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Abstract—The growing deployment and advanced development and thus cannot satisfy users’ growing data traffic demand
of high-speed train (HST) systems, coupled with the reliare [7]. In this situation, Free Space Optics (FSO) becomes a
on and demand for constant Internet connectivity anytime ary- viable alternative wireless access technology to meet the

where, have necessitated the imminent provisioning of bratband . . . . . g . .
Internet services in HSTs. Ground-to-train free space optal increasing demand for high quality multi-media services in

(FSO) communications suffer from frequent handovers due to HSTS. Since the available frequency of the FSO technology is
high mobility of HSTs, thus shortening the connection time over 300 GHz which is license free all over the world [8], it is
between the train and ground, and greatly impacting passergys’  promising to provision high data communications in HSTS. Fo
user experience. To provision high-speed Internet servisein gy ample " an FSO system with a faster handover mechanism

HSTs, we propose the RotAting TranscEiver scheme (RATE) to has b dt hi dat e | f 500
mitigate the impact of handover processes with steerable K3 as been proposed o achieve a data rate in excess o

transceivers in a ground-to-train communications systemOwing Mbps in HSTs [9]. Moreover, owing to Line-of-Sight (LOS),
to the rotating feature of the scheme, the on-roof transceer of a FSO is immune to the impact of multi-path propagation and
train can maintain a reliable link with a base station (BS) for a  interference from other transmitters which remarkablyrddg
longer time, and remarkably reduce the number of handover the system performance in radio frequency technologiek [10

processes, thus provisioning higher data rates of the syste Th h hall . Vi FSO
Meanwhile, since the separation distances between BSs are ere are, however, some challenges in applying

extended, the total number of BSs required to be dep|oyed a"[g communications fOI‘ HSTs. FII‘S'[, to maintain a continuous
the track is also reduced, thus reducing the deployment codor FSO link between a running train and the ground, the railway
service providers. Moreover, a new handover method is desigd  gperator has to deploy a large number of FSO base stations
to mitigate the impact of each handover delay, especially ofive (BSs) to realize seamless coverage. A large number of BSs

streaming applications. Finally, the performance improvenent of t onlv bri h ital dit but also i
the proposed scheme is demonstrated via simulation results not only bring huge capital expenditures, but also Increase

Index Terms—FSO, handover, ground-to-train communica- OPerating expenses (especially in rural areas); this istiaadr
tions, high-speed train. issue for the railway operator. Thus, we need to maximize
the separation distance between BSs to reduce the number of
BSs deployed along the track. In addition, a train movingyawa
. INTRODUCTION from the coverage area of a BS and entering the coverage area
IGH-SPEED Internet connectivity is becoming an inte(-)]c the ne?<t B.S in\{okes a handover procedure that may resultin
communications interruption and a long handover delayéf t

gral _and indispensable part in our d_al_ly I|ves_. Brc_>adban |%Iances between BSs are small, the train has to experience
data services are expected to be provisioned in hlgh-sp%ee uent handovers, which have a detrimental impact on the
trains (HSTs). Thus, providing Internet access in HSTs i on q ' P

o . . average data rate of the system. Thus, it is also critical to
of the main incentives for the railway operators to attraoten . . )
) . : extend the distance between BSs to mitigate the impact of
passengers. Currently, radio frequency wireless teclgieso

. ndover processes on the system performance.
are used to provide Internet access to passengers [1-3]. s . : )
. S . . n addition, FSO beams can be categorized into two types:
However, owing to the limitation of radio wave bandwidth

and interference [4], [5], the existing infrastructure drhs harrow and wide beams. The laser beam with a divergence

on radio frequency technology such as Wi-FilWiMAX ca angle smaller thar0.0057° is considered to be a narrow
. . eam [11-13]. The narrow beam can incur significant point-
provide peak data rates of up to 54/75 Mbps theoret|cal¥{ . . L .
which drop to lower than 10 Mbps in real scenarios [61 g/tracking errors since the LOS of the FSO link is easily
mpacted by a train’s motion, track irregularities and the
Copyright (c) 2015 IEEE. Personal use of this material isnited. turbUIence_eﬁeCt OT the thosphere. Thus, the precise and
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angle than the narrow beam. As compared to the narr@@mmunications. We conclude the paper in Section VII.
beam, the wide beam provisions a large spot size at the same
distance, and can fully cover the train or a certain length of
the track [15]. Thus, the constraint of precise assignment i
significantly relaxed. Consequently, the use of a wide beamln this section, we briefly review related research works on
can lower the Comp|exity of the ATP system or Comp|ete|ground—to-train communications based on FSO in HSTs.
eliminate the need of an ATP [12]. In order to improve the A ground-to-train FSO system was proposed by employing
reliability and lower the design complexity of the ground-t @ wide beam of a divergence angle of 3.@perating at a
train FSO system, we employ the wide beam to realize tM@velength of 850 nm [15]. The system uses the wide beam
FSO communications in HSTs. to fully cover the area between two BSs (i.e., 75m) along

In this paper, we propose a RotAting TranscEiver (RATF_tj"e track based on a geometric m_odel, instead of employing
scheme for ground-to-train FSO communications to reduee & ATP to perform the precise assignment. However, the vast

impact of handover processes on the system performance. @gount of BSs along the railway incurs frequent handovers.
major contributions include the following. Another FSO communications system has been proposed

) ) ) and implemented with a wide beam to realize a Giga-bit
« This work adopts rotating transceivers on both the trajf),ss ground-to-train communications between a train had t
and the ground BS to extend the effective coveraggqnd [16]. A cylindrical concave lens is placed in front of
length of each BS. Although the coverage length of @ |aser such that the wide beam can cover the length of a
static optical beam is limited, if the beam of the BS'§ypicql pullet-train car (i.e., 25m). The wide beam ensuhes
transceiver rotates based on a particular angular spe&fhiinuous link between the train and the ground.
when a train moves along the railway, the coverage lengthp g1, data rate ground-to-train FSO communications sys-
of Fhe BS is extended. Meanwhl!e, the tra_nscewer qf tf}sm employing an ATP mechanism was proposed by using a
train glso rotates_towards the BS’s transceiver to maintaifia peam at a wavelength of 750 nm [6]. The system utilizes
a reliable FSO link. Consequently, the number of BS§e ATP to perform the tracking and handover process. The
required to deploy along the track is reduced. As a resUtp system of each transceiver comprises two quadrant photo
the number of handovers decreases, thus improving §84e " (QPD) modules, one with a wide-angle lens and the
average data rate of ground-to-train communications. ,iher with a telescopic lens. During the handover process, a
- We design a han_dover method and a rotating method_ flfﬁht emitting diode (LED) beacon with wide angle is used
the ground-to-train FSO communlca_tlons system. Du_”rfgr coarse tracking while a narrow laser beam is used for fine
the handover process, by leveraging two transceivefScying and data transmission. When the beacon light of a
installed on the train (i.e., one is a rotating transceivel a 5 g0t BS s captured by the transceiver of the train, botBQP
the other is a fixed transceiver), one transceiver can SWitghy, ' seq to control the mirror to align the transceiver to the
from the source BS to the target BS, while the othgf et B je., switching from the source BS to the target BS
one is used to malntaln the continuous FSO ConneCt'Bﬂring a handover. However, this system does not consider
between the train and the ground. Thus, the handoygk \oqyction of the number of handovers, which affect the
delay is transparent for users inside the train. In additiogte tive connection time between the ground and train.
wher_1 the train is moving W'th'_n a BS's coverage, the |05 of adopting a QPD with a wide-angle lens, another
rotating procedure is in operation. A ce_qtral controlle‘gso system employs a high-speed image sensor in its ATP
of the train can track the speed and position of the ralf jetect the beacon light of the target BS [7]. As compared
and exchanges control messages with the BS. Once fBea QPD, this image sensor provides a more precise position

central controller decides to start to rotate transcejvebsf the target BS within a shorter time, thus decreasing the
both the rotating transceivers of the train and the BS C@ndover time ’

rotate towards each other with a particular angular spee
to maintain LOS.

Il. RELATED WORKS

d1\/Ioreover, to reduce frequent handovers of mobile users
We al h ical del | h inside the train, Taherét al. [17] proposed an innovative
- We also use a mathematical model to analyze the %% und-to-train FSO system in HSTs, referred to as FOCUS,

placement to_maX|m|ze the distance between BSS’_a\/\/ffich has multiple transceivers (e.g., 6 or 21 transcejvers
deyelop the simulator based on NS2 1o set_up_ Fhe Slmb'éing installed on the top of a train, a concept similar to
lation. The results have demonstrated the viability of tr\sADIATE [1] by employing radio over fiber as an antenna
proposed scheme. extender. When the train traverses different FSO BSs, @mebo
The remainder of this paper is organized as follows. lmsers are able to maintain a connection with the same BS by
Section II, we briefly introduce related works. In Sectioh Il selecting different forwarding transceivers of the traimys
we introduce the network structure of ground-to-train FS@ecreasing frequent handovers. However, multiple travesce
communications. In Section IV, we present the propagatiom the top of the train not only incur the increasing cost of
model and atmospheric attenuation model of FSO systertise system, but also result in high control complexity.
In Section V, we propose RATE to enable high-speed com-To the best of our knowledge, most existing published
munications for the ground-to-train FSO system in HSTs. Morks on ground-to-train FSO communications tend to use
Section VI, we compare the performance of our proposéided transceivers on the train and ground, without congider
scheme with the fixed transceiver scheme in ground-to-trdlre potential benefits from rotating transceivers. The high



mobility of HSTs incurs frequent handovers, which degrade Transmitter
the performance of the communications system. Therefore,
Receiver —POO

we propose the rotating transceiver scheme for groundaio-t

free space optical communications to reduce the number of
handovers as the train moves along the track. Owing to the
rotating feature of the proposed scheme, the coveragehlengt
of each BS is increased, and thus fewer BSs are required to

deploy as compared to the fixed transceiver scheme. As the C

total number of BSs is reduced, the cost of the FSO system

can also be decreased, thus making the deployment of the FSO Stepper motor

system more practical. Gimbal

Fig. 2: Rotating transceiver.
IIl. NETWORKARCHITECTURE 9 9

T~ Rotating Transcciver M Rotating Head the rotating transceiver on the train returns to its injiasition

Fiber-Optic Core Network | Fixed Transceiver ~ ~—  Tramseeiver and starts to point to the transceiver of the next BS.

i

Plano concave lens

+E 1 a
Fiber-Optic LInk Laser diode uunv;}; |ens Photodiode
Spkl
((‘f,’) & WiFi AP ((Y) .
Mobile Router Transmitter Receiver
ﬂ\ B @ /ﬂ Fig. 3: Structure of a transmitter and a receiver.

To maintain the reliable FSO link, both the transmitter and
Mobile Users receiver should keep in continuous LOS. In order to reduee th
complexity of maintaining precise alignment, all transees

are designed to use the wide beam, which has been employed

As shown in Fig. 1, a hierarchical two-hop network archii—n many other works [15], [16]. The wide beam of a BS fully
tecture consisting'of ’steerable FSO transcgivers is covers a certain length of the track where the receiver on the
t g . , ISoeap train can readily receive the signal. Fig. 3 shows the stinect
to provision broadband Internet connections for HSTs. b th . : . .
! ; , .of a transmitter and a receiver. The transmitter comprises a
train, mobile users first connect to on-board access points . : .
laser diode that emits the light beam and a plano concave

APs) which are connected to a mobile router (MR) via th . . . .
1Siber)link The MR and two transceivers (i.e oné is f)ixed aq%ns that diverges the laser beam to achieve the requireel wid
' o eam. The receiver comprises a photo-diode and a convex lens

the other one is rotating) are cor:mectgd via a fiber l.'nk tovﬁwich converges the received light. With a wide beam, the
central controller (CC) of the train which is responsible fo

. - transmitter and receiver pair is able to realize the cowotirsu
managing the system to optimize the network performan o
. .LOS when they rotate towards each other based on the angular
Note that the two transceivers are placed at the same positiQ .
. . .~ speed given by the CC. Hence, the proposed scheme does not
of the train. Thus, mobile users, APs, MR, on-roof transeesiv
. i . .~ need an extra ATP sub-system.
and CC compose a mobile network in the train. Meanwhile, on
the g_round, eac_h BS located along the trac!< is equ_lpped with a IV. SYSTEM MODEL
rotating transceiver and connected to the fiber-optic bawkb _
network. When a train moves along the track, only transeeive™ Propagation Model
of the train and BSs need to execute a handover process, whil&or typical ground-to-train FSO communications, the re-
all mobile users remain under the coverage of their APs.rt caeived power [18][19] at the receiver can be expressed as:
be seen that the capacity of the ground-to-train FSO link is D2
the bottleneck of the network architecture for HST. Thus, we P.., =P, >
need to develop new technologies and algorithms to provide a div” L?
reliable and broadband FSO link between the train and BSwhere P,, is the transmitting powerD is the receiver di-
The rotating transceivers of both the train and BSs aaeneter,d,;, is the divergence angle of the transmittér,is
illustrated in Fig. 2, where transceivers are mounted ontlae communications distance,s the atmospheric attenuation
mechanically steerable gimbal driven by a stepper motarsTh coefficient in dB/km, and 7, and n,, are the transmitter
when a train moves within the coverage area of a BS, thad receiver efficiency, respectively. K, and D are given,
train’s transceiver and the BS’s transceiver can rotatetdss then the received power depends on the divergence angle
each other according to the angular speed provisioned by tifethe beam and the communications distance between the
CC of the train. When the train leaves the BS'’s coverage aré@nsmitter and receiver.

Fig. 1: Network architecture.
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B. Atmospheric Attenuation rotate towards each other when the train passes through the

When an optical beam passes through the atmosphere, tHépe that is, the train's transceiver connects to each BS for a
is power attenuation, resulting from absorption and sdate longer time, thus reducing the impact of frequent handovers
Absorption is caused mainly by water vapor and carbon
dioxide, whereas scattering is caused by dust particles aRd| o Maintenance
water droplets from fog, rain or snow. It has been found that ) ]
scattering has a much greater impact on the attenuatioreof th 10 keep the connection between a train and BSs for a

beam power than absorption. In particular, when the pamépnger time, it is critical to maintain the LOS between their

diameter is in the order of the wavelength of the laser beaffANSCeivers as the train moves fast along the track. Inngrou

the resulting scattering impact is very high [20]. Typigall to-tra_in cqmmunications, the CC pf the train is use_d to detec
the radius of fog particles is from 1 to 2em, whereas haze the direction and speed of the train. Upon connecting to a BS,

particles have a size from 0.01 to,an. Therefore, fog and the transceivers of the train convey the contrql messages to
haze are composed of small particles whose sizes are closdfpBS 10 set the angular speed and the rotating direction of
the wavelength of optical beams [21]. This is why the mode BS’s transceiver. Thus, both transceivers _of the traih a
detrimental environment conditions for FSO communicatiofd™Und can rotate towards each other according to the given
are fog and haze. As a comparison, the impact of rain is léd&gular speed to maintain the LOS. _ o
critical because its larger particle size in the order of 0.5 Ve assume the rotating transceivers rotate in a step size (i.

mm has more effect on longer wavelength such as millimetg} ©f 10 mrad. Denote as the train speed, andas the tilt

waves instead of visible light beams. angle of transceivers, which is the angle between the dptica
Based on empirical measurements [22], the attenuatigiis of the beam _and the horizontal axis tha}t is parallel & th
coefficienty can be expressed as: track. In the rotating process, when transceivers rotaie lsy
step, their tilt angles change correspondingly. For eatdting
(\) = @(i)_q < 0. @) step, we can calculate the coverage length of a BS's wide
vV \ 550 beam based on the transmitter’s tilt angle, and thus dedhgce t

Here, V is the visibility distance (in km)) is the wavelength distance traversed by the train during the step (i.e., @ehot
of the laser beam, ang is the size distribution of scattering@S X)- Consequently, the time duration of the step can be
particles in different weather conditions. Moreovgrcan be €stimated as= X /v, and the angular speed of transceivers at

expressed as a function of the visibility length[22]: the step is obtal_ned. Note_ that the angular speed of tratgsse|
grows as the tilt angle increases because a large tilt angle

1.6 V> 50km implies a small coverage length for a wide beam. As shown
1.3 6km <V < 50km in Fig. 4, wheny = 90°, the coverage length of the wide
q= 1016V +34 1km <V <6km . (3) beam is the smallest, and thus the highest angular speed of
V—-05 05km <V <1km transceivers is obtained. If the highest angular speed ean b
0 V < 0.5km satisfied by the FSO system, especially the stepper motor, th

Using Egs. (2)-(3), we can calculate the atmospheric atterifcurate rotation of the transceivers is realized in thatirwg
ation under different weather conditions. Some typicaligal Process.

of the attenuation coefficient for the laser beam of 850 nm To calculate the angular speed at a rotating step, we canside
under different weather conditions are given in Table 1.  the rotating transceiver on the train as node A and the BS as

node B, as shown in Fig. 4. To keep the link up, node A
TABLE I: Atmospheric attenuation under different weathetraverses a distance of that is covered by the BS’s wide
conditions beam during the step. Parameters used to calculate thesangul
speed of the two nodes’ transceivers are denoted as follows:
X Distance traversed by the train during a rotating step.

| Climate | Visibility km) | Attenuation (dB/km)]

ﬁ'::; 220‘00 g'gi 0: Diverg(_ence angle of a wide beam.
Thin fog 1:5 8:99 @: Step_3|ze pf the rotation.
Cight fog o 13.96 dy: Vertlcgl dlgtance betwee.m Node B and the track.
Heavy fog 0 3270 As d(_escrlbed in [23], the d|§tance af can be calculated
by solving the following equation:
X  z 4
V. ROTATING TRANSCEIVERSCHEME (RATE) sin @ sin 2z’ “)

Providing high data rates with the minimum handover During a rotating step, the starting position of node A is
complexity is a big challenge for HSTs. The high mobility of @onsidered ag0,0) (i.e., the coordinate of node A in a bi-
train causes frequent handovers that degrade the perfeemadimensional plane), the ending position of node Ads, b1),
of the communications system. The data rate drops during #ed the position of the BS is assumed to(lg b ). Therefore,
handover processes as the train moves along the track. We can obtainZ = \/(al —a2)? + (by — b2)%2. Meanwhile,
main goal of RATE is to extend a BS'’s coverage length hihe angle: can be derived as = v—6/2. Thus, based on Eq.
enabling the rotating transceivers of both the train and &S ¢4), the time that the train stays within the coverage lerdth




Train source BS. Consequently, the connection between thengtati

% transceiver on the train and the source BS continues béfere t
Track . i .
Node A = (a.b) new FSO link between the fixed transceiver and the target BS
z vt 151

is established. In other words, during the handover process
there is always a continuous connection between the train an
ground. Suppose that the handover delay arised from the fixed
transceiver of the train i§, the length of the overlapped
region, denoted as ¢, should satisfyL; > vT; to guarantee
Z=\(@~a) +(b~b) that the fixed transceiver of the train switches to the taBfet
within the overlapped region. Second, when the transcewver
the train leave the overlapped region, the connection ketwe
the rotating transceiver and the source BS drops off, white t
CC of the train controls data traffic to be transmitted via the
Node B link between the fixed transceiver and the target BS. Third,
Fig. 4: LOS maintenance between node A and B.  the CC enables the rotating transceiver on the train to metur
to its initial direction, i.e., pointing to the target BS. Gnthe
rotating transceiver acquires the optimal beam of the targe
the wide beam can be expressed as X /v, and the angular BS, it starts to set up a link with the target BS, thus incugrin
speed £¢/t) can be obtained. the handover delay of the rotating transceiver (ilg), During
The maximum angular speed of a commercial steppéts delay, the train traverses a region whose length.i§i.e.,
motor, referred to as NM23AD-T4, can reash30°/s, i.e., Lr = vT,). After the new link of the rotating transceiver is set
140 radian/s [24]. In this paper, we set the divergence andle, the CC moves data traffic back to the rotating transceiver
of the wide beam as 10 mrad. When= 90°, the coverage On the train. At this time, the whole handover process is
length of the wide beam is calculated &s= 0.010 m based completed, and the rotating transceiver starts to opetee t
on Eq. (4). Thus, we can estimate the time for the train f@tating process under the control of the CC.
traverse the distance of and calculate the highest angular Since there is always a continuous connection between
speed as/¢/t = 100 rad/s. As the highest angular speed i$he train and ground during the whole handover process,
within the range of the commercial stepper motor, the atceurdhe handover delays of the transceivers are transparent to
rotation of transceivers can be realized. the mobile users in the train, i.e., the detrimental impdct o
handover delays is mitigated.

Note that the directions of optical beams from the source
and target BSs are totally different within the overlapping
region; the source and target BSs can share the same optical

T Rotating Transceiver wavelength, thus enabling the transceivers on the train to
L Overtapand Reston readily switch from the source BS to the target BS and to
lower the complexity of the system.
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B. Handover Method

/ L2 C. Rotating Method

Oaiv

3 . * Fiber-Optic Core
Source BS [ Target BS Network

Lh '——l BS1 '—J BS2

Fig. 5: Handover process.

In this section, we design a new handover method th J %

employs two transceivers of a train (i.e., a rotating trahsr

and a fixed transceiver) to improve the handover performan,, [~ _'E];\

To facilitate the handover process, an overlapping redioni =+ vv

minated by the source and target BSs allows the transceiv i

on the train to switch from the source BS to the target B e ——

during the handover process. Fig. 5 is used to illustrate t ¥

handover process. First, when the fixed transceiver of t i ’;I—"‘.;_,,
train enters the overlapping region, it detects and catties

optical beam of the target BS, and then starts to establesh th Fig. 6: Rotating process of transceivers.

connection to the target BS, thus incurring a handover delay
Meanwhile, although the rotating transceiver on the train i Since the CC can track the speed and position of the train, it
also within the overlapped region, it still keeps pointioghe can calculate the angular speed and the beginning and ending



time of the transceivers’ rotation. During a handover pssce has a crucial impact on the spacing between BSs. If the

when the FSO link between the fixed transceiver of the tracoverage length of each BS is enlarged, the total number of

and the target BS is established, the CC conveys a contB8s required to deploy along the railway can be decreased;

message to the BS. Therefore, the BS obtains the necesdhiy can remarkably reduce the number of handovers and the

information such as the train speed and the schedule of anguleployment cost of the railway operator.

speed before the rotating process. We apply on-off keying (OOK) as the modulation scheme
Once the handover process is completed, the rotating pfor the system, which is widely used in FSO communications

cess starts. As shown in Fig. 6, when the train reaches arcer{d 3], [25]. Meanwhile, the BER of0~? is selected to maintain

position, the rotating transceivers of both the train and BSe reliable data transmission on the FSO link. The model of

start to rotate based on the angular speed given by the GER for OOK-NRZ is shown as

which enables the transceiver pair point to each other durin f——

the rotating process. Moreover, since we apply the wider lase BER = Q(VSNR), ®)

beam, it is easy to make the assignment to avoid the pointi\r,g,gereQ(x) =L [ e*Tyzdy [15].

— 27 Jz

errors. When the rotating process stops, the FSO link cin sti Giyen the specific BER of the system, the required SNR
maintain a certain time duration until the train goes beyonf;eshold can be obtained based on Eq. (5). Thus, the SNR
the coverage of the BS. Then, CC controls the transceiver pgjreshold for the BER of0—? is 15.34 dB.

to return to their initial direction. Furthermore, the SNR at the receiver can be expressed as

2
snR = L) (6)

direction o2 )
//\\DE . A whereR is the responsivity of the receiver in AW, is the
T“‘Ckc i E received power ane? is the total noise at the receiver, which
W‘“"/Cdz can be modeled as the additive white Gaussian noise (AWGN)
’ '~ BS d [15].

Fig. 7: Rotating process of transceivers. |
Fig. 7 illustrates the rotating process, where a BS covers th d
area betweeit; and Cs. x is the rotating angle of the BS's e
transceiver. If the BS’s transceiver is in its initial diten
(i.e., OD,), the coverage length of the BS dg. Meanwhile, B 0
. . . . . — d div d3
if the direction of its transceiver i® D5, the coverage length 1 }

|

|
of the BS isds;. When the rotating transceiver of the train BY do |
reachesC, the initial direction of the BS’s transceiver is ‘ !
towards D;, and the system starts to perform the handover  Fig. 8: Coverage length of the BS’s laser beam.
process within a distance df, (i.e., L, = Ly + L,). Upon
connecting to the BS, the rotating transceiver of the train According to Eq. (6), the receiver sensitivity,;, which
conveys to the BS the angular speed and the beginning dhdhe minimum received power required to maintain reliable
ending time of the rotating process, which is managed ByO communications, can be derived as
the CC of the train. In this situation, when the train reaches (SNR % 0?)%
D, the rotating transceivers of both the train and BS (the P = R (7)

transceiver pair) start to rotate towards each other acoptd . . .
the predefined angular speed in order to maintain a Commuc')l'@er_efore, usmg_PTS as the rece_lveql power in Eq. (1), we can
obtain the maximum communications distantg,, of the

FSO link. Once the train reachds,, the rotating process . o .
stops. Afterwards, since the train is still moving withire threa FSO link. Consequently, as shown in Fig. 8, we can derive the

covered by the optimal beam of the BS, the transceiver paghievable coverage distance of a Blg:= \/L2,,, — d1*.

keeps the FSO link until the train moves outside the coveragedenote d;,, as the maximum coverage length of a BS
of the BS, i.e., leaving poinf,. in RATE. In the proposed scheme, the achievable coverage

distances on both sides of the BS are equal. When the rotating
transceivers rotate step by step, the coverage area of the
BS’s wide beam can move along the track, thus covering a
To keep a reliable FSO link, the signal-to-noise ratio (SNRJistance ofd, on either side of the BS. Hence, the maximum
must be higher than the SNR threshold corresponding to tbeverage length of a BS in RATE can be derived to be
predefined bit error rate (BER). As the on-roof transceiegrs 2d,. Moreover, taking into account of the overlapping regions
a train move away from a BS, the received power gradualbetween neighboring BSs used for the handover process,
diminishes; that is, the SNR decreases when the distartce maximum coverage length of each BS in RATE can be
between the transmitter and receiver increases. So, we neggressed as
to analyze the maximum coverage length of a BS, which d.,

cov

Train

D. Analysis of BS Deployment

= 2dy — L. (8)



Consequently, to guarantee reliable ground-to-train cammwe need to make the separation distance between BSs as large
nications along the railway, the maximum separation d#anas possible. Therefore, in the simulation, we set the sépara
between two deployed BSs in RATE d&,,. distance between BSs in RATE as 415 m while the separation

For the fixed transceiver scheme with a wide beam, we ddistance between BSs in the fixed transceiver scheme as 145

noted/ , as the maximum coverage length of a BS. According. Note that both RATE and the fixed transceiver scheme
to Fig. 8,d/,, can be expressed as: share the same transmitting power and the wide beam with
the same divergence angle. Fig. 9 shows that the number of

dl,, = do — dy tan(p), (9) BSs required to deploy within 10 km for RATE is reduced by

where = arctan(42) — 0. Note that the maximum distance63'7% as compared to that of the fixed transceiver scheme,
o d1 L . translating into tremendous deployment cost reductiortter

between two deployed BSs is equal to the maximum coverage - operator

length of each BS in the fixed transceiver scheme . yop '

TABLE II: System Parameter
VI. RESULTS AND DISCUSSION

Simulations are set up to evaluate the performance of the | Parameter [ value
proposed RATE for ground-to-train communications. We have Wavelength 850 nm
developed the simulator based on NS2 [26], and have simu- Train speed 100 m/s
lated the throughput of the ground-to-train communication Source diameter Lcm
An FSO module is added to the physical layer in NS2 to Receiver diameter 5 cm
determine if the transmitter and receiver are aligned, and t Transmitter optical power] 25 mw
calculate the received power and bit error rate. The modules Transmitter efficiency 09
of 802.11 and AODV are modified and tailored for FSO com- Receiver efficiency 0.9
munications. The application of ftp is used as the data sgurc Beam divergence 10 mrad
and TCP is the transportation protocol. We also complete Vertical position of BS, im
some functions written in TCL to configure parameters of each Receiver responsivityR | 0.59 AW
transceiver, such as the transmitting power, divergengéean Receiver sensitivityPrs | -27.04 dBm
tilt ang|e, and so on. SNR threshold 15.4 dB

To demonstrate advantages of RATE, we select the fixed
transceiver scheme with a wide beam [15], [16] as the baselin
scheme for comparison. In the simulation, a train runs along 75
the track at the speed of 100 m/s, and BSs are deployed along¢ 700 — =E§Z§scheme 1
the track. The transmitting power is 25 mw and the divergence &5y 1

@
=]
T

angle is 10 mrad. Other parameters are detailed in Table 2.
Based on Eg. (7), we can calculate the receiver sensitiity o

a reliable FSO link as -27.04 dBm. The data rate is set as
100 Mbps. In addition, we assume that the handover delay
for each transceiver in both RATE and the fixed transceiver
scheme is 130 ms because a new FSO system, which has bee
implemented in West Japan Railway Company’s commuter
trains, has realized a handover delay of 124 ms [9]. Since ol
RATE employs two transceivers on the train to cooperate st
to maintain the continuous communications with the ground 0
during a handover process, the handover delay of the whole

g(fl(a) )system in RATE can be mitigated (i.e., zero handov%rig. 9: Number of BSs within 10 km for different schemes.
y).

Bad weather conditions, especially heavy fog, have adetri-,:ig. 10 shows SNR of RATE under different weather
mental impact on the attenuation of laser beams. When d&ngitions. When the weather condition worsens, the SNR
ploying BSs along the track, we should take into account ghcreases. However, the SNR performance in different eeath
the worst case, i.e., heavy fog, which incurs the worst cBeniyongitions can satisfy the SNR threshold (15.4 dB). In other
conditions. With parameters in Table 2, we can obtain g, s under different weather conditions, the deploynudnt
maximum communications distancés,., of the BS based ggg jn RATE can maintain the reliable ground-to-train FSO
on Eg. (1), where the received power is higher than the wmunications while requiring fewer BSs.
receiver sensitivity. Then, the_achieyable coverage inicsta Fig. 11 shows the throughput comparison of RATE and the
of each BS under heavy fog is obtained (i.e., 214.6 M) bieq transceiver scheme under heavy fog. We can see that
dy = /L2, —di*. Consequently, the maximum coveragéhe throughput of RATE is more stable than that of the fixed
lengths of BSs in RATE and the fixed transceiver scheme caansceiver scheme. When the throughput drops dramaticall
be calculated as 415 m and 145.8 m according to Eq. (8) ahdheans that the on-roof transceiver is performing a haadov
(9), respectively. As we know, to reduce the number of BSgrocess. The number of handovers in RATE is much fewer
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Fig. 10: SNR of RATE under different weather conditions. Fig. 13: SNR comparison under heavy fog.
80— between RATE and the fixed transceiver scheme under heavy
;‘lﬁﬁ‘zsc“eme fog. In comparison, parameters such as the transmittinggpow

701 H

divergence angle, and weather condition are set as the same
for the two schemes. The average throughput is calculated
by dividing the total throughput by the corresponding time
duration. It is shown that even with fewer BSs deployed,
the average throughput of RATE is still more than the fixed
transceiver scheme; this is attributed to less handoveds an
better channel conditions.
Fig. 13 shows the comparison of SNR between RATE
and the fixed transceiver scheme under heavy fog. We can
see that the SNR of the fixed transceiver scheme changes
% 12545678 91011121314151617181920212223 frequently, which represents that the number of handovers i
Time (s) the fixed transceiver scheme is more than that of RATE. The
Fig. 11: Throughput comparison under heavy fog. ~ abrupt peaks of SNR for RATE are attributed to the fact that
communications distance between the transmitter andvecei
pair is very small when the train gets close to the BS. When
65 the tilt angle of transceivers of the train and BS becofitgs
=Ei’:zfscheme the train is at the closest position to the BS, and thus the SNR
; 19.1% 1 reaches the peak value. In contrast, in the fixed transceiver
1 scheme, when the train connects to a new BS, the smallest
communications distance between the transmitter andvercei
is obtained, which is much larger than that of RATE. When
the train traverses the coverage area of the BS, the distance
between the transmitter and the receiver is increasingtharsl
SNR degrades gradually until the train switches to the n&t B

Throughput (Mbps)

Average Throughput (Mbps)
N N w w B F o
o ol o (%] o (4] o

.
3
T

VIl. CONCLUSION

In this work, we focus on reducing the impact of handovers
and the number of BSs deployed along the railway while
maintaining a reliable FSO link for ground-to-train commu-

Fig. 12: Average throughput comparison under heavy fognications in HSTs. The current technologies for ground-to-

train communications have been reviewed. Then, we have

proposed RATE to provision ground-to-train free spaceaapti
than that of the fixed transceiver scheme. Moreover, the neammunications. In RATE, a new handover method is used to
handover procedure of RATE also improves the throughput giitigate the impact of the delay arised from each handover
the system during the handover. As a result, with fewer BSsiocess. Moreover, owing to the rotating feature, RATE im-
the total throughput of RATE outperforms that of the fixegroves the coverage length of each BS and guarantees the
transceiver scheme. high data rates in different weather conditions. Thereftire

Fig. 12 shows the comparison of the average throughprdmmunications link between the on-roof transceiver amd th

Different Schemes



BS’s transceiver can last for a longer time, thus decreasifig8] D. Killinger, “Free space optics for laser communioati
the required number of BSs deployed along the railway and
the number of handovers. The simulation results show that
RATE reduces the number of handovers while improving tHj&4] J. He, et al., “A survey on recent advances in optical
throughput of the system.
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