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Abstract—To satisfy the ever increasing capacity requirements
resulting from the rapid developments of the railway industry,
future 5G based high-speed railway (HSR) wireless networks
begin to consider using millimeter wave (mmWave) bands to
expand the frequency spectrum together with the beamforming
technology to guarantee the radiation range. Nevertheless, due
to the high time consumption of beam alignments and the high
mobility of trains, significant angle offsets will be induced during
the initial access (IA) processes, which may completely invalidate
the final determined beam pair. To solve this problem, in this
paper we take advantage of the periodicity and regularity of
trains’ trajectory and propose a fast IA scheme, in which the
beam training set is reduced by learning from historical beam
training results and further adjusted during the IA process to
compensate the angle offsets due to movements of trains. To
guarantee the whole network robustness, in this study a dual-
band HSR network by integrating both legacy sub-6GHz bands
and mmWave bands is considered, under which the standby
omnidirectional sub-6GHz link can help facilitate the IA process
of the mmWave communication part. Theoretical and numerical
results have shown that the proposed scheme can enhance the
IA success probability and reduce the IA time consumption.

Index Terms—Beam alignments; dual-band HSR wireless net-
works; history learning; initial access; mmWave beamforming

I. INTRODUCTION

On future artificial intelligence (Al) based smart trains, more
and more devices with advanced control and communication
functions, such as real-time video surveillance cameras, will
be deployed to guarantee the operational safety. Moreover,
onboard passengers also have a strong desire for high-quality
mobile services during long journeys, just as at home. Ob-
viously, these applications demand more capacity from high-
speed railway (HSR) wireless networks [1]. Nevertheless, the
almost saturated lower frequency bands cannot shoulder this
huge burden. To catch up with the rapid developments of
the railway industry, future 5G based HSR wireless networks
have envisioned on the use of millimeter wave (mmWave)
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bands that have massive available spectrum to satisfy the ever
increasing capacity requirements [2], [3]. However, mmWave
bands experience much higher path loss than that of lower
frequency bands, unfortunately resulting in a limited coverage
range. To overcome this drawback, it has been widely agreed
that the directional beamforming technology, which has the
ability of concentrating the energy of desired signals towards
a target direction, is definitely necessary for mmWave com-
munications to expand the signal propagation distance [4], [5].

In mmWave communications, although narrow beams
formed by the beamforming technology can expand the cover-
age distance, it also complicates the initial access (IA) process.
As a direct and effective scheme, the exhaustive search (ES)
method through one-by-one tests is mostly employed to align
beams between transmitters and receivers, but it may cause
a large access delay [6], [7]. From the perspective of exe-
cution timing, the entire IA process consists of two phases,
i.e., cell search (CS) and random access (RA) [8], [9]. In
the CS phase, mmWave remote radio units (mmW-RRUs)
sweep beams towards all directions so that users can discover
them. Meanwhile, users go through all receiving directions
to measure the signal quality of transmitting beams one by
one and record the index of the best beam. In the RA phase,
through the receiving direction that the best transmitting beam
is detected in the CS phase, users send the index information
of the best transmitting beam to mmW-RRUs. To capture
this information, mmW-RRUs go through all the receiving
directions. Since the number of beams in transceivers is at
a large scale, the ES method will introduce excessive delay in
link establishments. Especially, in HSR networks, the speed of
trains is so high that the position offset during the long-lasting
IA process will result in severe angle offset and invalidate the
aligned beams.

In wireless communications, it is commonly known that
wireless channels highly depend on the propagation envi-
ronments, while the propagation environments highly depend
on the physical position of users. Currently, especially in
China, the major terrian of railways is the viaduct, where
the scattering environment is simple and the wireless channel
is approximately line-of-sight (LOS) [10]. In addition, after
using the beamforming technology, with respect to LOS links,
the non-LOS (NLOS) components with relatively low signal
strength can be neglected [11]. As a result, the wireless
channels in HSR scenarios have a strong relationship with
the positions of trains. Based on this observation, we propose
a fast beam alignment scheme, in which the position infor-
mation of trains is used as a basis to determine the beam
training set for each beam training, instead of sweeping the

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.2971856, IEEE

Transactions on Vehicular Technology

full space. Since in HSR scenarios the trajectories of trains
show a strong periodicity and regularity, for a geographic
position, the historical beam training results become valuable
references for future beam training processes. Therefore, in
the proposed scheme, for a given position, the beam training
set is reduced and periodically updated based on the latest
historical training results at the same position. At the very
beginning of the proposed scheme, a conventional full-space
beam training process is still needed, so that the best beam pair
can be determined and mapped for every position. Then, at the
following time, the beam search space is reduced to several
beams around the best beam pair recorded in the latest beam
training process. Intuitively, in relatively stable environments,
at the same position the angle offset of the best beam pair
recorded in two adjacent beam training processes will not be
large, implying that the new updated beam training set has
high probability of not missing the best beam pair. Therefore,
without beam alignment failures, this iterative beam training
set update process will always go on. Once a beam alignment
failure happens, to guarantee the effectiveness of the following
beam training processes, a full-space sweeping will be re-
started to find the correct beam radiation directions under
current environments. Besides, in the RA phase, based on the
speed and traveling direction of trains, we propose to further
adjust the beam training set so as to compensate for the angle
offsets resulting from the movements of trains during the TA
process. Although in this paper our focus is on the mmWave
IA process, the high mobility in HSR is also challenging
the beam management during data transmissions. Unlike the
IA process, the beam channel information is available during
data transmissions, which can be used to facilitate the beam
tracking. Many existing works have studied the beam tracking
during data transmissions, such as [5], [12]. In the future,
we will continue the research on beam management for high-
mobility scenarios.

Observing that the spot-like coverage of directional
mmWave beams causes coverage blindness problem and as a
result heavily degrades the whole network robustness, HSR
wireless networks with high requirements on transmission
reliability will not depend only on mmWave bands. In this
paper, we propose to adopt the control/user-plane (C/U-plane)
decoupled network architecture to enable the integration of
both sub-6GHz bands and mmWave bands to guarantee the
coverage and mobility performance while augmenting the
capacity [13]. In this network, the control information with
strict transmission reliability requirements can be carried over
sub-6 GHz bands while the high-data-rate services can be
carried over mmWave bands to gain more capacity. In this
study, in terms of the IA process, the advantages of the
dual-band network architecture are discussed. Through the
omnidirectional sub-6GHz links, necessary control signaling
of the IA process can be timely fed back to guide and
accelerate subsequent operations.

For clarity, the main motivations and contributions of this
paper can be summarized as follows.

1) To guarantee the network robustness, we apply the C/U-

plane decoupled network architecture in future mmWave
based HSR wireless networks where reliable and om-

nidirectional sub-6GHz bands are integrated to mitigate
the inherent coverage blindness problem in mmWave
directional communications.

2) To realize fast beam alignments in the CS phase, we
propose to reduce the beam search space by learning
from the latest historical beam training results. Taking
the position information as index, a best beam pair look-
up table at time ¢-1 is established to provide valuable
references for the beam training set formulation at time
t.

3) To overcome the angle offsets caused by the high mobility
of trains during the time from CS to RA phases, we
further adjust the beam training set by adding beams
along the movement direction of trains.

4) To verify the effectiveness of our scheme, we derive the
closed-form expressions of IA success probability and
time consumption for both conventional and proposed
schemes and then conduct numerical study to demonstrate
that our proposed scheme can significantly enhance the
IA performance for HSR scenarios.

The rest of this paper is organized as follows. Section II
introduces the network architecture, analyzes the problems
encountered when using conventional IA scheme in HSR
wireless networks, and discusses some related works. Section
III proposes the history-learning based fast IA scheme and
presents the facilitated control signaling transmissions under
the dual-band HSR wireless network. Section IV gives the
mathematical modeling to evaluate the performance of the
proposed scheme, including IA success probability and TA
time consumption. Section V shows the numerical results.
Finally, Section VI concludes the paper.

II. NETWORK ARCHITECTURE AND RELATED WORKS

In this section, the sub-6 GHz and mmWave bands in-
tegrated network architecture is firstly presented. Then, the
conventional ES based IA process is introduced, following
which the beam alignment invalidation problem encountered in
high-speed railway scenarios is analyzed. Finally, some related
researches that aim at simplify the beam training process are
discussed.

A. Network Architecture

Observing the inherent coverage blindness problem in
mmWave directional communications, in this paper we apply
the C/U-plane decoupled network architecture to integrate sub-
6 GHz and mmWave bands so as to guarantee the coverage
performance while enhancing the system capacity [13]. To
improve the network deployment flexibility and baseband
resource utilization, cloud radio access networks (C-RANs)
are introduced in future 5G networks [14], according to which
network nodes in our system are therefore deployed under
the C-RAN architecture. The detailed network, from which
the research of this paper is developed, is shown in Fig. 1.
Two types of RRUs are linearly deployed along the rail, in
which lower frequency RRUs (LF-RRUs) use omnidirectional
antennas to ensure the macro coverage, while mmW-RRUs
adopt directional beamforming to overcome the path loss
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in mmWave bands. All RRUs are connected to a baseband
unit (BBU) pool through high-speed backhauls. To provide a
dependable connection for train passengers, an access point
(AP) and an mobile relay (MR) are deployed on the roofs
inside and outside trains, respectively. The inside AP firstly
collects the services of train passengers, which are then for-
warded to roadside RRUs via MRs. In this way, the problems
resulting from direct connections between onboard passengers
and roadside base stations, such as the large penetration
loss and group handovers, can be naturally avoided and the
whole train can be viewed as a single user, i.e., the MR.
Note that in this paper, the term ’user’ is used in general
communication scenarios, while "MR’ is dedicatedly used in
the HSR communication scenario. In this network, the control
information with strict transmission reliability requirements,
including the signaling of IA processes, is carried over sub-6
GHz bands while the high-data-rate services are carried over
mmWave bands in order to gain more capacity.
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Fig. 1. Network architecture.

B. ES Based IA Process

In current mmWave systems, the entire IA process consists
of two parts, the CS and RA phases. In Fig. 2, the details of
the ES based IA process are illustrated. As can be seen in
Fig. 2(a), in the CS phase, mmW-RRUs sweep transmitting
beams towards all available downlink directions. Meanwhile,
users go through all receiving directions to measure the
signal quality of every beam pair and record the index of
the best transmitting beam. In the following RA phase as
shown in Fig.2 (b), at first users randomly select a preamble
from a predefined preamble set in which the preambles are
mutually orthogonal [15]. Usually, the number of orthogonal
preambles determines the maximum number of users to be
allowed to simultaneously access this network. By coding the
recorded index of the best transmitting beam with the selected
preamble, the user then sends this information through the
exact receiving direction from which the best transmitting
beam is detected during the previous CS phase. Meanwhile,

the mmW-RRU goes through all receiving directions to capture
this feedback. If the received signal qualifies, the IA process
of this user will succeed. Considering that railway services
with strict transmission reliability requirements have absolute
priority, dedicated preambles can be pre-allocated for trains
to avoid the access collisions. Besides, in mmWave systems,
the preamble-coded information of the RA phase is carried by
narrow beams and transmitted only to the direction where the
best transmitting beam is detected in the CS phase, thereby
highly decreasing the access collision probability compared
with omni-directional wireless systems [8]. Based on these
observations, for simplicity, the access collision is not taken
into account in this study.

The best beam
pair in CS

The best beam
pair in RA

(a) CS phase

(b) RA phase

Fig. 2. The IA process: (a) CS phase. (b) RA phase

Due to the narrow beamwidth, the the number of beams at
transceivers is usually at a large scale, resulting in a severe
IA delay. Not only that, in high-speed railway scenarios,
trains will travel a long distance during the long IA process,
resulting in a significant angle offset with respect to the
selected beam directions in the CS and RA phases. In other
words, due to the angle offsets, the selected beam pair may
have already become less optimal or even totally invalidated.
In the following, we will give a simple example to unfold
this problem. Suppose the HSR wireless network is linearly
deployed, i.e., MRs and mmW-RRUs only need to sweep the
180°-space, and a 3°-beamwidth is used in both MRs and
mmW-RRUs. Then, the numbers of required beam scans in
the CS and RA phases are 3600 and 60, respectively, and
the total number of beam scans of the entire IA process is
3660. Suppose the duration of one beam scan is 16.7us [7],
then the time consumed by an IA process is approximately
61ms which corresponds to 6.1m distance offset with trains
travelling under the speed of 360km/h, a typical speed in
China. Since in high-speed scenarios the beam link is not that
stable, it is barely exaggerated that the IA process may be
triggered at anywhere within the coverage of mmW-RRUs.
Intuitively, the same distance offset will lead to a smaller
angle offset at the edge of mmW-RRUs than that near mmW-
RRUs. By respectively setting the inter-mmW-RRU distance
and the vertical distance between the rail and mmW-RRUs to
400m and 10m, the approximate angle offset corresponding to
the 6.1m-distance offset falls in the region of (0.02°,31.4°).
From this result, we can observe that when an IA process
is triggered at the area near mmW-RRUs, the angle offset
resulting from the large beam training delay is so significant
that it can be even as large as several times of the beamwdith.
In other words, the selected beams during the IA process may
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not match the current position of the train and lose the validity.

C. Related works

Recently, with regards to the long training time problem
of directional mmWave communications, researchers have
proposed many approaches to simplify the beam alignment
process. In [6], Chen et al proposed a fast and reliable beam
search scheme for indoor mobile scenarios, where learning
algorithms are leveraged to capture the wireless propagation
features in different mobility patterns. For HSR scenarios, with
the attainable position and speed information of trains, many
context-information based fast beam alignment schemes are
also presented. In [16], Va et al proposed a position-based
fast beam alignment scheme for HSR mmWave systems. N-
evertheless, most existing works emphasize the beam training
without considering the whole IA process. In this paper, we
analyze all possible problems encountered in HSR scenarios
during the whole IA process and provide potential solutions
to these problems. Another typical problem being inevitably
concerned under high-mobility scenarios is the Doppler effect.
Fortunately, it was found in [16] that directional beams with
dominating LOS paths will suffer only the Doppler shift
which can be easily corrected using frequency offset correction
techniques. By leveraging the regular movement patterns and
context information of trains under HSR scenarios, a Doppler
shift pre-compensation scheme is proposed in [17]. Based on
the above results, with high-performance frequency offset pre-
compensation technologies, HSR wireless systems, especially
when using directional mmWave communications, can well
handle the Doppler effect, and therefore we ignore the Doppler
effect in our analysis.

ITI. FAST IA SCHEME IN THE DUAL-BAND HSR WIRELESS
NETWORKS

A. The Proposed Scheme

Generally, especially in China, most rails are paved on
viaducts and rural areas, where the wireless channels are
mostly LOS [10]. As a result, the position information of
trains becomes a key reference to determine the coarse di-
rections of beams [18]. Nevertheless, due to the limitation of
the positioning accuracy and environmental information, we
cannot totally depend on the measured position information
to radiate beams. Based on this observation, we propose a fast
beam alignment scheme, in which the position information of
trains together with the latest historical beam alignment results
are both used as deterministic features to update the beam
training set for each beam training. Since in HSR scenarios
the trajectories of trains show a strong periodicity and/or
regularity, for a position the historical beam training results
become valuable references for future beam training processes.
Therefore, in the proposed scheme, for a given position the
beam training set is periodically updated based on the latest
historical training results at the same position as shown in Fig.
3(a). At the very beginning of the proposed scheme, a full-
space beam training process is still needed, so that the best
beam pair can be determined and mapped for every position.
Then, several beams around the recorded best beam pair are

selected to form a new beam training set for the next beam
training at this position. After finishing the next beam training,
another best beam pair will be selected and still another several
beams around this new best beam pair form another new beam
training set for the following beam training. As only the latest
beam training results are used as references in this scheme,
not all historical beam training results are needed to be stored
in the look-up table but only the latest ones, saving storage
space.

Intuitively, in relatively stable environments, at the same
position the angle offset of the best beam pair recorded
in two adjacent beam training processes will not be large,
implying that the new updated beam training set has high
probability of not missing the best beam pair. Therefore,
without beam alignment failures, this iterative beam training
set update process will always go on. However, in outdoor
scenarios, mmWave signals will suffer severe environmental
impairments, such as extreme weather, which may cause
significant changes in propagation channels. In such situations,
the historical beam training may not match current propagation
environments and the already formed new beam training sets
may exclude the workable beams, resulting in beam alignment
failures. To guarantee the effectiveness of the following beam
training processes, once a beam alignment failure happens,
a full-space sweeping will be re-initiated to find the best
beam radiation directions under current environments and then
repeat the above procedures.

Besides, in this scheme, the angle offset caused by the
movement of trains during the CS phase is also taken into
account. As shown in Fig. 3(b), in the RA phase, the beam
training set of the CS phase is adjusted by adding beams along
the travelling direction of trains and deleting the same number
of beams in the opposite direction. The whole procedures of
the proposed scheme is summarized in Fig. 3(c). Obviously,
the proposed IA scheme can not only reduce the beam
alignment time, but also improve the effectiveness of final
selected beams by tracking the movement of trains during the
IA process.

B. Fuacilitated Feedback in The Dual-band HSR Wireless Net-
works

In mmWave communications, before directional links are
established, transmitters and receivers cannot communicate
with each other. As a consequence, in the IA process, related
control signaling needs to be broadcasted to all directions,
which leads to resource wastes. For instance, in the conven-
tional RA phase, without tunnels to get the beam training
results of the CS phase, mmW-RRUs have to sweep the
full space to broadcast the random access channel (RACH)
opportunities, so that users can know when to transmit the
RACH preamble. Instead, in the dual-band wireless network,
users keep dual connectivity with the network side, including
an omnidirectional link operating at sub-6GHz bands and a
directional link operating at mmWave bands, where the former
can help forward necessary signaling related to the directional
IA process. As shown in Fig. 4, we compare the IA procedures
with and without the assistance of omnidirectional links. In
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Fig. 3. The proposed fast IA scheme: (a) the CS phase, (b) the RA phase,
(c) the flow chart of the proposed scheme.

Fig. 4(b), by getting the information of the best beam in
the CS phase through the omnidirectional link, mmW-RRUs
can directionally send the RACH resource on the exact best
direction instead of the full space as in Fig. 4(a), thereby
saving more resources as well as operational time. In the
proposed scheme, the position of trains is a key information,
which is also carried on sub-6GHz bands. Moveover, the
standby omnidirectional links enable an immediate report of
the failure of directional links, and even a quick transmission
fall-back to sub-6GHz bands.

IV. MATHEMATICAL MODELS

In this section, we adopt the TA success probability and time
consumption as two metrics to evaluate the proposed scheme.
For comparison, we also present the performance analysis of
the conventional ES based IA scheme.
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Fig. 4. The IA signaling procedures: (a) conventional method, (b) proposed
scheme.

A. Theoretical Analysis for The Conventional Scheme

Firstly, we give the theoretical analysis of the IA success
probability in the conventional ES based IA scheme. In line
with the preceding sections, the IA success probability is
determined by two events, i.e., the CS and RA performance.
If and only if both CS and RA phases are successful, the
whole TA process can be defined as a success. In this paper,
the switched beamforming technology is applied, which means
the available beam directions are fixed. Considering the linear
network deployment in railway scenarios, the scan scope of
beams is set to 180°. Without loss of generality, we assume
that the number of beams at the mmW-RRU and MR sides
are Npg and Njrpr, respectively. Besides, we assume that at
each side the transmitting and receiving beams are the same.
Then, the transmitting beam codebooks (as well as receiving
beam codebooks) at mmW-RRUs and MRs can be respectively
expressed as

- N
Ofs = = 91153870%5’0338""9355} )
- N
Ok ™ = 911\4R7912\4R=9?\4R---79MA§R}
where 04 = ’T](\;;Sl) and 0%, = ”JS,Z;) Equivalently, the

beamwidths of the mmW-RRU and MR are 8ggs = NLBS and
Brs = §'—. respectively.

Without loss of generality, during the beam training, we
choose the beam pair with the highest received signal quality
as the best candidate. By respectively denoting the angle-
of-departure (AOD) at mmW-RRUs and the angle-of-arrival
(AOA) at MRs as ¢ o5 and 937 ¢g. the transmitting beam
should radiate towards

.CS . ;
Q?S,max = argmin (|9}BS - ¢5%Ss,cs|) 2)
055 €QEE =X

Similarly, MRs should receive at the direction of

,CS s i
0;;R,max = . arginin (|9§\4R - d)?\fIR,CSD (3)
e

Based on [19], the directional gain of antenna arrays can be
approximately modeled as a function of the beamwidth 5 and
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the angle difference Af between the main lobe and the real
orientation, i.e.,

G (8,A0)[dB] = 101g (ge—n(%ﬁ)"’) )

where n = 4log 2.

In the CS phase, only when the received signal quality
is beyond a predefined threshold I' can MRs successfully
discover an available mmW-RRU. Therefore, the CS success
probability can be expressed as

P8 (d) = Pr (Pt,Bs +G <5BS7 Aei—:écs)
+G (5MR, Ao;jgs) — PL(d)—&— No > F)
= Pr (Pups + G (Bs, 0557

+G ( Bmr, Mi}fs) —PL(d) - —No > f)

_o P,,,BS+G(BBS,Aeji;écs)+G(5MR,A9;§§S)—PL(d)—No—r)

g¢

®)

2
T dt. P; ps denotes the trans-

where @ (1) = \/%ffooe

mit power of mmW-RRUs. For clarity, we use AG%SéCS =
O — O5s.cs and ATE® = 03550 — dfipcs 10
facilitate the expression. In this paper, the free space path
loss model is used, i.e., PL(d) = 32.4 + 201g f. (GHz) +
201g+/d2;, + d? (m) [20]. & represents the Gaussian dis-
tributed shadow fading with mean zero and variance o?. Ny
is the noise power. To simplify the theoretical analysis of this
paper, we only consider the two dominant propagation fading
factors, i.e., the path loss and shadowing fading, just as in [4].

During the period from CS to RA, high-speed trains may
travel a considerable distance, causing angle offsets to the se-
lected beam directions in the previous CS phase. By denoting
the angle offset as A, 4 , the actual AOD of MRs and
AOA of mmW-RRUs in the RA phase become ¢4ip a4 =

PhircsTACssra ad OB ps = 9BscsTACsRA
Based on our previous work [5], the angle offset can be
modeled as
d+ Axes d
A% g4 = arctan <_;x> — arctan (d ) (6)

where Auz.s is the distance offset as shown in Fig. 2. To
simplify the expressions, we use L{3 pg and LEg \p to
represent the number of beam scans at mmW-RRUs and MRs
in the CS phase, respectively. Then, under the conventional ES
method, we can get LZ%T;S = Npg and L?éé]\?}% = Nuyn.
Suppose the order of beam scans is fixed as from the left to
the right both at mmW-RRU and MRs. In the conventional
ES based TA scheme, the final selected beam pair is decided
by testing all available beam pairs. Then, the distance offset
from CS to RA is determined by the interval between the
time of finding the best direction and the last sweeped beam.

Denoting the time consumption of a beam scan, the speed of
MRs and the index of the best direction as 7, v and [, ges.CS

BS,max
respectively, the distance offset can be expressed as

,RX
) LE§nnT 7
In the RA phase, through the receiving direction from
which the best transmitting beam is detected in the CS phase,
MRs send the recorded index of the best transmitting beam.
Meanwhile, mmW-RRUSs go through all receiving directions,

so that they will not miss this information. Consequently, the
best receiving direction of mmW-RRUs is

TX
Axes =0 (Les’ — Ies,0s
es CS,BS GBs,max

,RA . i
egs,max = . arg min (lelBS - ¢%§S,RA’) . (8)
boeagy-

Similarly, the RA success probability can be expressed as
(9) at the bottom of this page. To simplify the expressions, we
use AQEA = Ggséf%n‘?ax — ¢%s.ra in (9). By combining the
above results, we can get the entire IA success probability of
the conventional ES method as

Yes (d) = PErC% (d) - PSR4 (d) (10)

It is obvious that the IA success probability strongly depend-
s on the distance between MRs and mmW-RRUs. The farther
they are away with each other, the lower the IA performance
will be. In fact, when MRs enter a new mmW-RRU and need
an IA process, they have the longest distance to mmW-RRUs
and therefore the lowest IA performance. Nevertheless, due
to the instability of directional beams, outage and loss of
synchronization will happen more frequently. In other words,
the TA process may happen anywhere. As aforementioned, in
the area near mmW-RRUs, due to the movements of trains
during the period from CS to RA, the consequent angle
offsets may totally invalidate the final selected beam pair.
This problem needs to be carefully addressed before applying
the mmWave communication technology into HSR wireless
networks.

Based on the result of the IA success probability, we next
analyze the IA time consumption. Denote the numbers of
beam scans at mmW-RRUs and MRs of the RA phase as
MEX pg and MEX ) . respectively. Then, under the con-

ventional ES based IA scheme, we can get Lecsgé( s = Nps,

LEd e = Nyr, Miilie = 1 and Mg = Nps. We
use T’ to represent a complete transmission frame duration
including both the IA and data delivery parts. Generally, if
an user fails in an IA process, it will wait for the next A
opportunity. Besides, in the conventional scheme, mmW-RRUs
broadcast the RACH scheduling information by sweeping the
whole space. Therefore, the total IA time consumption of the
conventional ES based IA scheme is

TX RX RX
D.s(d) = {LECSS,BS (Losvr+ 1)+ Mgiss

+ (Ses(d) = 1)T } .

su

P& RA (d) = Pr (Pf,,MR +G (ﬂMRa A0S + Aecss—u:m) +G (5357 AeféséRA) —PL(d)—&—No > F)

—P (Pt,A1R+G(ﬂJVIRaAQIE\;}gS‘FAggS*}RA)+G(ﬂss,AoeBséRA)PL(d)NUF) )]

o¢
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where S, (d) represents the total number of IA attempts which
follows the geometric distribution as [21]

P (Ses(d)=85)=(1- ’)’eS(d))S71763(d)

and has an average E [S.s(d)] = %M)' Consequently, the
average [A time consumption to successfully access an mmW-
RRU can be given as

(12)

es, TX es,RX es,RX
E[D.s(d)] = {LCS,BS (Lesyrt+ ) +Mpips| ™

+ (52w -1 .

B. Theoretical Analysis for The Proposed Scheme

Similarly, in this subsection, we will first analyze the IA
success probability of the proposed scheme, and then formu-
late the IA time consumption. In the proposed IA scheme,
to reduce the beam training time and complexity, mmW-
RRUs and MRs reduce the beam search space into several
beams based on the historical beam training result. In the
CS phase, suppose at time t — 1 the finally selected best
transmitting beam by mmW-RRUs is at angle ngé”ﬁ S with
the index [ gusa’tcj and the finally selected best receiving beam
by the MR is at angle Gﬁ;‘;ﬁfl with the index Iﬂgffl.
As aforementioned, considering the positioning errors and
environmental conditions, the previous beam training results
cannot completely match the current wireless channel. Without
loss of generality, we express the AOD of mmW-RRUs and

. ,CS ,CS
AOA of MRs at time ¢ — 1 as ¢3¢, and ¢f;% ;. Then,
at time ¢, because of the possible environmental impact, the
AOA and AOD respectively become
,C8 ,CS
Opsi = Ppsi—1 T Aps (14)
and
.08 ,CS
Ooarpe = Prpi1 +AMR (15)
where Apg and Ajsr respectively denote the angle offsets
at mmW-RRUs and MRs from time ¢ — 1 to ¢. Without
loss of generality, we assume that Apg and A, follow
zero-mean Gaussian distributions with variance of 0% and
031 . Tespectively, ie., ohor” ~ N (qﬁ%rgﬁ 5170'235) and

pro,CS pro,CS 2
¢MR,t ~ N ¢MR,t—1a‘7MR~

In the proposed scheme, to reduce the beam training set
without degrading its effectiveness, we propose that the beam
training sets of mmW-RRUs and MRs at time ¢ are reduced
to the X§g and X {5, beams symmetrically surrounding the
selected best beams at time ¢ — 1, Q%T;’ﬁ S and 9%‘}5?51,
respectively. For simplicity, we set X§%5 and X§% to odd
numbers. Then, at time ¢, the beam training set of mmW-

RRU denoted by A%, gtc 5 and the beam training set of MRs

cs .
denoted by A%}%7" can be respectively expressed as
os_Xx§g-1 ,Cs
Apro,CS _ QI%):SO,t—lf Bég 015:8'0,1,7171
Bst — \Ums »Upg )
16)
ro,C'S ro,C'S ro,cs | X§8-1 (
ngs,t71 Igs,i—l_‘—l ejlgs,t—l+ B2S
Bs Vs v Upg

and
r xG%H-1 r0,C'S

Apro,CS _ 9111&102,’5—1_ M§ gfﬂ%,t_l—l

MRt MR VMR )

17

[pro.Cs [pro.Cs +1 [pro.Cs +Xfﬁ371 ( )
g MRt-1 g MRt—1 g MEt-1 2

MR 'YMR s 9 VMR

It should be noted that to simplify the expression of beam

training sets in (16) and (17), we use the indices of angles to

represent beams according to the definition in (1). Therefore,
pro,CS

the central beams in (16) and (17) satisfy 655" = 9’]’;;’5 s

pro,CS
and 6,7 = 9%‘;%351, respectively.

Similarly, in the proposed scheme, the beam pair that
achieves the highest received signal quality will be selected
as the best candidate. Based on the antenna gain expression
in (4), it is obvious that the beam that has the smallest angle
difference from the real angle of time ¢ will output the highest-
quality signals. Therefore, the best transmitting and receiving
beams at time ¢ can be respectively given as

pro,CS pro,CSy __ . i pro,CS
[9Bs,t Ipsy ]= argmin (‘935 — PBs)t D (18)
01‘ eApro,CS
Bs<ABs,t
and
pro,CS ypro,CSy __ . i pro,CS
[GIMR,t 7IMR,t |= arg mmcs (‘QBS - ¢MR,t D - (19)
pro,

055 EANR

In the CS phase of the proposed IA scheme, the beam
training sets at both mmW-RRUs and MRs are reduced
based on the historical training results of the same position.
Nevertheless, although the selected training beams surrounds
the most possible target direction determined by the previ-
ous training result, under large positioning errors or severe
environmental impact this scheme still suffers the risk of
performance degradation without full-space sweeping. In the
worst case, if the real AOA or AOD are out of the scope of the
selected beam training set, the entire IA process will definitely
fail. Furthermore, even though the selected beam training
set can cover the MR, the IA process will still fail if the
received signal quality is under the threshold. Consequently,
in the proposed scheme, the success probability of the CS
phase is determined by two independent factors, namely the
accuracy of selected beam training sets and the received
signal quality, which can be formulated as (20) at the bottom

pro,CS _  ppro,CS pro,CS
of next page, where Afpg Ops: — ¢ps; and

Aepro,CS o epro,CS pro,CS
MRt — YMR;t ¢MR,t . . .
Next, we will analyze the success probability for the RA in

the proposed scheme. In high-speed railway scenarios, during
the interval from CS to RA, trains may have traveled long dis-
tances. To compensate the corresponding caused angle offsets,
we propose to adjust the beam search space by adding AX 4
beams towards the same direction of trains’ movements while
deleting AXgr4 beams at the opposite direction. Then, the
beam training set of the RA phase becomes

,cs_X§§-1 ~0,C'S
Apro,RA o QI%):SO,t - Bég +AXRa QI%ISOJ -1
BS,t - BS »*YBS ’
21)
ro,C'S ro,C'S ro,cs , X§2-1 (
911p35,£ algs,t +1 ejgs,t +-B5—+AXpra
Bs UBs yVUpg
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Since in the proposed scheme the beam search space is
significantly downsized, the interval from CS to RA is also
highly reduced, thereby mitigating the angle offset problem.
Similar to (6), the angle offset can be expressed as

Axpro : dmin
d? + d?

min

ACS-pra = (22)

where Az, represents the distance traveled by trains during

the interval from CS to RA and can be calculated as
ro,CS ng -1 ro,CS cs
AZpro =0 I%s,}q —== L XyrT (23)

+ BS,t

2

Consequently, the AOA at mmW-RRUSs becomes

¢pro,RA

__ pro,CS
Bsi =9

Bet T ALS  RA 24
By going through all the receiving directions contained
in the beam training set, mmW-RRUs will select the best

receiving beam with the angle of

pro,RA ypro,RAy] __ . i pro,RA
0s: - 1gs; |= argmin (‘935—¢Bs,t D (25)
OhsEALS
,t

Similarly, the success probability at the RA phase is also
determined by two independent events, i.e., the event that the
new receiving beam set can cover MRs after their movements
from CS to RA and the event that the received signal quality
is beyond the threshold. Therefore, the RA success probability
of the proposed scheme can be calculated as (26) at the bottom
of this page, where AH%T&’;%A = eg’g’,’f“‘ — o gthA.

Based on the above results, with the proposed scheme, the
success probability of the entire IA process can be obtained
as

In addition, under the dual-band network architecture, the
RACH scheduling information can be directionally sent to the
best direction which is fed back through the omnidirectional
sub-6GHz link. Using 7y, to denote the time consumption
of the feedback process on omnidirectional links, the total
IA time consumption of the proposed scheme can be thereby

expressed as
E [Dyro (d)] = (X5§ - Xik + XG5 +1) 7
+r+ (=7 — 1) T 28)
fo Ypro(d) :

V. NUMERICAL RESULTS

In this section, based on the formulated theoretical models
in Section V, we conduct numerical simulations to demonstrate
the TA performance improvements for our proposed scheme.
The parameter values are set as listed in Table I [22], [23].
Observing that IA processes may happen anywhere within
the coverage of mmW-RRUs due to the instability of beam
links, we investigate the performance of both conventional
and proposed schemes at all positions of mmW-RRUs. In
Fig. 5(a) and (b), the CS and RA success probabilities of
two schemes are shown, respectively. As shown in Fig. 5(a),
although some side beams are removed to reduce the beam
search space, the proposed scheme can still reach the same
CS performance as the conventional one. When it comes to
the RA phase, the situation is quite different. As can be
seen in Fig. 5(b), due to the long beam training time, when
the MR is in the area near mmW-RRUs where the beam
training is very sensitive to angle offsets, the conventional
scheme has a poor RA performance with almost as low as zero

Ypro (d) = PEIoCS (g . prro-fta (q) . (27)  success probability. On the contrary, in the proposed scheme,
cs cs CcSs cs
gpro.Cs_ Xpg—1 Ipro,cs+XBs—1 pro.0s_Xyp—! IpTo,CS+XAlR_1
pro,CS _ BS,t 2 pro,CS BS,t 2 . MRt 2 pro,C'S MR, t 2
Pr; (t,d) =Pr | 055 <¢psi <Ups Pr| 0y < Ours <Oug
Pr (P G AGLTeCS) 4 @ AGPTeCS) _ pL(d No>T
XPr{ryps+ BBs; BS,t + BumER, MRt - ( ) —&§—No >
Ipm,cs+Xg§71 Ipm,csgq%éﬂ
9 BS.t ) _ro:Cs 9 BS.t ) _Pro:Cs
—|® BS Bsi-1 | _ BS BS.t—1
OBS OBS
Ipro,CS+X]cv}5;q{_l Ipro‘Csing%_l
g MRt T2 _gPTo,Cs g MRt — 2 _ oS
X @ MR MR,t—1 _ @ MR MR, t—1
OMR OMR
<P Py ps+G(Bps,A05 3 %)V +G(Brr, AR 7T )~ PL(d)—No—T
o¢
(20)
cs cs
Ip"""csfstilJrAX N Ip7vo,cs+XBS—1+AX
pro,RA _ BS,t 3 R pro,C'S pro BS,t 2 RA
Py (t,d) =Pr | 0% < psy  +Acsopra <Ops
Pr (P, G AGPTOCS L AP G AGSEA) _ pL(d No>T
XPr(ry,mr+ BMR, MRt TRcsopra) T BBs, BS,t - (d) =& — No >
. XCS—l . XC —1
I%7§}CS+452L+AXRA pro,CS _ Apro Glgsg,ytcs*%L*AxRA pro,CS _ Apro (26)
BS 7¢BS,t ~=2CS—RA BS 7¢BS,t ~=2CS—RA

o

OBS

pro,CS pro
AOyR: TACSRrA

-

OBS

)+G(Bps, A0S )~ PL(d)—No—T

«® (Pz.MR-i-G(ﬁMm

¢
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the beam search space is significantly reduced, mitigating the
angle offset problem caused by the movements of trains from
CS to RA. Therefore, in the angle-offset-sensitive areas, the
proposed scheme can still offer higher RA performance. While
in the area far from mmW-RRUs, the two schemes perform the
same, which is consistent with our intuition. As aforemention,
in addition to angle offsets, the received signal quality also
contributes significantly to the IA performance. As shown in
both Fig. 5(a) and (b), at points beyond 200m, due to the large
path loss and therefore low signal quality, on the whole the
CS and RA success probabilities drop sharply. In addition to
propagation fading, the antenna gain, which is sensitive to the
angle differences between the real orientation and the main
lobe direction as in (4), is another factor that greatly affects
the received signal quality in mmWave communications. In
our study, the switched beamforming technology with fixed
beam radiation patterns is used, and therefore within a given
distance, trains and mmW-RRUs may always select the same
beam pairs, causing variations for the antenna gain within this
distance. For clarity, in Fig. 5(c), we show the changes of the
sum of the transmitting and receiving antenna gain according
to the movements of trains within an mmW-RRU. As a result,
as shown in Fig. 5(a) and (b), at the edge areas of mmW-RRUs,
due to the antenna gain fluctuations, the success probability
curves are not smooth, and this phenomenon can also be found
in the subsequent results.

TABLE 1
PARAMETER SETTINGS

Parameters Values
A beam scan duration 16.7us [7]
Bandwidth 1GHz
Beam training period 100ms
MmW-RRU frequency band 32GHz
MmW-RRU transmit power 30dBm
Noise power -174dBm/Hz
SNR threshold 10dB
Time of sub-6GHz feedback 1ms
Variance of shadowing 6dB
OMR = 0BS 1°

In Fig. 6, the success probability of the entire IA process
under different velocity settings, which is actually the product
of the two success probabilities of the CS and RA phases,
is depicted. From an overall point of view, the IA success
probability has the same trend of that of the RA phase. In
the area near mmW-RRUs where the IA process is more
sensitive to angle offsets, the proposed scheme achieves much
higher performance than the conventional scheme. For the
area far away from mmW-RRUs, the whole performance is
pulled down by the low received signal quality. Moreover,
by comparing the results in Fig. 6(a) and (b), under the
same time duration, the higher the MR velocity, the larger
the angle offset is, and hence in the angle offset sensitive
areas near mmW-RRUs the conventional scheme under a lower
MR velocity shows higher performance than that under a
higher one. Nevertheless, even under a lower MR velocity,
the conventional scheme still fails at the area closer to mmW-
RRUs. Due to the reduced time consumptions, under different
MR velocity settings, the proposed IA scheme can always
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Fig. 5. Performance comparisons: (a) CS phase, (b) RA phase, (c) antenna
gain.

succeed at the angle offset area and therefore outperform the
conventional scheme.

In Fig. 7, the relationship between the size of reserved beam
search space for the proposed scheme and the IA success
probability is illustrated. Due to the high possible inaccuracy
in positioning systems and environmental impact, the recorded
best beam pair in the historical latest beam training process
may have some offsets with respect to the real wireless channel
at the current time. Therefore, in the proposed scheme, the
beam search space is reduced to the several beams around
the best beam pair recorded in the latest historical beam
training process, instead of directly using this recorded best
beam pair. In addition, during the period from CS to RA,
the movements of MRs will also cause a considerable angle
offset, especially in the area near mmW-RRUs. As shown in
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Fig. 7, the IA succuss probability at three different positions is
illustrated. Compared with the case at position 20m, the angle
offset at position 40m is lower, thereby leading to higher TA
success probability. While at position 120m, the high path
loss pulls down the received signal quality as well as the IA
performance. As for the effect of the size of the reserved beam
search space, from an overall point of view, the IA success
probability gradually goes to 1 with the increase of the size
of the reserved beam search space. That is because the more
beams are reserved, the higher the probability that the beam
training set can cover MRs will be.

-
T

v=360km/h
A XR A=1

Ngs™Nyr™

o
©

90

o
i

IA success probability
o
[}

—&— Position d=20m

—— Position d=40m

. .| —*—Positiond=120m | | .

4 6 8 10 12 14
CS_yCS

Xgs™XwR

Fig. 7. 1A success probability VS the size of reserved beam search space.

As discussed in the above, the angle offset resulting from

the movement of trains during the period from CS and RA
will also degrade the whole IA performance. To solve this
problem, in the proposed scheme, based on the speed and
traveling direction of trains, the beam training set of the RA
phase is adjusted by adding beams along the traveling direction
and deleting beams of the opposite direction. In Fig. 8, the TA
performance under different beam-number adjustments in the
RA phase is presented. As can be seen in Fig. 8, under the
current parameter settings, one-beam adjustment can almost
cover the angle offsets caused by the movements of trains
during the period from CS to RA. On the contrary, two-beam
adjustment increases the risk of missing MRs, thereby having
a slightly lower IA performance.

o
©
o
\ |
\ {
\ |
N\
.
\ |
\|
\
|
\
|

o
©

IA success probability

o
=3
o

—o—AXg,=1

/ ——AX,, =2
08 s ‘ ; RA T, ‘ s ‘
5 6 7 8 9 10 1" 12 13 14 15
CS_yCS
XBS_XMR

Fig. 8. IA success probability VS adjusted beams in the RA phase.

Finally, the average time consumption for different IA
schemes is compared in Fig. 9 with different beamwidth
settings. Since in the proposed scheme the beam search space
in both CS and RA phases is significantly reduced, the time
consumption is greatly reduced from an overall point of view.
In Fig. 9(a), the beamwidth is wider than that in Fig. 9(b). At
the cell edge, owing to the narrower beamwidth and thereby
higher antenna gain, the case in Fig. 9(b) has higher IA success
probability and achieves lower average IA time consumption.
Based on these results, we can find that to guarantee the
IA efficiency at the cell edge where the IA process happens
most frequently, the suitable inter-mmW-RRU distances for the
cases in Fig. 9(a) and (b) should be about 150m and 200m,
respectively. Besides, as discussed in Section III.B, in the dual-
band network architecture, through the omnidirectional link
the selected best beam in the CS phase can be timely fed back
to mmW-RRUs, thereby realizing directional notification of
the RACH resource and saving more time. In this simulation,
the time consumption of the feedback on the omnidirectional
sub-6GHz link is set to 1ms, one subframe duration of LTE.
In Fig. 9(a) and (b), the numbers of beam scans in the
mmW-RRU side are NgS = 90 and NS = 180, that
is, the time consumption of the RACH resource notification
for the two cases are respectively 90 x 16.7 ~ 1.5ms and
180 x 16.7 =~ 3ms, both longer than 1ms. As a conclusion,
the broadcast capability of omnidirectional sub-6GHz links in
the dual-band network architecture can facilitate the operations
of directional mmWave links and save more time.
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VI. CONCLUSIONS

To catch up with the rapid developments of the railway
industry, the railway wireless networks need to evolve to the
future 5G based HSR wireless networks, which have a great
potential in exploring bandwidth-rich mmWave bands to meet
the ever-increasing capacity requirements. To overcome the
severe path loss of mmWave bands, beamforming is widely
viewed as the necessary technology of future mmWave com-
munications to guarantee the radiation range. Nevertheless,
the spot-like narrow coverage of beams complicates the initial
access (IA) processes. In this paper, by taking advantage of
the periodicity and regularity of trains’ trajectory in HSR
scenarios, we propose a fast IA scheme through learning
from historical beam training results. To reduce the IA time
consumption, according to the position information, the beam
search space during the CS phase is reduced to several beams
around the best beam pair recorded in the latest beam training
process. To compensate the angle offset during the period from
CS to RA, the proposed scheme also adjusts the beam training
set by adding beams along the train’s traveling direction
while deleting beams along the opposite direction. Besides,
to enhance the network robustness, the C/U-plane decoupled
network architecture is applied to integrate both sub-6 GHz
and mmWave bands to guarantee the coverage performance
while enhancing the capacity. In the dual-band network archi-
tecture, necessary control signaling during the IA process can

be timely fed back via the more reliable omnidirectional links,
thereby further accelerating the whole process and saving
time. Theoretical and numerical results have shown that the
proposed scheme can significantly increase the IA success
probability and reduce the average IA time consumption.
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