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ABSTRACT

The shortage and congestion of lower spectra
motivate the exploration of the broadband and
underutilized mmWave to be used in future pub-
lic mobile communications, and subsequently
future HSR mobile communications, which has
the potential to provide multi-gigabit rate radio
access for train passengers. However, due to the
inferior propagation characteristics of mmWave
and particularity of HSR scenarios, there are many
design challenges ahead. In this article, we tackle
those challenges by developing technical solutions
for mmWave broadband HSR systems. We first
propose feasible multiple access techniques and
frame structures based on OFDM and SC com-
munications, respectively. We then present prom-
ising train-trackside network architectures based
on different MIMO techniques, including BF and
SM, which have been viewed as the key enabling
technologies to realize mmWave communications
in outdoor environments. Moreover, we discuss
the inherent defects of each architecture and offer
the corresponding solutions or recommendations.
Finally, we conduct performance evaluation, and
discuss the advantages and disadvantages of the
proposed architectures. We hope this article will
stimulate further research on the innovative use of
mmWave in high-speed rail systems.

INTRODUCTION

According to a Cisco report published in 2015
[1], global mobile data traffic had grown by 69
percent, reaching 30 exabytes, and mobile equip-
ment had increased by 500 million, reaching 7.4
billion, by 2014. Moreover, the global mobile
data traffic will increase nearly tenfold with a
compound annual growth rate (CAGR) of 57 per-
cent between 2014 and 2019. To keep pace with
this exponential growth only relying on the cur-
rent common capacity enhancement approaches,
spectrum efficiency and network density, is inad-
equate; therefore, a novel approach is needed.
One approach, called spectrum extension, has
attracted tremendous attention lately. By exam-
ining global spectrum allocation, we find that
the spectra used by most radio communications
systems, such as AM/FM, cellular, satellite, and
802.11 WLAN, concentrate in the range between

300 MHz and 5.8 GHz, which have become
increasingly congested with mobile data traffic
growth, while a vast amount of millimeter-wave
(mmWave) spectra between 6 GHz and 300 GHz
is still underutilized and underexploited. Unfortu-
nately, mmWave experiences higher propagation
loss in free space. Moreover, mmWave signals
suffer from more serious penetration loss in
most common materials, such as glasses, metals,
brick walls, and concretes, than lower frequen-
cies, which depends not only on frequencies, but
also on the electrical properties of material being
penetrated. Furthermore, mmWave transmissions
have more stringent requirements on electron-
ic components, size, and power consumption
[2]. For these reasons, most research works on
mmWave communications still focus on indoor
or fixed point-to-point systems, such as 802.11ad,
WirelessHD  technology, ECMA-387, and
802.15.3c. The research on mmWave communi-
cations for outdoor mobile systems has received
intensive attention only recently, and thus more
thorough and deep investigations are needed. As
a special case of outdoor mobile systems, there
are few significant reports or technical specifi-
cations on mmWave for HSR communications.
Considering the fact that densely populated users
tend to gather in a single railroad carriage and
travel for extended periods of time, it is not hard
to imagine that they would be very interested in
Internet services, particularly multimedia services.
Unfortunately, due to the limitation of spectrum
bandwidth, even the latest generation high-speed
railway (HSR) communication system, LTE for
Railway (LTE-R), cannot provide broadband radio
access for each user in high-speed trains. Hence,
in this article, we explore the possibility of utilizing
ultra-wideband mmWave to offer high-speed, say,
multi-gigabit data rate, Internet services.

Despite more severe free space propaga-
tion loss experienced by mmWave because of
higher frequencies, the shorter wavelength of
mmMWave has the advantage that more antennas
can be deployed in the same area. For this rea-
son, researchers have reached the conclusion
that multi-antenna is a feasible way to overcome
the high free-space loss of mmWave, and is a key
enabling technique for mmWave mobile systems.
For example, Shu et al. studied spatial multiplexing
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(SM) and beamforming (BF) for mmWave mobile
systems, and showed that mmWave could achieve
very high performance in outdoor scenarios [3].
Hence, in this article, we propose a train-trackside
mmWave wireless system based on different mul-
tiple-input multiple-output (MIMO) technologies.
In addition to higher free space loss, due to the
particularity of mmWave spectrum and the HSR
scenario, we have to address the challenges below.

High Penetration Loss: The electromagnetic
waves must penetrate train shells if an mmWave
base station (BS) directly communicates with
users within a train. Due to the well-known fact
that the penetration loss of mmWave is more seri-
ous than lower bands [2], the link of train-track-
side transmissions should not rely on one-hop
communication.

High Doppler Shift: According to the formula for
Doppler frequency shift fy, ., = (b/A)cosb, the short
wavelength of mmWave and high speed of a train
may cause more serious Doppler frequency shift.

Handover Problems (Group Handover and
Highly Frequent Handover): Group handover is an
inherent problem for HSR wireless systems, caused
by highly concentrated users inside carriages that
share similar channel quality. Highly frequent han-
dover is also an inherent problem because of high
mobility, which is aggravated by mmWave since
the effective coverage of mmWave is generally
smaller than that of microwave under the same
power constraints to combat higher path loss.

Channel Status Information Feedback Delay:
The communication quality is more sensitive
to channel status information feedback delay
because of the fast time-varying channel caused
by high mobility. Furthermore, MIMO technolo-
gies have stricter requirements for feedback delay
and measurement instantaneity.

In this article, we focus on multiple access
techniques, frame structures, and train-trackside
network architectures that enable HSR mobile
systems to perform high rate transmissions by uti-
lizing ultra-wideband mmWave. In addition, we
provide several feasible solutions for solving or
alleviating the negative effect of the aforemen-
tioned design issues.

MULTIPLE ACCESS TECHNIQUES AND
FRAME STRUCTURE FOR MMWAVE IN HSR

Generally speaking, orthogonal frequency-division
multiple access (OFDMA) is a candidate for the
multiple access scheme used in mmWave HSR
wireless systems, and has been chosen as that
of fourth generation (4G) systems. Due to the
high mobility of HSR and short wavelength of
mmWave, the frame structure with orthogonal
frequency-division multiplexing (OFDM) should
be different from the released LTE specifications.
Subcarrier spacing is the compromise between
symbol length and Doppler shift, the choice of
which should be followed by Af << 1/T¢p and Af
> fg.0 Where Tep and fg, . represent the length
of cyclic prefix and the maximum Doppler shift,
respectively [4]. For example, as for a 28 GHz
mmWave band, the maximum Doppler shift is
about 13 kHz under 500 km/h train speed; there-
fore, Af > 13 kHz. Besides, as HSR belongs to a
rural scenario with fewer multipath components;
the multipath spread is less than 650 ns normal-

ly [5]. Assuming that cyclic prefix (CP) length is
1 ps, the subcarrier spacings are 200 kHz, 62.5
kHz, 40 kHz, and 20 kHz calculated by Af = 1/
Toymbor under 1/5,1/16, 1/25, and 1/50 CP pro-
portion in symbol length, respectively (the normal
and extended CP proportion are 5.2 us/71.9 us =
1/14 and 16.7 ps/83.3 us = 1/5, 33.3 us/166.7
us = 1/5, respectively, in LTE specifications [4]).
Apparently, 200 kHz, 62.5 kHz, and 40 kHz can
all satisfy the maximum Doppler shift constraint.
However, in view of transmission efficiency for
each symbol, the last two are more reasonable.
In LTE specifications, the sub-frame length, the
minimum time unit for resource re-allocation, is 1
ms, which includes about 62 symbols under 62.5
kHz carrier space and 16 ps symbol length. Con-
sidering the sensibility of channel quality feedback
delay for HSR communications and MIMO tech-
nologies, the gap between channel quality mea-
surements and the corresponding transmissions
should be as short as possible. To achieve this
goal, we propose two improvements to guarantee
the real-time performance. First, we appropriately
lower the time granularity of resource re-alloca-
tions by shortening the sub-frame length. Shorter
sub-frame length can shorten the interval between
reception of channel quality feedback and the
corresponding transmissions. Moreover, accord-
ing to the current release of LTE specifications,
the gap between measurements and feedback
must be longer than 4 sub-frames [6], which can
be shortened by shorter sub-frame length. How-
ever, it is noticeable that shorter sub-frame length
also causes negative effects in two main aspects:
the system complexity and control signaling over-
head. Obviously, shorter sub-frame length brings
more sub-frames and more frequent system opti-
mization opportunities, including adaptive mod-
ulation and coding (AMC) reselection, resource
re-allocation, channel measurement, feedback,
and so on. Accordingly, higher system complex-
ity would be induced. Additionally, with more
sub-frames, the system will need more wireless
resources on control signaling, such as control
format indication, acknowledgment/negative
acknowledgment (ACK/NACK), scheduling, and
so on, to guarantee the reliable reception of each
sub-frame. Second, for time-division duplex (TDD)
systems, the feedback must be performed in
uplink sub-frames. If there is no uplink sub-frame
available right after 4 sub-frames behind measure-
ments, the feedback has to be postponed until an
uplink sub-frame appears, which brings in more
delay. Thus, we propose that the feedback should
be performed in the first uplink sub-frame after
measurements rather than waiting 4 sub-frames.
Based on this observation, we design a feasible
OFDM frame structure for 28 GHz bands used
for HSR mmWave systems, as shown in Fig. 1a.
Using 62.5 kHz carrier spacing, recommended
for 28 GHz in HSR systems, as an example, we
propose that the length of one sub-frame is 250
us, which includes 15 symbols. Without loss of
generality, the length of radio frame is 10 ms, the
same as that defined in LTE. A radio frame con-
sists of 40 sub-frames, in which there are total-
ly 8 special sub-frames, uniformly distributed in
the radio frame. The distribution density of refer-
ence signal (RS) is determined by coherence time
and coherence bandwidth. Under the condition
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FIGURE 1. The feasible frame structures for mmWave in HSR: a) OFDM; b) SC.

of 1 us delay spread and 500 km/h speed, the
coherence time and coherence bandwidth of 28
GHz band are 33 ps and 500 kHz, respectively.
As for the frame structure we designed, in each
sub-frame, the frequency domain should be con-
figured with two uniformly distributed RSs, and
one RS should be inserted every two symbols in
the time domain.

Besides OFDM, single carrier (SC) is another
promising scheme to support mmWave transmis-
sion due to multiple advantages, such as lower
peak-to-average-power ratio (PAPR), lower system
complexity, and more available modulation and
coding schemes. In order to avoid penetration loss,
it is recommended to install onboard mobile relay
stations (MRSs) to replace users inside the trains
to directly connect with trackside BSs. Under the
configuration of MRSs, the train-trackside system
can be viewed as a single-user system, in which
SC is more suitable than OFDM, because as main
advantages of OFDM, multi-user diversity can-
not be implemented in a single-user system. We
suggest adopting single-carrier frequency domain
equalization (SC-FDE) with a simpler frequency
domain equalizer. Although the train-trackside
system with MRSs can be treated as a single-us-
er system in terms of geographical location and
channel quality, two types of traffic, ordinary user
traffic and train control traffic, should be consid-
ered because of their very different quality of ser-
vice (QoS) requirements. As shown in Fig. 1b, the
whole system bandwidth is divided into two parts,

supporting ordinary user traffic and train control
traffic, respectively, between which the guard band
is inserted to prevent Doppler shift. Since the reli-
ability of train control traffic directly concerns train
safety, the link adaptive technologies (LATs) for
control signaling should follow the reliability prior-
ity principle, which means that efficiency could be
sacrificed to guarantee reliability. In contrast, the
throughput priority principle followed by ordinary
user traffic should pursue throughput maximiza-
tion. Through the proposed SC frame structure,
ordinary user traffic and train control traffic could
be configured with different LAT types, depending
on effectiveness and reliability, respectively, and
performing asynchronous transmissions. Addition-
ally, the system bandwidth could be divided into
multiple parts, and the two kinds of traffic utilize
multiple discrete parts to obtain frequency diver-
sity. However, this method would result in more
overhead of guard bands.

Undoubtedly, SC has lower system complexity
than OFDM, but it cannot perform transmission
parameter adjustment with fine granularity in the
frequency domain as can OFDM. The future train-
trackside system may utilize ultra-wide bandwidth,
even more than 1T GHz, on mmWave bands. On
such wide bandwidth, the channel quality on dif-
ferent frequencies may differ greatly, especially in
an environment with interference. In this case, the
data rate of OFDM would significantly exceed SC.
Thus, we suggest that train-trackside mmWave
systems should deploy both OFDM and SC, and
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dynamically select transmission schemes according
to actual radio environments.

TRAIN=TRACKSIDE MMWAVE NETWORK
ARCHITECTURE

In our proposed train-trackside network architec-
ture, MIMO technologies and MRSs are adopted
to overcome high path loss and penetration loss,
respectively. Additionally, configuration of MRSs can
solve the group handover problem completely. For
efficient signal processing and network optimiza-
tion, our proposed architecture builds on the cloud
radio access network (C-RAN), which is a promising
architecture for future mobile networks. The key
idea of C-RAN is that by leveraging cloud comput-
ing technologies, the relevant procedures related to
storage, computation, and management, originally
operated by RF units, could be migrated to cloud
computing to reduce system complexity, improve
flexibility, perform more efficient signal processing,
and achieve centralized resource allocation and
network optimization [7]. For our design, in track-
side segments, dense ground remote radio heads
(GRRHs) provide linear coverage along railways,
and are only in charge of RF signal transmissions.
A ground baseband unit (GBBU) pool, in charge of
centralized signal processing and network optimi-
zation, connects to GRRHSs by fronthaul networks,
which can use fibers as the ideal links. Each GRRH
is a MIMO antenna or antenna array, which is deter-
mined by the MIMO technologies employed in the
architecture. Due to the potential gain caused by
MIMO technologies, mmWave should not be a sig-
nificant inherent disadvantage compared to lower
frequencies not only in terms of coverage range
but also in terms of received signal quality. Similarly,
for onboard segments, to mitigate the interference
between beams for BF and attain the spatial diver-
sity for SM, MRSs, as onboard RRHs (ORRHs), are
deployed on the train in a distributed way. All MRSs
connect to the onboard BBU (OBBU) pool by fron-
thaul networks. According to the current research
findings, the most likely mmWave bands that could
be used in future mobile systems fall between 10
GHz and 60 GHz. However, 60 GHz band has high
oxygen absorption and has been allocated as unli-
censed uses by 802.11ad, wireless HD, and so on
[2]. Considering that the path loss increases with
frequency, we recommend that the train-trackside
system used in the outdoor scenario should choose
the mmWave bands below 30 GHz.

To compare the performance of the train-
trackside mmWave systems designed based on
different MIMO technologies, the major network
parameters should be the same. It is assumed
that the length of a train is 200 m with 4 ORRHs
deployed on it. The parameters of the distance
between ORRHs and between GRRHSs should be
determined by the compromise between through-
put and system complexity in addition to hando-
ver frequency. Under the assumption of the train
length and the number of ORRHs deployed, we
adopt 60 m and 50 m as the distance between
ORRHs and between GRRHs, respectively, which
could perform the appropriate compromise [8].
Besides, the power constraint P, for each GRRHs
is 33 dBm, and the carrier frequency is 28 GHz
with 500 MHz system bandwidth. Other simula-
tion parameters are listed in Table 1.

BEAMFORMING-BASED ARCHITECTURE

Figure 2a shows a potential BF-based architecture,
in which each active ground antenna array (GAA)
communicates with one unique onboard anten-
na array (OAA) by a narrow beam. BF gain to
improve received signal-to-interference-plus-noise
ratio (SINR), coupled with the spatial-division mul-
tiple access (SDMA) realized by multiple beams,
can significantly enhance spectral efficiency. To
maintain communication quality, inter-beam han-
dover is inevitable. When the channel quality of
a beam (shown by red dotted lines) received by
one OAA reaches the handover threshold, the sys-
tem will choose an idle GAA with the best chan-
nel condition for this OAA (shown by bold green
lines) as target handover GAA. Under the control
of the GBBU pool, the procedure of inter-beam
handovers is simpler than that proposed in [11],
which just executes BF training between the tar-
get GAA and OAA. Nevertheless, the transient
transmission termination caused by a hard hando-
ver still exists. The negative impact will become
much more serious with frequent inter-beam han-
dovers because of small coverage of each beam
and high mobility. Moreover, handover failure will
increase with the growth of handover frequency.
To solve this problem, we improve our proposed
BF architecture by adding redundant transmis-
sion components. As Fig. 2b illustrates, one OAA
selects N GAAs with the best channel quality to
connect with, and each of these selected GAAs
sends a beam with the redundant information
toward this OAA. Accordingly, one active GAA
may send up to four beams toward four different
OAAs, and the total power of these beams is lim-
ited by the power constraints. For inter-beam han-
dovers, when one of N beams received by one
OAA triggers a handover, the system will select
a GAA (idle or active) as the target handover
GAA, which is not communicating with this OAA
and has the best channel condition for this OAA.
Obviously, when one of N beams is executing the
handover, there are still N - 1 beams to provide
redundant transmissions. As a result, no transient
transmission termination happens during the inter-
beam handover, called seamless handover. More-
over, the spatial diversity brought by multi-beam
redundant transmissions can enable each OAA to
always maintain high data rate. The throughput of
this architecture can be expressed as

zhk’Pk

ke,
5.3 tog| 14—
iea, No+ X h-F
leV,

where ¥; stands for the set of beams that points
toward OAA i; Py stands for the power of beam k;
hi = ci - (0 - B (@p) represents the channel gain
of beam k, in which ¢y, oy(8y) and By (@) are prop-
agation loss, transmit BF gains, and receive BF gains,
respectively; h; = ¢;- oy(8) - By (@) is the interference
caused by beam /. In simulation, it is assumed that
the power is equally distributed for all beams trans-
mitted by one GAA, N = 3, and the beamwidth of
the main lobe is 10° in simulation. Moreover, the
threshold of the inter-beam handover is 12 dB,
which means that when the received SINR of a
beam is less than or equal to 12 dB, a handover is

We propose a beam-
forming algorithm based
on the Grey Markov
chain method which is
suitable for HSR because
the Grey theory compo-
nent can precisely reflect
the strong regularity of
HSR and Markov chain
component corresponds
fo irregular factors, that
is, the abrupt speed
change moments.
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Parameters Value Parameters Value
Height of GRRH 10m Path loss 1574 + 32log 10d km)
Distance between Thermal noise
GRRH and track 30m density N placE Ll
Height of ORRH m Loz S rasening -
standard

. . Rician fading

Antenna array model ~ Uniform linear array ~ Channel model
channel

TaBLE 1. System parameters [9, 10].

triggered. There are 11 BRRHs in the range of 500
m, located in 50k (k =0, 1, ..., 10) positions of the
X-axis. From the simulation results presented by
Fig. 2c, we observe that without redundancy, the
throughput declines severely in some positions
where the beam is close to handover or execut-
ing handover, shown by the phenomenon that all
lower throughput (below 2000 Mb/s) points are
distributed around the handover points. In par-
ticular, this phenomenon would be worse when
the distance between OAAs is close to an integer
multiple of the distance between GAAs, such as
60 m and 50 m in the simulation of this article,
which may cause all the beams close to handover
point to have bad channel quality, simultaneous-
ly. Obviously, our proposed redundancy scheme
can solve this problem effectively because of the
spatial diversity brought by multi-beam redundant
transmissions and seamless handovers.

PROPOSED BEAMFORMING ALGORITHMS AND
TRAINING SCHEME FOR HSR

However, the simulations perform under the
assumption that accurate BF weights could be
obtained, which are difficult to realize in fact by tra-
ditional BF algorithms based on channel reciproc-
ity at the high speed of HSR (350 km/h currently
and maybe 500 km/h in the future). Maiberger
et al. [12] introduces a location assistant BF algo-
rithm for HSR, and the simulations provided testify
that the performance is outstanding. However, this
method must work under the premise that location
information is known by other equipments, such as
GPS. Since the train only runs along the track, the
change of BF weights may possess strong regular-
ity. We propose a beamforming algorithm based
on the Grey Markov chain method which is suit-
able for HSR because the Grey theory component
can precisely reflect the strong regularity of HSR,
and the Markov chain component corresponds
to irregular factors, that is, abrupt speed change
moments [13]. For a TDD system, the downlink
(DL) beamforming weights are generally estimated
by the angle of arrival (AOA) of uplink (UL), which
can be accurately estimated using the Multiple Sig-
nal Classification (MUSIC) or Estimation of Signal
Parameters via Rotational Invariance Technique
(ESPRIT) algorithms [14]. For example, for a line of
sight (LoS) channel, the typical channel model for
HSR, the channel vector of UL, can be expressed
as h*(0) = a1, ejmcos6 ...... , ejiM-1)cosb] \where
a, M, and 6 stand for channel gains, the number of
received antennas, and AOA of UL, respectively.

For maximal SINR, the BF weights can be derived
by w = h/ || h||. In this article, we use the Grey
Markov chain method to eliminate the residual
error between the estimated AOA by UL and the
optimal angle for DL angle of departure (AOD)
caused by high mobility.

The Grey Markov chain prediction consists of
four main steps [13]. Assume that T - i(i =1, 2,
=), T, and T + 1 represent the past, present, and
future, respectively. First, by inputting the actual
value array to the GM(1,1) model of Grey systems,
we obtain predicted values of each time, - X7_q,
X1, X741. Second, we calculate the residual error
between the actual value and the predicted value
of the past and present time by e, = X, - X, t =
T -1, T. Third, by dividing the residual error state,
calculating the state transition probability and the
sum of transition probability of each state, we find
the state with the greatest sum of transition prob-
abilities. Finally, we calculate the predicted value
of T+ 1 time by X741 = X741 + €741, Where Xr,q and
€r.1 are the predicted value of T + 1 time output
by the Grey Markov chain and maximum expected
residual error obtained from the discovered state,
respectively. Building on different feedback con-
ditions, two kinds of prediction methods are put
forward here. As shown in Fig. 3a, we assume that
a TDD system is configured with the distributed
DL and UL sub-frame structure. Additionally, the
X-axis stands for the location of the train, and 0 is
defined as the angle of clockwise rotation from the
horizontal axis to line of sight (LoS). The UL AOAs
of the past are assumed to be accurately estimated
by MUSIC or ESPRIT. The main approaches for the
algorithm are developed as follows.

Input the UL AOAs of the past history [07_5,,
------ , 01-2, 071, n =1, 2,..., into the Grey Markov
chain model to obtain the prediction value Or40_ -

+Calculate the estimated angle of DL in T + 1
time by

cot GT_UL +cot éT+2_UL
2 .

+Update the channel vector by h* ©1.1_;),
which is utilized to obtain beamforming weights.
It is not difficult to see that the train in T + 1 time
is assumed to be located in the midpoint between
the locations of T time and the predicted loca-
tions of T + 2 time. Considering that the interval
between two UL sub-frames is extremely short (2
ms according to TD-LTE specifications), this meth-
od can obtain precise predicted angle values in
most cases, while acutely abrupt speed changes
can still degrade accuracy. However, as for the
HSR mobile systems, the deployment of OAA rais-
es the possibility of providing DL AOA estimation
and feedback for systems, aiming to obtain more
precious predicted angle values. The algorithm
under the DL AOA estimation is illustrated as:
+ Estimate the DL AOA by OAA and perform the
feedback in the next UL sub-frame.
+ Calculate the residual error between the UL
AOA and DL AOA by er-2p-1) = O7-2n-1)_pL
- 07_(2n)_u1, and input the residual error array,
e = ler_an-1) =~ , €7-3, er-1], into the Grey
Markov chain model to obtain the predicted
residual error value ér.4. .
+ Calculate the DL AOA in T + 1 by 67.q_p; =
07 uL *+ ér+1, and update the channel vector
and the BF weight vector.

07,1 pp =arccot
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FIGURE 3. Solutions for BF issues in HSR; a) proposed BF algorithm; b) proposed BF training scheme.

Another inevitable issue for BF in HSR is beam
synchronization, also referred to as BF training,
aiming to search for the best beam direction
pointing toward the receiver. BF training is a cru-
cial component for initial access and inter-beam
handover. Since most of the current BF-based
mmWave systems are used for point-to-point
communications, fewer research achievements
about beam synchronization in mobile systems
have been released. Exhaustive training and
multi-level training schemes have been adopted
by 802.15.3c and 802.11ad specifications [15,
16]. However, those schemes, with long train-
ing delay, cannot adapt to the low delay require-
ments of HSR. In this article, we propose a fast
and precise BF training scheme for inter-beam
handover, which consists of three main steps. As
shown in Fig. 3b, it is assumed that DL sub-frame

in T -1 time is the last sub-frame, like handover
recommend signaling, received by OAA from
source GAA before executing inter-beam han-
dover. First, predict the DL angle in T + 1 time
0r+1_pi according to the aforementioned schemes
in the proposed BF algorithms. Second, calculate
the predicted DL angle of the LOS between tar-
get GAA and OAA in T + 1 time by

A — o ht

0741 _pr =180 arctand_hs -tanéT+1 o
where d, h,, and h, are the distances between
source GAA and target GAA, between source
GAA and railway, and between target GAA and
railway, respectively. Finally, determine the opti-
mal beam direction by the BF weight vector cal-
culated byGT+1_DL.

Since most of the cur-
rent BF based mmWave
systems are used for
point-to-point commu-
nications, the fewer
research achievements
about the beam syn-
chronization in mobile
systems have been
released. The exhaustive
fraining and multiHevel
training schemes

have been adopted

by 802.15.3c and
802.11ad specifications.

|EEE Wireless Communications @ December 2016

119



The handover execution
delay is directly related
fo the fransmission ter-
mination length caused
by hard handover. In @
C-RAN based system,
handover execution
could be greatly sim-
plified, because many
handover procedures,
such as admission con-
trol, SN status delivery
and data forwarding,
and so on, are operated
by GBBU pool, and the
corresponding signaling
flow is eliminated.
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FIGURE 4. The potential SM-based architectures: a) without BF; b) combined with BF; ¢) comparison of

throughput.

SPATIAL-MULTIPLEXING-BASED ARCHITECTURE

SM can greatly enhance spectral efficiency by
multi-stream transmissions and has been seen as a
potential technology to support outdoor mmWave
communications. We propose a distributed MIMO
(D-MIMO)-based architecture, shown in Fig. 4a,
which has been shown to have better performance
than collocated MIMO (C-MIMO) because of the
weak channel spatial correlation and high spatial
degrees of freedom [17]. It is noteworthy that
conventional MIMO is configured with omnidi-
rectional antennas, the coverage of which may be
far smaller than BF under the same condition of
mmWave frequency and power limitation. For cur-
rent antenna selection algorithms, aimed at spec-
tral efficiency and energy efficiency, the ground
MIMO antenna reselection, referred to as MIMO
handover in this article, would be very frequent,
especially under high mobility. Setting a reason-
able MIMO handover threshold could alleviate this
problem; for example, handover is triggered only
if the system throughput is lower than a thresh-
old. With frequent MIMO handovers, the time of
onboard MIMO antennas transmitting with the
same ground MIMO antennas assembly is short.
In such a situation, the MIMO handover execution
delay and handover trigger hysteresis are critical
for transmission efficiency. To be more specific, the
handover trigger hysteresis would postpone han-
dover execution and extend the transmission time
under deteriorating channel conditions. Besides,
the handover execution delay is directly related
to the transmission termination length caused by

hard handover. In a C-RAN-based system, hando-
ver execution could be greatly simplified, because
many handover procedures, including admission
control, sequence number (SN) status delivery,
data forwarding, and so on, are operated by the
GBBU pool, and the corresponding signaling flow
is eliminated. Moreover, some procedures, such
as contention access and radio resource control
(RRC) reconfiguration, are not needed anymore.
As for shrortening the handover trigger hysteresis,
there are three main methods:

+ Lower the complexity of antenna selection

algorithms to decrease calculation time.
+ Shorten the time of measurement reports.
+ Carry out handover pre-triggering and pre-deci-
sion.

Lowering algorithm complexity will degrade
performance, and the calculation time can be
short enough with strong calculation ability of
the GBBU pool. The report time is always deter-
mined by the air interface, which is hard to con-
trol. Therefore, we adopt the third approach and
propose the scheme as follows. First, by taking
advantage of the strong regularity of the channel
quality changes in HSR, we predict the channel
quality of each link between D-MIMO antennas
by inputting the previous actual measurement
values into the prediction algorithm. Second, we
perform the handover triggering and antenna
selection algorithms according to the prediction
values, and execute the handover in advance.
With our proposed scheme, when the MIMO
handover is triggered, the channel quality of the
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source MIMO assembly has not become too bad
to trigger actual handover. Hence, the system
always transmits under good channel conditions.
Unfortunately, the aforementioned schemes can
mitigate the negative impact of frequent MIMO
handovers, but the improvement is limited. For
further improvement, we propose a combination
of BF- and SM-based architecture as shown in Fig.
3b. The main idea is to utilize the BF to replace
the omni-antenna as the D-MIMO antenna. For
example, in Fig. 4b, each GAA sends four beams
that point toward four different OAAs, and trans-
mits the same data stream. In this way, the BF gain
for a MIMO channel brings higher SM capacity,
which can be computed as B - log [det (I + (P)/
(Ng)QI, where Q = HH" or HHH, and H is the
channel matrix [3]. With the combination of BF,
the element of H can be expressed as

i = [ 050 Byy (@) ]
+ 2 Cpj’ [apj(epj) B (@ )]'

p#i

Since SM is achieved by singular value decomposi-
tion (SVD), the received energy of receiver i from
the side lobe of the beams, which does not point
toward i, is not interference but gain. Accordingly,
cjj - [aj(8y) - Byl and ¢y - [ay(6,) - By(p)] repre-
sent tF/1e main Iofoe gain and side I/obe gain, respec-
tively. From the simulation results shown in Fig. 4c,
we can see that the throughput when the combi-
nation of BF and SM architecture is employed con-
siderably exceeds that for SM-based architecture.
Furthermore, to estimate the MIMO handover fre-
quency, we set the handover threshold to be the
one in which the system throughput is lower than or
equal to 1.5 Gb/s. Obviously, the handover frequen-
cy for the combination of BF and SM (about one
handover every 210 m) is significantly lower than
that for only SM (about one handover every 120 m),
which indicates that the former can further improve
the frequent handover problem.

ANALYSIS AND PERFORMANCE EVALUATION

Table 2 presents the system performance, includ-
ing average throughput and handover severity
(with our proposed solution schemes), and the sys-
tem budget, including system and handover com-
plexity, for our proposed architectures based on
different MIMO technologies. Apparently, under
the same simulation parameters shown in Table
1, the average throughputs for all our proposed
architectures can achieve high-level throughput
(the average throughput for SM and that for the
combination of BF and SM are limited by MIMO
handover thresholds, which would be larger if
the MIMO handover threshold is set to be high-
er). The average throughput for SM is far below
the others. However, this high throughput builds
on the high system complexity, particularly for
the combination of BF and SM, which is realized
based on two kinds of complicated MIMO tech-
nologies. Moreover, the complexity of BF is high-
er than SM because high mobility aggravates the
operational difficulty for BF, due to accurate BF
weights being difficult to obtain, which may be
assisted by a more complex BF algorithm, such as
our proposed BF algorithm based on a Grey Mar-
kov chain. As for handover complexity, except for
the synchronization between ORRHs and target

BF (redundancy) SM

Average throughput (Mb/s) 5210 2680
System complexity High Medium
Handover severity Slight Serious
Handover complexity High High

TasLe 2. Comparison of performance and budget.

handover GRRHs, BF and SM also need to per-
form BF training and MIMO antennas reselection,
respectively, causing higher complexity. Undoubt-
edly, the combination of BF and SM possesses the
highest handover complexity, which needs to per-
form both BF training and reselection. Frequent
handovers are a fundamental problem for HSR,
which becomes even worse in mmWave systems
with small cell coverage. By our proposed BF with
redundancy scheme, seamless handover can be
achieved, and the simulation results demonstrate
that this scheme can solve the handover prob-
lem effectively, and achieve the slightest level
of severity. For SM, our proposed pre-triggering
and pre-decision can alleviate the negative effect
of the MIMO handover problem by maintaining
communications under superior channel condi-
tion, but the MIMO handover still happens fre-
quently. Besides, the MIMO handover frequency
can be brought down significantly by the combi-
nation of BF and SM, mostly half of that with only
the SM scheme used, as shown in Fig. 4c.

CONCLUSION

3-300 GHz mmWave bands have the potential to
provide multi-gigabit rate radio access for future
HSR mobile communication systems. However,
due to inherent channel hostility of mmWave
propagation and the particularity of HSR scenari-
os, many challenges will be encountered in actual
applications. In this article, we have developed
multiple access techniques and frame structures
based on OFDM and SC. To solve the high Dop-
pler shift problem and relieve the feedback delay
sensitivity problem, we redesign the technical
details of ODFM frame structure, such as subcar-
rier spacing, symbol and sub-frame length, and
feedback mechanism. In terms of SC, we design
a feasible SC-FDE frame structure, in which ordi-
nary user traffic and train control traffic are sup-
ported by different bands following different QoS
requirements. Moreover, building on C-RAN, we
design several train-trackside mmWave network
architectures, in which MIMO technologies and
onboard mobile stations are adopted to overcome
high propagation loss as well as group handovers,
respectively. In addition, for inherent disadvantag-
es of our proposed architectures, we have devel-
oped corresponding solutions, such as improving
BF algorithms by a prediction algorithm, solving fre-
quent inter-beam handover by redundancy, alleviat-
ing frequent MIMO handover by pre-triggering and
pre-decision, and combining BF with SM. Finally, we
compare the performance and implementation of
our proposed architectures by analysis and simula-
tion, and we conclude that the high system through-
put achieved by BF- and SM-based architectures
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The design, improve-
ments, and simulation
results provided in this
article demonstrate
that the potential for
mmWave used in future
HSR mobile commu-
nication systems with
mulfi-gigabit level data
rate is tremendous.
However, it is notewor-
thy that there are sl
significant challenges
ahead of us.

comes at the cost of high system complexity and a
severe handover problem. However, the redundant
transmission scheme can solve the handover prob-
lem of BF based architecture effectively, while a
pre-triggering and pre-decision scheme can only
alleviate the MIMO handover problem, which can
be further solved by the combination of BF and
SM schemes.

Clearly, the design, improvements, and simulation
results provided in this article demonstrate that the
potential for mmWave used in future HSR mobile
communication systems with multi-gigabit-level data
rate is tremendous. However, it is noteworthy that
there are still significant challenges ahead of us,
including the BF algorithm for high mobility, MIMO
handover, and so on. Hence, solving these remain-
ing challenges is the target of our future research.
Furthermore, a critical problem should be consid-
ered: how to guarantee the reliability of control sig-
naling information in an mmWave mobile system.
A control and data decoupled architecture of HSR
could be a potential solution to this issue, in which
control signaling information is supported by Marco
eNB at the reliable and lower spectra, while Phan-
tom eNB utilizes higher spectra, such as mmWave,
to support data transmission and enhance the sys-
tem capacity [18]. In particular, when GSM for Rail-
way (GSM-R) is replaced by next generation HSR
mobile networks, the excellent 4 MHz lower fre-
quency band (876-880 MHz for uplink, 921-925
MHz for downlink in Europe, and 885-889 MHz
for uplink, 930-934 MHz for downlink in China)
previously allocated to GSM-R can be used to pro-
vide reliable control signaling transmission.
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