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ABSTRACT

Current implementations of narrowband
Global System for Mobile Communications for
railway systems are facing significant challenges
in meeting the emerging massive capacity
demands of passenger services. To extend the
capacity, this article presents a control and data
signaling decoupled architecture, namely, C/U-plane
decoupled architecture for railway wireless net-
works, in which the relatively important C-plane
of passenger services is kept on high-quality
lower frequency bands to handle mobility, while
the corresponding U-plane is moved to higher
frequency bands to gain broader spectra. In this
railway wireless network with C/U-plane decou-
pled architecture, the U-plane and C-plane han-
dovers are also physically decoupled. To achieve
the seamless and soft U-plane handover, we
introduce a handover scheme based on coordi-
nated multi-point transmission and reception
and bi-casting. In addition, channel mappings
and physical layer frames are redesigned to facil-
itate the design. Our study has demonstrated
that by decoupling the C/U planes, the network
performance is greatly enhanced, leading to a
more effective way to provide high speed com-
munications for railway systems.

INTRODUCTION

Since the momentous extension from GSM to
GSM-R (GSM for railway) was achieved in 1995,
GSM-R, being responsible for trains’ communi-
cations and control, has been globally adopted
by many countries including Germany, France,
and China. The typical data rate of GSM-R is
9.6 kb/s, which can barely meet the basic capaci-
ty demands of the train control system. Never-
theless, with rapid development of the railway
system and wireless access technologies, more
and more wireless data need to be transmitted
between the train and wayside eNodeBs (eNBs).
In order to ensure the train’s operational safety,
more security methods such as security monitor-
ing and maintenance, which generate tremen-
dous traffic, have been introduced to the train
control system. Considering the revenue return,
no public mobile network operator would offer
full coverage for most sparsely-populated railway

scenarios. Moreover, due to the severe chal-
lenges in railway scenarios, such as drastic
Doppler effect and large penetration loss, it is
hard for ordinary user terminals (UEs) to main-
tain a dependable connection with wayside eNBs
directly through public mobile networks. Accord-
ing to the evolution of wireless communications
technologies, a novel unified railway wireless
communication network is needed to carry pas-
senger services to ensure a better user experi-
ence. Inside the train, passenger equipments
connect to the wireless access point (AP, e.g.
WiFi), and then their services are forwarded to
wayside eNBs via the onboard mobile relay
(MR) [1]. It is estimated that in the future, wire-
less traffic could be as high as 65 Mb/s per train
[2]. Hence, a new type of network architecture is
urgently needed to extend the transmission
capacity for future railway wireless networks.

To meet the increasing capacity demands of
public mobile networks, the spectrum extension
of 5G (Generation) communications are envis-
aged at higher frequency bands with broader
available spectra, including frequency bands
higher than 5 GHz, up to 300 GHz, since spec-
trum below 2.5 GHz is already fully utilized [3, 4].
Unfortunately, larger propagation loss of these
bands severely limits the transmission range and
thereby results in small cells, which implies more
frequent handovers and poor transmission relia-
bility. A potential solution is to use lower fre-
quency bands, such as existing cellular bands of
macro cells, to provide basic coverage, and to
use higher frequency bands in small cells to pro-
vide high-speed data transmissions, which forms
a heterogeneous network. In traditional wireless
communication networks, the C-plane (control
plane) and U-plane (user plane) are tightly cou-
pled. However, such coupling architecture starts
to show its disadvantages as the network deploy-
ment becomes denser to meet the increasing
capacity demands. For instance, in conventional
heterogeneous networks with lots of small cells
overlaid within a macro cell, a large number of
UE:s will be at cell edges due to the smaller cov-
erage of small cells. Therefore, handovers will be
triggered frequently and many redundant control
signaling interactions between macro and small
cells will be generated, which is a huge burden
for networks and UEs [5].
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As CoMP could be a
fechnology that allows
the frain fo receive sig-
nals from both adjacent
eNBs when the train
frovels through the han-
dover overlapping area,
it is employed fo estab-
lish the U-plane of the
target small cell in
advance [10]. In this
way, a seamless and
soft U-plane handover is
achieved to improve the
QoE of passengers.

There are two planes for a UE to establish
communications with a serving eNB: the C-
plane and the U-plane. One of the most impor-
tant design principles in LTE (Long Term
Evolution)/SAE (System Architecture Evolu-
tion) networks is to split design space into C-
plane and U-plane between the MME (mobility
management entity) and gateway functionally.
The user dedicated data are transmitted on the
U-plane from or to the SGW (serving gateway),
while the control signaling designed for network
access provisioning, such as handover signaling
and random access signaling, is carried out on
the C-plane from or to the MME. As aforemen-
tioned, we can see that if the C-plane is used to
handle the mobility and the U-plane is used to
increase capacity, the system capacity and mobil-
ity support can be balanced. As in current LTE
networks, the C-plane and the U-plane are only
separated in the upper layers; the redundant
control signaling in heterogeneous networks is
still hard to handle. Based on this observation,
5G communications further exploit U-plane and
C-plane physically decoupled architecture to
solve this issue [6, 7]. This article applies this
decoupled architecture to future railway wire-
less networks to extend the transmission capaci-
ty. Correspondingly, channel mappings and
physical layer frames are redesigned to accom-
plish this design.

Existing licensed lower frequency bands such
as the legacy bandwidth of evolving GSM-R are
stringently regulated, with explicit limitations
on interference level and coverage to enable
dependable service quality and efficient mobili-
ty support. In the proposed C/U-plane decou-
pled architecture for railway wireless networks,
to enable reliable transmission and efficient
mobility support, the relatively important C-
plane of passenger services is kept in macro
cells using these high-quality frequency bands.
More precisely, in addition to the C-plane of
passenger services, some other low-rate services
with strict requirements for transmission relia-
bility, e.g. the train control information, can
also be fully distributed to these frequency
bands. As for the major capacity demander, the
U-plane of passenger services is moved to small
cells operating at higher frequency bands to
gain broader spectra.

Actually, in the proposed network architec-
ture, with the C-plane and the U-plane sepa-
rately transmitted in different physical nodes,
the C-plane and U-plane handovers are physi-
cally separated. The U-plane handover takes
place between two adjacent small cells, which is
also called inter-small cell handover. Within a
macro cell, the C-plane is always kept on-line
without handovers. Consequently, the redun-
dant control signaling due to inter-small cell
handovers of coupled heterogeneous networks
is solved. As the coverage of small cells is
severely limited, frequent inter-small cell han-
dovers will degrade the QoE (quality of experi-
ence) of passengers. Hence, it is necessary to
design a seamless and soft U-plane handover
scheme. Based on this requirement, the CoMP
and bi-casting techniques are used to establish
the U-plane of the target small cell in advance,
so that the U-plane is not interrupted in the

following handover process. Generally, during
the joint transmission of CoMP, the coordinat-
ing eNB just transmits the U-plane data at the
same time-frequency resource as that of the
serving eNB, and the UE only receives the C-
plane from the serving eNB [8]. However, in
conventional networks the C-plane and the U-
plane are coupled in the physical layer frame,
and much signaling is required to be exchanged
between the coordinating and serving eNBs so
that these two eNBs can exactly align their
transmission resources. Obviously, the conven-
tional coupled architecture badly affects the
flexibility of CoMP. This issue is fortunately
avoided in the decoupled architecture. Since
the U-plane is thoroughly separated from the
C-plane and moved to higher frequency bands,
it is much easier for the coordinating and serv-
ing eNBs to precisely align their U-plane trans-
mission resources. As for the C-plane handover,
it happens between two adjacent macro cells,
which is also called inter-macro cell handover.
As mentioned before, during the handover of
conventional LTE networks, the U-plane is
interrupted all the time. That is, the handover
is equivalent to the C-plane handover. Thanks
to the efficient coverage of macro cells, the C-
plane handover of the proposed network can
achieve the same performance as that of the
conventional coupled network. Hence, the
detailed C-plane handover will not be redun-
dantly discussed in this article.

As a final note, we want to point out that the
idea of using different frequency bands to sup-
port control and data transmissions has demon-
strated superior performance in multi-hop IEEE
802.11 networks. In [9], Zhai, Wang, and Fang
showed that by shifting control signals to a dif-
ferent frequency band, severe collision on data
frames caused by control frames can be mitigat-
ed and tremendous throughput performance can
be obtained. The current article demonstrates
how to improve network performance by taking
channel quality into consideration.

The rest of this article is organized as follows.
The decoupled architecture and inter-small cell
handover process are presented next. Channel
mappings and frame structures are redesigned
following that. Performance evaluations are then
discussed. The final section concludes this article.

NETWORK ARCHITECTURE

This section presents the C/U-plane decoupled
architecture for railway wireless networks. As
CoMP could be a technology that allows the
train to receive signals from both adjacent eNBs
when the train travels through the handover
overlapping area, it is employed to establish the
U-plane of the target small cell in advance [10].
In this way, a seamless and soft U-plane handover
is achieved to improve the QoE of passengers.

C/U-PLANE DECOUPLED ARCHITECTURE FOR
RALwAY WIRELESS NETWORKS

In traditional wireless communication networks,
the control signaling and user dedicated data are
tightly coupled. For such voice-oriented homo-
geneous networks, the method of capacity exten-
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sion is normally to reduce the frequency reuse
distance such as cell splitting. However, the
capacity gain is severely limited by the high
inter-cell interference. As various wireless con-
nected mobile devices with various capability
increase dramatically in our daily life, heteroge-
neous network deployment with various kinds of
communication infrastructures is commonly used
to enhance the capacity locally. Heterogeneous
networks, such as mico-cell, pico-cell, and femto-
cell networks, exploit interference management
techniques to address inter-cell interference in
homogeneous networks. However, the signifi-
cantly increased control signaling due to network
access poses tremendous challenges to the tradi-
tional tightly coupled architecture as the net-
work density is getting higher. For clarity, the
performance results of different network archi-
tectures are listed in Table 1 [11-13].

According to the above analysis, the 5G C/U-
plane decoupled architecture is applied to future
railway wireless networks to extend the transmis-
sion capacity as shown in Fig. 1. In this network,
passenger equipment inside the train first con-
nects to the AP, and then their services are for-
warded to wayside eNBs via the onboard MR.
To gain broader spectra, the U-plane of passen-
ger services, which is the major consumer for
capacity, is moved to small cells operating at
higher frequency bands. To enable efficient
mobility management, the relatively important
C-plane is kept in macro cells operating at high-
quality lower frequency bands. More precisely,
some low-rate services with strict requirements
for transmission reliability, e.g. train control
information, can also be entirely distributed to
macro cells without decoupling. In the future
train control system, more security equipments
will be employed, which will generate more data
to transmit between the train and wayside eNBs.
To fulfill these capacity demands, less critical
data, such as security monitoring data, can also
be transmitted with the U-plane moved to higher
frequency bands as the passenger services. As
small cells are only responsible for the U-plane,
they are just connected to the SGW while not to
the MME, as shown in Fig. 1. The control sig-
naling for managing small cells is handled by
macro cells via interface X3 [6]. To provide
other services with strict requirements for trans-
mission reliability, in addition to the MME,
macro cells are also connected to the SGW.
Since small cells and macro cells operate at dif-
ferent frequency bands, there is no co-channel
interference between them.

INTER-SMALL CELL HANDOVER

Because of the severe path loss of higher fre-
quency bands, the coverage of small cells is very
limited, which causes more frequent inter-small
cell handovers. To achieve seamless and soft U-plane
handover, the CoMP and bi-casting techniques
are employed to establish the U-plane transmis-
sion of the target small cell in advance. Since the
macro cell controls all control functionalities in
the network, the entire inter-small cell handover
process is under the control of the macro cell.
Furthermore, this concentrated management can
facilitate fast coordination between the two
small cells [7]. As shown in Fig. 2, the whole

architecture  capacy | MOBiity Interference  SIRIR
Macro cell Low Good Low
Cell splitting High Medium Low
Micro cell High Medium High
Pico cell High Bad High
Femto cell Low Bad Medium High
e B oo

Table 1. Performance comparisons.

Figure 1. The C/U-plane decouple architecture for railway wireless net-

works.

process of the CoMP and bi-casting based han-
dover can be divided into three operational
phases: CoMP and bi-casting triggering; U-plane
handover; and CoMP and bi-casting exit. Before
the train runs into the overlapping area, if the
signal strength of the source small cell is lower
than a threshold, CoMP will be triggered. As the
source and target small cells are both connected
to the SGW, the macro cell asks SGW to direct-
ly bi-cast the U-plane data to these two small
cells. Then, under the control of the macro cell,
these two small cells begin to transmit the same
U-plane data on the same time-frequency
resources. In the overlapping area, as the signal
strength of the source small cell further reduces,
the inter-small cell handover is triggered. Thanks
to the decoupled architecture, within a macro
cell, the C-plane is always kept on-line without
handovers. The otherwise intensive C-plane han-
dover signaling, such as the signaling of RRC
reconfiguration and non-contention random
access, can be saved, thereby simplifying the
inter-small cell handover. Thus, the above
described issue in heterogeneous networks is
greatly mitigated. Moreover, with the CoMP
technique, the U-plane is always kept connected
without interruption during the whole handover
process, which achieves seamless and soft U-plane
handover. At the last phase, upon receiving the
handover confirmation, CoMP and bi-casting are
terminated.
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In the decoupled archi-
fecture, the C-plane and
U-plane of passenger
services are separately
managed by different
physical nodes. As a
consequence, channel
mappings and physical
layer frames need to be
redesigned. To facilitate
the presentation,

we use LTE for the
baseline study.
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Figure 2. CoMP and Bi-casting based U-plane handover process.

CHANNEL MAPPINGS AND
FRAME STRUCTURE

In the decoupled architecture, the C-plane and
the U-plane of passenger services are separate-
ly managed by different physical nodes. As a
consequence, channel mappings and physical
layer frames need to be redesigned. To facili-
tate the presentation, we use LTE for the base-
line study.

CHANNEL MAPPINGS

In conventional LTE networks, channel map-
pings include the mapping from logical channels
to transport channels and from the transport
channels to physical channels. A logical channel
is defined by the type of information it carries
and classified as control channel or traffic chan-

nel, which includes [14]:

* PCCH (paging control channel), used for paging.

* CCCH (common control channel), used for
the transmission of control signaling in con-
junction with random access.

* DCCH (dedicated control channel), used for
individual configuration such as handover
messages.

* BCCH (broadcast control channel), used for
the transmission of system information from
the network to all users in a cell.

* MCCH (multicast control channel), used for
the transmission of control information
required for reception of the MTCH.

* DTCH (dedicated traffic channel), used for the
transmission of user data to/from a terminal.

* MTCH (multicast traffic channel), used for
the downlink transmission of MBMS (multi-
media broadcast multicast service).

Obviously, BCCH and MCCH are cell-dedi-
cated control channels that carry system level
information. While for the user-dedicated con-
trol channels PCCH, CCCH, and DCCH, the
signal they transmit is specific to some user,
inclusive of paging, handover, and random
access. In LTE networks these two kinds of
control channels are responsible for the C-
plane signaling process. The U-plane data are
carried by the traffic channels DTCH and
MTCH, of which DTCH is designed for the
user-dedicated service and MTCH is used for
the cell-dedicated traffic. From the perspective
of logical channels, the C-plane and U-plane
are split actually. However, after the logical
channels are mapped to the transport and
physical channels, these two planes are mixed
up as shown in Fig. 3a. Conversely, in the
decoupled architecture, the C-plane and the U-
plane of passenger services are managed via
different nodes. Therefore, the control and
traffic channels are always separated during all
channel mappings. Based on this, channel map-
pings of the C/U-plane decoupled architecture
are redesigned as shown in Fig. 3b. Since
PCCH, CCCH, and DCCH are all user-dedi-
cated control channels, all of them are mapped
to the transport channel CCH (control chan-
nel), and then to the physical channel CPD-
CCH (converged physical downlink control
channel). Although both of BCCH and MCCH
are cell-dedicated control channels, they carry
different types of system information, thereby
being separately mapped to the transport chan-
nels BCH (broadcast channel) and MCH-C
(multicast channel for the C-plane), and then
to the physical channels PBCH (physical broad-
cast channel) and PMCCH (physical multicast

106

IEEE Wireless Communications ¢ February 2015



PCCH

) BCCH
Logical channel

Transport channel

CCCH

DCCH DTCH MCCH MTCH

Physical channel a»
PDCCH PBCH PHICH PDSCH PCFICH PMCH
(a)

BCCH PCCH CCCH DCCH MCCH DTCH MTCH
o BCH T CCH T MCH-C TCH MCH-U"
SEE peesd  Seossesd Soosoo L _Oeesed  Dooccoscoscos(ressoosd osooosoos

PBCH PHICH CPDCCH PDCCH PMCCH PDTCH PMTCH

Macro cell Small cell

—180KHZz—>|

jECEEiES

S

A e

jECEaiEs
et

SiEi

[ PHICH
[ RS

i —— T

[l PCFICH

[l CPDCCH

| Train control

[l PDTCH

Higher frequency bands (U-plane) @

Lower frequency bands (C-plane)

Figure 3. Channel mappings and frame structure: a) ¢

hannel mappings in conventional LTE networks;

b) newly redesigned channel mappings; ¢) frame structure in conventional LTE networks; d) newly
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control channel). With the C-plane and the U-
plane separated to different frequency bands,
there is no need to preserve the traditional
PCFICH (physical control format indicator
channel) to discriminate the boundary of the
control and shared channels. However, for
PHICH (physical hybrid ARQ indicator chan-
nel) and PDCCH, they are still necessary to
separately bear the HARQ (hybrid automatic
repeat request) feedback information and DCI
(downlink control information). As to the traf-
fic channels, DTCH and MTCH are individual-
ly mapped to the transport channels TCH
(traffic channel) and MCH-U (multicast chan-
nel for the U-plane), and then to the physical
channels PDTCH (physical downlink traffic
channel) and PMTCH (physical multicast traf-
fic channel).

PHYSICAL LAYER FRAMES

As depicted in Fig. 3c, the physical layer frames
of conventional LTE can be roughly divided into
two segments: PDCCH and PDSCH (physical
downlink shared channel). PDCCH is designed
to carry the downlink control information, which
can help UEs properly receive and transmit
U-plane data. As mentioned above, in conven-
tional LTE networks, control channels are mixed
with traffic channels during channel mappings.
Therefore, in the physical layer frame, the C-plane
signaling and the U-plane data share the same
time-frequency resources in PDSCH. Based on
the newly redesigned channel mappings for the
decoupled architecture, the C-plane and the
U-plane of passenger services are supposed to
be separately assigned to different frequency
bands in the newly proposed frame structure as

The results on band-
width matching demon-
strate that the
decoupled architecture
could offer higher capac-
ity. The simulation
results on connection
outage probability reveal
that the propagation
diversity between higher
and lower frequency
bands is balanced.
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The amount of resources
employed by CPDCCH
depends on users’
behavior. For example,
when handovers for a
high speed rail system
occur, lofs of resources
will be occupied by CPD-
(CH to transmit the cor-
responding control
signaling.

described in Fig. 3d. As the U-plane of passen-
ger services demands more capacity, its carrier
PDTCH is moved to higher frequency bands to
gain broader spectra. The relatively critical
C-plane signaling, generated from paging, han-
dover, and random access processes, is all con-
verged to CPDCCH. To ensure the transmission
reliability, CPDCCH is kept on lower frequency
bands. In addition, other possible services with
strict requirements for transmission reliability
are also considered during the physical layer
frame design. For simplicity, we take the train
control information as an example for the fol-
lowing analysis. To ensure the transmission relia-
bility of the train control information, both the
C-plane and the U-plane are served on lower
frequency bands without decoupling. Hence, its
frame structure is the same as that of the con-
ventional LTE. Just as in conventional LTE,
other control channels such as PBCH and
PHICH are still kept on lower frequency bands.
Even though the above redesigned channel map-
pings and physical layer frames are for downlink,
the same also applies to uplink.

PERFORMANCE EVALUATION

In this section we conduct performance evalua-
tion for our proposed architecture in terms of
bandwidth matching and connection outage
probability. The results on bandwidth matching
demonstrate that the decoupled architecture
could offer higher capacity. The simulation
results on connection outage probability reveal
that the propagation diversity between higher
and lower frequency bands is balanced.

BANDWIDTH MATCHING

Given the total bandwidth in the macro cell, how
much bandwidth to be allocated to the small
cells to support the entire system is addressed in
this section. Intuitively, we can draw a qualita-
tive conclusion that if the entire existing lower
frequency band is used for the C-plane, more
passengers will be accommodated and the broad-
er bandwidth of higher frequency bands will be
required to transmit the U-plane data of these
passengers. Nevertheless, it is much more impor-
tant to have rigorous quantitative analysis to
provide a better understanding of this architec-
ture in terms of bandwidth matching. The intu-
itive idea of our analysis is to set apart the
resources needed to support the train control
information (as mentioned above, the train con-
trol information is taken as an example of the
possible services fully provided by macro cells
without decoupling to guarantee the transmis-
sion reliability) , and then determine how many
passengers can be supported by the remaining
resources of the macro cell to support the C-
plane. Given the number of passengers support-
ed by the macro cell and the required bandwidth
of the U-plane data per passenger, the band-
width used by the small cells can be obtained.
For simplicity, we only consider voice dis-
patch via VoIP as the train control information.
Since the entire train control information is
handled by the macro cell, its physical layer
frame structure is the same as that of conven-
tional LTE, that is, PCFICH, PHICH, PDCCH,

and PDSCH are all kept the same. In LTE net-
works, one PHICH can be shared by eight users
in the case of normal CP (cyclic prefix) and
FDD (frequency division duplex) [14]. In order
to lower the resource consumption in the macro
cell, the train control information shares the
same PHICH with other passengers. Consider-
ing the transmission reliability, the MCS (modu-
lation and coding scheme) of the voice dispatch
information is set to, for example, QPSK with
coding rate of 1/3 and four CCEs are assigned
to its PDCCH, while for passengers, the C-plane
and the U-plane are handled by the macro cell
and the small cells, respectively. Hence, there is
no need to retain PCFICH to indicate the
boundary of the PDCCH and PDSCH. To
accommodate the maximum number of passen-
gers in the macro cell, some infrequent control
channels including PBCH and PMCCH are
ignored. The amount of resources employed by
CPDCCH depends on users’ behavior. For
example, when handovers for a high speed rail
system occur, lots of resources will be occupied
by CPDCCH to transmit the corresponding con-
trol signaling. Except for particular situations, in
most common communication processes, the
amount of resources consumed by CPDCCH
can be neglected. Excluding the resources for
the train control information, all remaining
resources are assigned to the essential channels,
such as PHICH, PDCCH, and RS (reference
signal), to maximize the number of passengers
that the macro cell can accommodate. Based on
the above analysis, the results of bandwidth
matching are shown in Fig. 4. With the band-
width of 5 MHz assigned to the macro cell, 96
passengers can be supported in the duration of
one sub-frame (1ms). Correspondingly, 21.2
MHz bandwidth for small cells is required to
accommodate these passengers (each with a
data rate of 500 kb/s), while in conventional
LTE networks, only up to three OFDM
(Orthogonal Frequency Division Multiplexing)
symbols in the time domain of a frame can be
used to transmit the essential control channels
including PDCCH, PHICH, PCFICH, and RS.
In a similar way, it is easy to obtain that 21 pas-
sengers can be accommodated in the conven-
tional LTE network with 5 MHz bandwidth,
which is much less than that accommodated in
the proposed network architecture. Besides, the
attained average data rate per user on the
remaining resources is 21.2 kb/s, which can
barely meet users’ capacity requirements in the
future. As a remedy, in the proposed network
architecture, with broader available spectra in
small cells, a larger data rate per user can be
achieved. From the above comparison, it is
shown that the decoupled architecture can offer
higher capacity.

CONNECTION OUTAGE PROBABILITY

Without loss of generality, the channel quality
in the form of SIR (signal to interference ratio)
is used to evaluate the network connection per-
formance. Connection outage happens when the
SIR of the received signal is lower than a con-
nection outage threshold. Considering the log-
normal distributed shadow fading with mean 0
and standard deviation o, the connection outage
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Bandwidth of the macro cell

Bandwidth 5MHz
Protection ratio 10%
Total (normal CP) 4200 REs

REs for train control

VolIP data rate 12.2 Kbps

MCS QPSK, 1/3
PCFICH 16 REs
PDCCH (4CCE) 144 REs
RS (9.52%) 19 REs
Consumption 198 REs

(a)

The number of supported passengers

Available resources 4200-198=4002 REs

RS (9.52%) 381 REs
PHICH/(?\lp:ﬁs)engers 12 REs
9
PDCCH/passenger
(1CCE) 36 REs
Number of passengers 96

(b)

ot

Matched bandwidth of the small cell

Data rate/passenger 500 Kbps
MCS 16QAM, 2/3

RS (9.52%) 1879 REs
Total consumption 19735 REs
Matched bandwidth 21.2 MHz

(c)

Figure 4. Bandwidth matching analysis.

probability can be evaluated as ®[(T" + [ +
PL(d) - P,)/c], where P, is the transmission
power of the eNB, PL(d) is the path loss at
propagation distance d, I is the co-channel
interference, I' is the connection outage thresh-
old, and @ is the standard normal Gaussian
cumulative function. Detailed mathematical and
simulation models can be found in [10]. The
simulation parameters and results are described
in Fig. 5. As train control information is entirely
kept on lower frequency bands of macro cells in
the decoupled architecture, the conventional
network and the decoupled network gain the
same connection performance of train control
information. Consequently, as shown in Fig. 5b,
the curve “Train control information in conven-
tional network” overlaps with the curve “Train
control information in decoupled architecture.”
Suppose the connection outage probability of
the macro cell and small cells is P,, and Py,
respectively. For passengers, only when the C-
plane handled by the macro cell and the U-
plane handled by the small cells are both
connected, can they be kept on-line. Hence, the
connection outage probability of passenger ser-
vices can be approximately expressed as 1 — (1 —
P,)(1 - Py). From this expression, we observe
that the propagation diversity between the high-
er and lower frequency bands is balanced. For
example, at the edge of the macro cell, which is
also the edge of the small cell, the value of P,
is much smaller than P because of the higher
path loss at higher frequency bands. Thus, the
connection outage probability of this decoupled
architecture, 1 — (1 - P,,)(1 — Py), is smaller

than 1 — (1 = Py)(1 - Py), which corresponds to
the connection outage probability of the con-
ventional coupled architecture (i.e. both the C-
plane and the U-plane are handled at higher
frequency bands). This can also be observed in
Fig. 5b, where the connection outage probability
of the small cells in the coupled architecture is
higher than that of the decoupled architecture
at the cell edge. For the area near the small cell
still far away from the edge of the macro cell,
because the signal quality of the macro cell is
worse than that of the small cell, the connection
outage probability of the coupled architecture
performs better than that of the decoupled one.
However, this also reflects that the decoupled
architecture can balance the propagation diver-
sity between the higher and lower frequency
bands. Finally, thanks to the CoMP technique,
which enables the train to simultaneously
receive two U-plane signals, the received U-
plane signal quality is greatly improved. Conse-
quently, compared with the case without CoMP,
the connection performance of passenger ser-
vice is improved. As CoMP is applied to U-
plane handovers, as shown in Fig. 5b, the
performance improvement is only achieved at
the overlapping area of small cells.

CONCLUSIONS

To meet the dramatically increasing capacity
demands, new network architectures are being
proposed in 5G cellular systems. Using small
cells that operate at higher frequency bands with
broader spectra is a good choice to increase the

Theoretical analysis and
simulation results
demonstrate that the
decoupled architecture
has the ability to offer
higher capacity and bal-
ance the propagation
diversity between the
higher and lower fre-
quency bands. It is
expected that the pro-
posed architecture will
provide a viable solution
to supporting high data
rate services over future
railway communications
systems.
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Simulation parameters Values
Frequency band of the macro cell 900 MHz 5
1074
Radius of the macro cell 1 km 2
Z
3
Fading model of the macro cell Hata g_
(]
g
Frequency band of the small cell 3.5 GHz =
o
S
Radius of the small cell 0.6 km g
g
&
Overlapping area of the small cell 0.4 km V)
Fading model of the small cell PL(d/km)=15+36lg(d) [15]
Transmission power of the macro 43 dBm
and small cells i
Connection outage threshold 3dB
Reuse factor 3
Shadow fading variance 4 dB

(a)

Distance (km)

((ce)))

() (&)

(b)

Figure 5. The connection outage probability comparison.

system capacity, while the transmission reliability
and mobility performance are guaranteed by
macro cells operating at lower frequency bands.
Therefore, based on these observations, in this
article we advocate a novel C/U-plane decoupled
architecture for future railway wireless networks.
By considering the transmission reliability and
mobility management, the relatively important
C-plane of passenger services is kept on the reli-
able lower frequency bands, while the U-plane
of passenger services, which demand more
capacity, is moved to higher frequency bands.
The corresponding channel mappings and physi-
cal frames need to be redesigned to achieve the
design goal. To address the QoE of passengers,
CoMP and bi-casting are used to realize seam-
less and soft U-plane handover. Theoretical
analysis and simulation results demonstrate that
the decoupled architecture has the ability to
offer higher capacity and balance the propaga-
tion diversity between the higher and lower fre-
quency bands. It is expected that the proposed
architecture will provide a viable solution to sup-
porting high data rate services over future rail-
way communications systems.

ACKNOWLEDGMENT

This work was partially supported by the China
973 Program under Grant 2012CB316100, the
NSFC under Grants 61471303 and 61032002,
and the Program for Development of Science
and Technology of China Railway Corporation
under Grant 2013X016-A. The work of Y. Fang
was partially supported by the U.S. National Sci-
ence Foundation under grant CNS-1343356.

REFERENCES

[1] F. Haider et al., “Spectral Efficiency Analysis of Mobile
Femtocell Based Cellular Systems,” Proc. IEEE ICCT,
Sept. 2011.

[2] L. Liu et al., “Position-Based Modeling for Wireless Chan-
nel on High-Speed Railway under a Viaduct at 2.35GHz,"”
IEEE JSAC, vol. 30, no. 4, May 2012, pp. 834-45.

[3] T. Nakamura et al., “Trends in Small Cell Enhancements
in LTE Advanced,” IEEE Commun. Mag., vol. 51, no. 2,
Feb. 2013, pp. 98-105.

[4] B.A. Bjerke, “LTE-Advanced and the Evolution of LTE
Deployments,” IEEE Wireless Commun. Mag., vol. 18,
no. 5, Oct. 2011, pp. 4-5.

[5] X. Xu et al., “On Functionality Separation for Green
Mobile Networks: Concept Study over LTE,” IEEE Com-
mun. Mag., vol. 51, no. 5, May 2013.

[6] H. Ishii, Y. Kishiyama, and H. Takahashi, “A Novel Archi-
tecture for LTE-B: C-Plane/U-Plane Split and Phantom
Cell Concept,” 2012 IEEE GC’12 Workshop: Internation-
al Workshop on Emerging Technologies for LTE-
Advanced and Beyond-4G, pp. 624-30.

[7]1 Y. Kishiyama et al., “Evolution Concept and Candidate
Technologies for Future Steps of LTE-A,” 2012 IEEE
International Conf. on ICCS, Nov. 2012, pp. 473-77.

[8] D. Lee et al., “Coordinated Multipoint Transmission and
Reception in LTE-Advanced: Deployment Scenarios and
Operational Challenges,” IEEE Commun. Mag., vol. 50,
no.2, Feb. 2012, pp. 148-55.

[9] H. Zhai, J. Wang, and Y. Fang, “DUCHA: A New Dual-
Channel MAC Protocol for Multihop Ad Hoc Networks,”
IEEE Trans. Wireless Commun., vol. 5, no. 11, Nov.
2006, pp. 3224-33.

[10] W. Luo, R. Zhang, and X. Fang, “A CoMP Soft Han-
dover Scheme for LTE Systems in High Speed Railway,”
EURASIP J. Wireless Communications and Networking,
2012, pp. 1-9.

[11] A. Damnjanovic et al., “A Survey on 3GPP Heteroge-
neous Networks,” IEEE Wireless Commun. Mag., vol.
18, no. 3, Jun. 2011, pp. 10-21.

[12] X. Wu, B. Murherjee, and D. Ghosal, “Hierarchical
Architectures in the Third-Generation Cellular Net-
work,"” IEEE Wireless Commun. Mag., vol. 11, no, 3,
Jun. 2004, pp. 62-71.

110

IEEE Wireless Communications ¢ February 2015



[13] Y. W. Blankenship, “Achieving High Capacity with
Small Cells in LTE-A,” 2012 50th Annual Allerton Con-
ference on Communication, Control, and Computing
(Allerton), Oct. 2012, pp. 1680-87.

[14] E. Dahlman, S. Parkvall, and J. Skold, LTE/LTE-Advanced
for Mobile Broadband, Elsevier Ltd, 2011.

[15] S. Kun, W. Ping, and L. Yingze, “Path Loss Models for
Suburban Scenario at 2.3 GHz, 2.6 GHz and 3.5 GHz,”
Proc. IEEE 8th International Symposium on Antennas,
Propagation and EM Theory, Nov. 2008, pp. 438-41.

BIOGRAPHIES

LI YAN received the B.E. degree in communication engineer-
ing from Southwest Jiaotong University, Chengdu, China,
where she is currently pursuing the Ph.D. degree with the
Key Laboratory of Information Coding and Transmission,
School of Information Science and Technology. Her
research interests include handover, network architecture,
and reliable wireless communication for high-speed rail-
ways.

XUMING FANG received the B.E. degree in electrical engi-
neering in 1984, the M.E. degree in computer engineering
in 1989, and the Ph.D. degree in communication engineer-
ing in 1999, all from Southwest Jiaotong University,
Chengdu, China. In September 1984 he was a faculty
member with the Department of Electrical Engineering,
Tongji University, Shanghai, China. He then joined the Key
Laboratory of Information Coding and Transmission,
School of Information Science and Technology, Southwest
Jiaotong University, where he has been a professor since
2001 and the chair of the Department of Communication
Engineering since 2006. He held visiting positions with the
Institute of Railway Technology, Technical University
Berlin, Berlin, Germany, in 1998 and 1999, and with the
Center for Advanced Telecommunication Systems and Ser-
vices, University of Texas at Dallas, TX, USA, in 2000 and
2001. He has to his credit approximately 200 high-quality

research papers in journals and conference publications.
He is the author or a co-author of five books or textbooks.
His research interests include wireless broadband access
control, radio resource management, multihop relay net-
works, and broadband wireless access for high speed rail-
ways. He is the chair of the IEEE Vehicular Technology
Society Chengdu Chapter.

YUGUANG FANG (F'08) received a BS/MS degree from Qufu
Normal University, Shandong, China in 1987, a Ph.D.
degree from Case Western Reserve University in 1994, and
a Ph.D. degree from Boston University in 1997. He joined
the Department of Electrical and Computer Engineering at
the University of Florida in 2000 and has been a full pro-
fessor there since 2005. He held a University of Florida
Research Foundation (UFRF) Professorship from 2006 to
2009, a Changjiang Scholar Chair Professorship with Xidian
University, China, from 2008 to 2011, and a Guest Chair
Professorship with Tsinghua University, China, from 2009
to 2012. He received the US National Science Foundation
Career Award in 2001 and the Office of Naval Research
Young Investigator Award in 2002, and is the recipient of
the Best Paper Award from IEEE ICNP (2006). He has also
received a 2010-2011 UF Doctoral Dissertation
Advisor/Mentoring Award, 2011 Florida Blue Key/UF Home-
coming Distinguished Faculty Award, and the 2009 UF Col-
lege of Engineering Faculty Mentoring Award. He is the
editor-in-chief of IEEE Transactions on Vehicular Technolo-
gy, was the editor-in-chief of /EEE Wireless Communica-
tions (2009-2012), and serves/served on several editorial
boards of journals including /EEE Transactions on Mobile
Computing (2003-2008, 2011-present), IEEE Transactions
on Communications (2000-2011), and IEEE Transactions on
Wireless Communications (2002-2009). He has been active-
ly participating in conference organizations such as serving
as the Technical Program Co-Chair for IEEE INOFOCOM
2014 and the Technical Program Vice-Chair for IEEE INFO-
COM 2005. He is a fellow of the IEEE.

IEEE Wireless Communications ¢ February 2015

111




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


