-beam operations. 
As shown in Fig. 2, an SS burst set contains one 
or several SS bursts. In addition, each SS burst has 
one or several SS blocks (SSBs) corresponding to 
different transmission beam directions from next 
generation NodeBs (gNBs).

According to [9], an SSB consists of a prima-
ry synchronization signal (PSS), a secondary syn-
chronization signal (SSS), and a primary broadcast 
channel (PBCH) as defined and depicted in Fig. 2. 
The PSS and SSS carrying cell and sector ID are 

used for a cell search and synchronization, while 
the PBCH is used for delivering part of the mini-
mum system information.

Accordingly, the physical random access chan-
nel (PRACH) and related random access (RA) 
procedure are optimized for the NR SS structure. 
In the case of the PRACH design, a sequence 
length of 139 is adopted in NR for above 6 GHz 
frequency bands for subcarrier spacing (SCS) 
values of 60 kHz and 120 kHz. Furthermore, for 
enabling multi-beam operations, more use cases 
for PRACH are defined compared to the Long 
Term Evolution (LTE) system, such as beam failure 
recovery (BFR) request and on-demand system 
information (SI) request.

In case of the RA procedure, a simplified two-
step RA procedure, consisting of transmission of 
preamble and RA response between UE and gNB, 
respectively, is more suitable than the convention-

Figure 1. Application of 5G slicing concepts to the HST scenario.
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al four-step RA procedure, which is depicted in 
Fig. 2, in the HST scenario since the onboard relay 
is accessing the network without contention in a 
typical HST use case. Hence, the last two steps 
in the conventional four-step RA procedure for 
contention resolution are not necessary; a simple 
exchange of request from UE and RA response 
including uplink (UL) grant will be sufficient for 
the RA procedure in the HST scenario.

For mobility management in the HST scenar-
io, a different procedure can be employed for 
intra-BBU mobility and inter-BBU mobility man-
agement to guarantee robust connectivity. When 
considering intra-BBU mobility, the onboard relay 
will receive multiple SSBs transmitted on different 
transmitted beams from RRHs. Since all RRHs in 
Fig. 2 are connected to the same BBU, SSBs in 
the same SSB burst set can be assigned to differ-
ent transmission beams of multiple RRHs. In this 
case, the onboard relay may understand that all 
RRHs are spatially quasi co-located (QCLed), and 
all transmission beams from different RRHs are 
from the same gNB. When the train is moving 
from the coverage of one RRH into the cover-
age of another RRH under the same BBU, the 
BFR procedure can be triggered for maintaining 

the radio link instead of handover. For inter-BBU 
mobility management, it is beneficial to directly 
implement the two-step RA procedure instead of 
triggering an LTE-like conventional hard handover 
procedure due to its simplicity and quickness. The 
main motivation here is to reduce the probability 
of radio link failure (RLF) when implementing con-
ventional hard handover in the HST directional 
network [10].

Frequency Reuse Factor for 
Linear Cells in HST

The mission-critical slice requires consistent con-
nectivity and cell designs that can be configured 
to reduce inter-cell interference. In the HST sce-
nario, a linear cell that linearly covers its service 
area alongside the moving direction of a mobile 
station is suitable because of antennas with nar-
row beamwidth used in mmWave communica-
tions. Normally, the 5G NR system will operate 
with a frequency reuse factor of one. However, 
other frequency reuse factors can be employed 
to avoid intercell interference in linear cells.

A use case for implementing a frequency reuse 
factor of more than one is described below.

Due to the large propagation loss in the SHF 

In the HST scenario, a 
linear cell that linearly 
covers its service area 
alongside the moving 
direction of a mobile 
station is suitable because 
of antennas with nar-
row beamwidth used in 
mmWave communications. 
Normally, the 5G NR sys-
tem will be operated with 
a frequency reuse factor 
of one. However, other 
frequency reuse factors 
can be employed to avoid 
intercell interference in 
linear cells.

Figure 2. Initial access procedure: structure of SSB in NR and an example of deployment of the 
directional network for HST communications with multi-beam operations.
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or mmWave band, antennas with high directivity 
and narrow beamwidth are used to extend the 
coverage. In the linear cell configuration, due to 
the highly directive antenna, transmitted signals 
from the RRH in the adjacent linear cell will be 
seen as the interfering signal, as shown in Fig. 3a. 
An illustrative example of the proposed imple-
mentation to reduce the inter-cell interference is 
illustrated in Fig. 3b. In the proposed cell design, 
different center frequencies, indicated as f1 and f2 
in the figure, are used in adjacent linear cells [11]. 
In the example, f1 is used for linear cells A and C, 
while f2 is used in linear cell B. Thanks to different 
center frequencies between adjacent cells, signals 
transmitted from the RRH in linear cell A will not 
be seen by linear cell B, avoiding inter-cell inter-
ference.

System Descriptions and 
Channel Model for HST

Both system parameters and channel mod-
els adopted for the 3GPP 5G HST scenario 
are described in this section. The parameters 
described here are applicable to both link- and 
system-level simulations for technology evalua-
tions during the 3GPP 5G NR standardization pro-
cess. The system parameters and deployment 
example of BBU and RRH for the 3GPP HST sce-
nario in SHF are shown in Fig. 4. The distances 
between RRHs are adjusted such that the cell size 
of the linear cell is fixed at 1732 m. The cell size 
is determined based on the inter-site distance for 
the rural scenario [4].

As described in [11, 12], the inter-RRH dis-
tance and number of RRHs in a linear cell shown 

in Fig. 4 are determined using the propagational 
attenuation characteristics at 4 GHz and 30 GHz. 
For the cell size of 1732 m, which is also the cell 
size for the 4 GHz HST scenario, three RRHs are 
placed evenly to maintain the same attenuation 
level as in the 4 GHz system [11, 12]. Thus, main-
taining approximately equal inter-RRH distance 
between RRHs, 580 m and 572 m are chosen as 
the inter-RRH distance.

Due to the massive amount of data expect-
ed to be exchanged between the onboard relay 
and RRH, massive multiple-input multiple-out-
put (MIMO) antenna arrays are assumed to be 
deployed at both the onboard relay and RRH in 
the HST scenario, as shown in Fig. 4. While the 
center frequency is at 30 GHz, the number of 
cross polarized antenna elements at the RRH 
and relay are assumed to be up to 256 elements. 
Denoting the wavelength by l, horizontal and ver-
tical distances between elements are expressed 
by dH and dV, respectively, where dH = dV = 
0.5 l is assumed. Possible antenna configurations, 
including single- and multi-panel configurations 
with parameter values, are shown in Fig. 4.

In the HST scenario, several link-level chan-
nel models are adopted to emulate different 
deployment scenarios. As shown in [13], since 
the line of sight (LoS) component is expected to 
be dominant over the non-LoS components in the 
HST scenario, strong LoS component and narrow 
intra- and inter-cluster spreads are defined in the 
tapped delay line (TDL) and clustered delay line 
(CDL) channel model [14]. A typical range of the 
Rician factor in the Rician fading channel models 
for HST scenarios, denoted as K-factor in the arti-
cle, can be found in [13]. To be able to emulate 

Figure 3. a) frequency reuse factor of one for three linear cells; b) frequency reuse factor of two for three 
linear cells.
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environments with different strengths of LoS, K 
= 7 dB and 13.3 dB are chosen considering var-
ious HST environments such as open surround-
ings or canyon-like surroundings. To incorporate 
the above characteristics, TDL-D and CDL-D 
models with a strong LoS component, used for 
single-input single-output (SISO) and MIMO sys-
tem evaluations, respectively, are chosen for the 
HST scenario [14]. Note that in the 3GPP study 
on channel modeling [14], K = 7 dB is adopted 
for the channel model to characterize the urban 
macro scenario. In addition, 13.3 dB is used as 

the default value for the K-factor in the TDL-D 
model, which is designed based on the indoor 
hotspot model [14]. Similarly, two sets of root 
mean square (RMS) values for inter-cluster angu-
lar spreads are also adopted for the HST scenario. 
The inter-cluster angular spreads are defined by 
azimuth angle spread at arrival (ASA), azimuth 
angle spread at departure (ASD), zenith angle 
spread at arrival (ZSA), and zenith angle spread at 
departure (ZSD). The motivation for having two 
sets of parameters for inter-cluster angular spreads 
is that an open-view environment or reflected 

Figure 4. Configurations of antenna arrays, and locations of relay and RRH [8].
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transmitted signals from obstacles can be emu-
lated in the evaluation. Thus, the following two 
sets of ASD, ASA, ZSA, and ZSD are adopted in 
the 3GPP HST channel model: {5(ASD), 5(ASA), 
1(ZSA), 1(ZSD)} degrees and {5(ASD), 15(ASA), 
5(ZSA), 1(ZSD)} degrees.

Another crucial element in the channel model 
is the antenna height of the RRH or onboard relay 
station. In the study [15], it was shown that when 
the antenna height of the RRH is taller than that 
of UE, the transmitted signal has to propagate 
over a long distance to reach the UE antenna, 
leading to large power loss. Thus, to minimize 
the power loss, the heights of RRH and onboard 
relay are set to the same height at 2.5 m, which is 
also the adopted value in [10]. The details of the 
CDL-D model incorporating the above character-
istics can be found in [8].

Physical Layer Design Elements
Numerology Design

To be able to meet demands from different slic-
es, having multiple candidates for numerology 
optimized for HST use cases is crucial. For exam-
ple, a large value of SCS may be suitable for slic-
es that require low latency, since the large SCS 
reduces orthogonal frequency-division multiplex-
ing (OFDM) symbol and slot durations. Consid-
ering several causes of performance impairments 
such as Doppler shifts and phase noise, a careful 
consideration is needed in determining numer-
ology-related system parameters including SCS, 
fast Fourier transform (FFT) size, symbol length, 
and cyclic prefix (CP) length. In order to support 
various use cases and deployment scenarios at 
both below and above 6 GHz carrier frequen-
cies for HST, several candidates of numerology 
parameters are defined in 5G NR with scalable 
SCS values ranging from 15 kHz to 480 kHz [8]. 
Our objective is to provide appropriate numer-
ology sets among these candidates for the HST 
scenario.

The first factor involving the choice of SCS for 
the HST scenario is the Doppler shift or spread. 
Under the assumption that the channel hardly 
changes within an OFDM symbol duration, the 
orthogonality among the subcarriers is guaran-
teed, thereby preventing inter-carrier interference 
(ICI). In order to avoid the Doppler-induced ICI, 
larger SCS should be used so as to maintain the 
duration of an OFDM symbol shorter.

In addition to the Doppler effect, the effect of 
phase noise is significant in the SHF bands. This 
is because implementing a radio frequency (RF) 
oscillator with low phase noise characteristics is 
quite difficult in the SHF band. Since the level 
of performance degradation due to phase noise 
increases with the number of subcarriers, or FFT 
size, phase noise-induced performance degrada-
tion needs to be mitigated by employing larger 
SCS.

Figure 5 shows the spectrum efficiency as a 
function of signal-to-noise ratio (SNR), assuming 
train speed of 500 km/h. The carrier frequency 
at 30 GHz with the system bandwidth of 80 MHz 
is assumed. The LTE turbo code with quadra-
ture phase shift keying (QPSK) 1/2, 16-quadra-
ture amplitude modulation (QAM) 2/3, 64-QAM 
3/4, and 256-QAM 3/4 are assumed. The TDL-D 
model with K-factor 13.3 dB is used in the evalu-

ation. Candidate SCS values, denoted by Df, are 
shown in the figure. From the figure, it is clear 
that the spectrum efficiency is improved as the 
SCS becomes larger. This is because larger SCS is 
robust to the phase noise and high mobility. Note 
also that the higher modulation schemes such as 
64-QAM and 256-QAM are more sensitive to the 
phase noise and high mobility. According to the 
results, it is clear that implementing SCS larger 
than 60 kHz in the HST scenario yields superior 
spectrum efficiency performance compared to 
the SCS value of 15 kHz adopted in LTE.

Reference Signal Design
One of the critical reference signals in 3GPP is 
the demodulation reference signal (DMRS), from 
which the receiver can acquire precoded chan-
nel state information. A variety of time domain 
densities for DMRS specified in 3GPP 5G NR [9] 
are beneficial for network slicing since slices hav-
ing additional DMRS are ideal for trains with very 
high mobility, while slices having no additional 
DMRS are useful for supporting track-side sensors 
with no mobility.

As a baseline, in 5G NR, front-loaded DMRS is 
allocated in the front part of the slot, being capa-
ble of fast decoding [8]. An example of the front 
loaded DMRS is shown in Fig. 6a, where the first 
DMRS is placed in the third symbol in a slot, and 
control signals and uplink guard or data occupy 
the first and last two symbols, respectively. How-
ever, allocating only the front-loaded DMRS can 
lead to significant performance degradation, 
especially in a very high Doppler environment 
like the HST scenario where the channel tends 
to fluctuate in the time domain. Hence, as shown 
in Fig. 6a, additional DMRS that can be allocated 
after the front-loaded DMRS is required to track 
the time-varying channel coefficients. Of course, 
increasing the time-domain DMRS density can 
increase the DMRS overhead, resulting in reduc-
tion of the spectral efficiency. However, thanks to 
high mobility of the train, LoS components domi-
nate the non-LoS-components in the HST channel, 
making the HST channel less frequency-selective 
[13].

Hence, in order to reduce the DMRS over-
head and improve spectral efficiency, frequen-
cy-domain DMRS density reduction schemes can 
be considered, as shown in Fig. 6a. As illustrated 
in Fig. 6a, depending on the channel coherence 
bandwidth, either original density with 4 DMRS 
subcarriers/physical resource block (PRB) or 
reduced density with 2 DMRS subcarriers/PRB 
can be allocated. The frequency-domain DMRS 
density can be further reduced by allocating 
data-only PRBs having no DMRS within the PRB, 
realizing interleaved frequency domain multiplex-
ing (IFDM) at the PRB level. One of the examples 
of such a configuration is also illustrated in Fig. 
6a, where the DMRS-bearing PRB is placed every 
2 PRBs, with the density of DMRS denoted by d 
= 1/2, such that more data can be transmitted 
through the rest of data-only PRBs. This scheme 
is useful in the HST channel where the frequency 
characteristic of the channel is highly flat so that 
channel estimation for every resource block can 
be omitted. Another useful set of features of the 
proposed DMRS configuration is inter-cell inter-
ference avoidance and measurement. As shown 
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in Fig. 6a, different staggered patterns can be 
assigned to the neighboring cells using the same 
center frequency such that the transmitted signal 
from the neighboring cell can be measured by 
DMRS and possibly removed. In addition, using 
power boosting in DMRS, channel estimation 
can be more robust against inter-cell interference 
if DMRS configurations are staggered between 
adjacent cells.

The evaluation result for the proposed DMRS 
configuration with IFDM is shown in Fig. 6b. In 
the evaluation, SCS of 60 kHz is assumed, and 
different values of DMRS densities shown in Fig. 
6b are used. Speed of the train is set at 500 
km/h. The CDL-D model with 7 dB K-factor and 
(ASD, ASA, ZSA, ZSD) = (5, 15, 5, 1) degrees, 
and antenna array (M, N, P, Mg, Ng) = (8, 16, 2, 
1, 1) are assumed in the evaluation. In addition, 
the turbo code with coding rates 1/2, 2/3, 3/4, 
and 5/6, and QPSK, 16-QAM, 64-QAM, and 256-
QAM are used in the simulation. From the fig-
ure, the gain in the spectrum efficiency compared 
to the conventional scheme with d = 1 can be 
observed by reducing the density of DMRS in the 
frequency domain.

Conclusion
In this article, applications of network slicing 
to the 3GPP 5G NR HST systems and benefits 
obtained from the application are described. 
Higher layer technologies optimized for HST 
such as initial access, mobility management, and 
linear cell designs are explained. In addition, the 
evaluation assumptions in 3GPP HST and physi-
cal layer technologies including numerology and 
DMRS designs optimized for HST use cases are 
explained. Link-level evaluation results compar-
ing NR SCS values and legacy LTE SCS values are 
presented. The proposed DMRS configuration 
with reduced density in the frequency domain 
using IFDM is also evaluated with link-level simu-
lations. The aforementioned technologies enable 
flexible parameter selection at both higher layers 
and the physical layer, which is a prerequisite for 

end-to-end network slicing. As the result, satisfy-
ing a variety of QoS requirements for each slice 
becomes possible. The proposals and activities in 
3GPP presented in this article will hopefully shed 
light on applicability of network slicing for HST 
communication in 5G and open venues for new 
technical proposals.
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Figure 6. a) two configurations with reduced DMRS density, b) link level performance evaluation using 
PRB-level IFDM.
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The technologies dis-
cussed in this article 

enable flexible parameter 
selection at both the high-
er layer and physical layer, 

which is a prerequisite 
for end-to-end network 
slicing. As a result, sat-

isfying a variety of QoS 
requirements for each 

slice becomes possible.
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include 3GPP LTE/NR systems, high-speed train communica-
tions, mmWave mobile backhauling, and MANETs.
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