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Abstract

In this paper, the challenging problem of train localization is investigated. Precise
localization of rail vehicles is a key element for development of more efficient and safe
operation of high-speed railway. The localization task is formulated in a 3GPP LTE-
based framework that enables us to derive the Doppler frequency offset of moving train,
by exploitation of positioning reference signal (PRS) placed in the subframe, in Ricean
channel. Then, a PRS-oriented train position approach is proposed. The PRS time
difference of arrival from positioning references eNB1 and eNB2, is calculated by
sequences cross correlation, and the train running curve is determined by inquiring about
the line database of track section. Finally, the train position is evaluated by combining
the information of PRS time difference of arrival and the train’s moving trajectory. In the
simulation, the localization performance is well demonstrated, when two types of railway
alignments, i.e., straight line and circle curve, are considered.

Keywords: Positioning reference signal, train localization, LTE, railway alignment,
positioning accuracy.

1. Introduction

The world’s railway infrastructure has been experiencing substantial growth in the last
two decades. This growth imposes great pressure on rail operators due to the need to
ensure the safety of rail transportation. The traditional wired train localization systems [1]
are based mainly on trackside infrastructure elements like interlockings, signals, axle
counters, and balises to ensure the safe operation of railways. This requires large
investments. However, many railway lines suffer from low profitability, which makes it
difficult to justify high investments into the infrastructure. Even though Global
Positioning System (GPS) can achieve high localization accuracy and has been widely
used in vehicular systems including railways but are subject to multiple limitations. For
example, trains in subway systems primarily operate underground. Even in the above-
ground railways, trains may frequently pass through GPS-dark territories such as tunnels,
hilly regions, or urban canyons [2].

One way to solve about problem is to develop new train protection systems that require
less trackside infrastructure. The development of railway wireless communication system
allows replacing balise-based communication between the train and the inter-locking by
cheaper wireless techniques. With the fast developing of High-Speed Railway (HSR) in
China, current systems, such as GSM-R which only supports a maximum data rate of
200kbps [3], cannot meet the exploding demands for multi-media access while traveling.
Much effort has been put on designing an advanced communication system in such
extreme environment, and developing the overall working capabilities of newly proposed
standards like LTE-R [4].

In this paper, a novel positioning reference signal (PRS)-orientated moving train
localization method in Ricean channel has been proposed to promote the positioning
precise in high-speed railway system. Differing from the traditional positioning schemes,
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the proposed method makes use of the LTE-R wireless communication network to fulfill
the train position evaluation.

The rest of the paper is organized as follows. Section 2 is dedicated to an overview of
work related to PRS-orientated localization algorithm. Section 3 presents the system
model of our PRS-oriented train position approach. Experimental results and discussion
are provided in Section 4. Finally, conclusions are summarized in Section 5.

2. Related Work

LTE adopted orthogonal frequency division multiple access (OFDMA) technique for
the downlink (DL) transmission. In LTE Release 9 [5], the positioning reference signal
(PRS) is introduced, which enables the user equipment (UE) to measure the reference
signal time difference (RSTD) between different cells. The UE observes the PRS from
different source transmitters (i.e. cellular base stations) in the neighborhood and makes
certain measurements. Examples of such measurements include observed time difference
of arrival (OTDOA) [6], which is the relative timing difference between a neighbor cell
and the reference cell.

In the last few years, many efforts have been performed on positioning technology in
LTE systems, and the current research concerning OTDOA mainly focused on
commercial application. In [7], a research based on real measurements of OTDOA in the
LTE 20MHz bandwidth using three separate base station sites in a realistic deployment is
carried out, the impact of real measured propagation channels on OTDOA positioning is
investigated. In 222.pdf, a novel OTDOA positioning scheme in heterogeneous LTE-
Advanced systems is proposed, which can avoid the interference in heterogeneous LTE-
Advanced systems and greatly improve the positioning accuracy. In [9], cooperative
positioning in LTE systems was studied. In the proposed technique, OTDOA
measurement method is used for UE-eNB connections, while RTT measurement method
is used for UE-UE connections.

Moreover, [10] analyze and evaluate the location accuracy by using OTDOA
techniques with three different path loss models such as fixing Algorithm, COST231-
Okumura-Hata and COST231-Walfisch-lkegami. In the railway environment, one of the
most challenging problems of train localization is the severe Doppler effects caused by a
tremendous speed of up to 500km/h or so. Therefore, there is a strong requirement to
evaluate the Doppler effects. Current work concerning Doppler estimation pays more
attention to the direct DFS estimate in OFDM systems [11, 12]. It has been pointed out
that multipath effects in high-speed railway channels are not so serious, due to the
dominant existence of line-of-sight (LOS) components [12].

For our work, we address the problem of high-speed train localization in Ricean
channel which highlights the effect of LOS component. The Doppler frequency offset of
moving train is derived by exploitation of the PRS placed in subframes. Then, a PRS-
oriented train position approach is proposed. Finally, the train position is evaluated by
combining the information of PRS time difference of arrival and the train’s moving
trajectory.

3. System Model

3.1. Moving Train and Frame Configuration

Consider a fast moving train with one radio transceiver (antenna) on each carriage,
which will receive the downlink signal from the serving eNB and neighbor eNBs, as
shown in Figure 1. The eNB is set close to the track with a distance of a. The foot point is
defined as point O, and the distance between point O and the first radio transceiver is b.
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Figure 1. An Example of Moving Train

When the train is moving toward O on the track with velocity v, the Doppler shift for
the radio transceiver is incurred by fast moving train. The information about Doppler shift
is the phase shift which is introduced in each received symbol. Doppler shift caused by
fast moving train, will distort the received signal and incur the train position error. For
enough information about Doppler frequency offset estimation, pilots are inserted into
separated places of a subframe, as shown in Figure 2.

One radio frame, 7:=10ms

One subframe, 7y =1ms
-

TS | |
E #J #2 #3 | I #18 | #19
Pilots

One element shared by the LTE downlink/uplink is the generic frame structure. The
LTE specifications define both FDD and TDD modes of operation. This generic frame
structure is used with FDD. Alternative frame structures are defined for use with TDD. In
the generic frame structure, LTE radio frames are 10 ms in duration, which are divided
into 10 subframes, and each subframe is 1ms long. Each subframe is further divided into
two slots, each of 0.5 ms duration. Slots consist of either 6 or 7 OFDM symbols,
depending on whether the normal or extended cyclic prefix is employed.

Assuming K pilots putted into N receive symbols [13], so there will be (N-K)/K
symbols after each pilot. The ratio (N-K)/K is represent as the transmission efficiency, #.
There is certainly a trade-off between » and Doppler shift estimation accuracy, as well as
computation complexity. A frame or subframe need to be designed properly to make sure
the Doppler shift won’t change in one subframe. The high speed train is commonly
moving at a speed of nearly 100m/s, so if we have f. =2GHz, then the coherent time will
be c/(fv) =1.5ms. One LTE subframe is Ims duration to minimize the effect of Doppler
shift.

Figure 2. LTE Frame Configuration and Pilots

3.2. Channel Model

The radio transceivers on the train received the PRS transmitted by eNB to evaluated
train position. The PRS are sent in a configurable number of consecutive subframes,
which could be just one subframe or as many as 5 subframes. Since the LTE downlink
signal is based on the OFDM modulation within a subframe containing the PRS. The PRS
are transmitted on more subcarriers and more OFDM symbols when compared to the
regular cell-specific reference signals being sent on an antenna. PRS can be expressed by

X(M== 3 X/K-e*™" (-Ng,<n<N) )

kGS;RS
where | is the OFDM symbol number, i is the eNB number, S is the carrier set of i-th
eNB, N is the FFT block size, and N¢p is the value of cyclic prefix.
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All radio transceivers on the train can receive signal. The received signal suffers from
Ricean fading hy, a power loss1/17 , a Doppler shift f, and an added white Gaussian noise

wp(n) with a variance of 25°. We sample the base band received signal with sampling
period Ts, and then, the received signal 'y, (n) can be written as

szz-f nT

yp(n)=x(n-z ) +w, (n) @)

P
where p ranges from 0 to P-1, representing total P radio transceivers on the train, and

7, is the time delay of p-th radio transceiver. Let the length of the train carriage be I,

which is typically long enough for added noise for each transceiver to be irrelevant. Then,
we get
Ip =b+ pl (3)

Actually, an accurate estimation of the distance b can be given out with some cutting-edge
equipment, such as laser ranging equipment.
The Ricean fading effect h, can be expressed by

J‘/’p _
,/K+ +,f 1z re 4)

where z, ~ CN(0, 1), « is the so-called Ricean factor, r, obeys Ricean distribution with the
center 1, and the random phase shift ¢, is evenly distributed in [0, 2x). The PDF of all r, is

given as
v il 1
f(r)=2(x+1) rexp[—%(fl;)] IO(Z,/K(KH)r) (5)

In (5), lg(+) is the zero order Bessel function.

4. Moving Train Position Scheme

4.1. Channel Model Doppler Shift Offset Estimation

For each subframe, we assume that K pilots be used as the Doppler shift estimation.
We consider radio transceiver p and represent the whole received signals y, (k) for

pilots x(k) as

hy, st
Y, (k) =x(k—7,) Ee +w, (K) ®)
p
here k ranges from 0 to K-1. Furthermore, we define
r N
A, :I_Z’BP(k)ZZﬂfpk'ETs (7
p
We take x(k) =1for each pilot, then (6) can be simplified as
y, (k) =A™ +w (k) (8)
The Doppler shift for each radio transceiver is defined as
f.
f,(t) =—cosd, (t) ©)
c
[, —vt
cos g, (t) = ,p=0~P-1 (10)

,f(lp —vt)2 +a’
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To estimate each f,, the only thing that would stay unknown for us is velocity v.
However, the velocity estimation remains a very difficult problem for mobile

communication, as is shown in [14-16]. In fact, let yg(k) and y,'j(k) are real and

imaginary part of y (k) , and the estimation for velocity v by MLE algorithm is given as
[13]

_1 Pk

0=argmax— > > y5 (k) - A, cos(B, (k) + 4, )T

O p=0k=0

LN

h=]

[yl -A, s,in(Bp(k)+¢p)]2

= arg max z yi (K)A, COS(Bp(k) + ¢p)

k=

+y, (K)A, sin(B, (k) +4, )

o

k=]
Il
o

o
LN

K- .
=argmax Re| > A >y, (k)e’(B"(kW")}

p k=0

LN

1l
o

P11 K-l _
= arg max abs{z Ay, (k)e’Bp(k)}

p=0 k=0
(11)
Once the velocity v is determined, we can calculate each f, directly by (9) and (10).

4.2. Moving Train Position

The existence of the PRS enables the UE to make OTDOA measurements. According
to the principle of correlation detection, the time shift 7, between the PRS reference

sequence and x(n—rp) is generally accepted as the maximum of the cross correlation

function. By comparing the values of 7 from multi-paths, we can get the PRS arrival

time of the shortest path between the reference eNB and moving train, i.e.,
r=minz, (12)

Assuming the eNB1 and eNB2 are position references, the PRS time difference of arrival
can be given by

Trpoa™ |71'72| (13)
where r,and z, are the PRS arrival time of eNB1 and eNB2, respectively. For the moving
train, the values of r,and r, are closely related to the specific railway alignment. There are

usually three types of railway alignment, i.e., straight line, circle curve, and cubic
parabola transition curve. The train running curve, f(x, y) can be determined by inquiring
about the line database of track section, according to the information of train interlocking
route.

If the train runs in a straight line, let d; and d, are the distances between the eNB1 and
moving train, and eNB2 and moving train, respectively, (x;, y1) and (x;, y,) are the
position coordinates of eNB1 and eNB2, respectively, then the PRS arrival time from the
position reference eNB1 and eNB2 are

rl=d1/c=1/c><\/(x—x1)2+(y—y1)2 (14)

and

12=d2/c=1/c><\j(x—x2)2+(y—y2)2 (15)
where, (X, y) is the position coordinate of moving train to be calculated.
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However, if the train runs in a circle curve or transition curve, the radio remote unit and
leaky cable are the commonly coverage manners, then, the wireless signal will not travel
in straight lines, illustrated in Figure 3. Let d’ be the wireless transmission distance, and r
is the radius of circle curve, then the linear distance between the position reference eNB
and moving train is

d= 2rsinﬂ (16)
zr

Actually, Eqg. (16) can be used as the non line of sight (NLOS) distance correction for the
curved track section, which obeys chained and redundant macro-cell coverage planning.

Figure 3. Example of Wireless Transmission in Leaky Cable Coverage
Manner

The PRS time difference of arrival from eNB1 and eNB2, corresponds to a unilateral
hyperbolic, 750, Which is expressed by

2-TDOA = g(X!y) :|Tl_z-2|=1/cx|dl—d2|

Jo (=) — =) +(y-v.)'

Then, the intersection of two curves, g(x, y) and train moving trajectory f(x, y), will be the
train position illustrated in Figure 4.

17
=1/cx (17

\
\
\
\
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Neighbor eNB1 \ é é
\
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Figure 4. Train Position Calculation

Note that, if g(x,y) and f(x,y) are accurate, and if the other assumptions are ideal, then (x,
y) should be the real position coordinate of moving train, i.e, intersection is one. However,
there is uncertainty for PRS wireless transmission, and moreover, the train may not travel
at a constant velocity, the intersection of two curves may be none or multiple points. The
variation of the train velocity is not acute for a short time due to the ride quality of high-
speed train. Therefore, the train position can be predicted by the historical data value.
That is, if the intersection of two curves is none, the predicted value as real data, and, if
the intersection of two curves exists multiple points, the nearest point from the predicted
value as real data. Although the turning radius of rail is large for high-speed train, the
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train can be regarded as moving in a straight line for a very short period of time, and then
the predicted position coordinates of train, (X1, yw+1) can be obtained as

=X, +SC0SH
{XM X a8)
yt+l = f (Xt+1)
where, 4 is the rotation angle, and s is given by
5 =0 =%2)" + (%~ s’ (19)

5. Simulation

In this section, we demonstrate the positioning performance, with the emphasis on the
effect of the estimated Doppler shift on the positioning accuracy. In the simulation, we set
f. =2GHz and each eNB is deployed every 2km or so. Also, it is assumed that there are
4000 symbols for each subframe and 50 symbols among them used as pilots to estimate
the Doppler shift. The OFDM transceiver platform is built up according to the LTE-R9
specification, shown in Table.1. Moreover, two types of railway alignments, i.e., straight
line and circle curve are considered, illustrated as Figure 5.

Tabel 1. OFDM Parameters

Parameters Values

Duration of one LTE 1ms

subframe

CP length normal

Number of OFDM symbols 7

FFT size 2048

Bandwidth 10 MHz

Sampling frequency 15.36 MHz

PRB occupied by PRS 60

Serving eNB Neighbor eNB2
(2?9~7°0) (2100,300)

Neighbor eNB1 7 é
(-2200,-500)

(-3000,0) 0,0 (3000, 0)

(a) Straight line alignment

hb Serving eNB
Neighbor eNB1 (-200,1000) )
(-2000,700> é‘ —— Ne(llgggg;(e)l(\)l)Bz

(0,1000)

(-3000,0) (3000,0)
(b) Circle curve alignment

Figure 5. Railway Alignments Setting

In order to assess the positioning accuracy of the proposed approach, the positioning
error, i.e., root mean squared error (RMSE) is introduced which is defined as

RMSE = E[(x- %) +(y-9)’] (20)
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where (x,y) and (X, y) are the correct and estimated coordinates of the moving train,
respectively.

Figure 6 and Figure 7 show the impact of bias of correct and estimated Doppler shift
(Af =f —f ) on position error (RMSE) for the different train moving trajectories.

From the figures, we can see that with the increasing bias of the correct and estimated
Doppler shift, the positioning error RMSE increases accordingly. Also, it can be observed
that the straight line alignment has the better position accuracy for the moving train,
compared to the circle curve alignment.
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Figure 6. Positioning Error RMSE when the Train Moves in Straight Line
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Figure 7. Positioning Error RMSE when the Train Moves in Circle Curve
(SNR=18dB)

6. Conclusions

This paper has proposed a PRS-oriented localization approach for railway
vehicles. The PRS are sent in a configurable number of consecutive subframes and
the Doppler shift is estimated based on the pilots in each subframe. The subsequent
incorporation of the PRS time difference of arrival from positioning references eNB
and the train moving trajectory is investigated to predict the position coordinates of
train. Simulation results have shown the good performance of the positioning
accuracy. Future work will focus on the effects of the variation of the train velocity
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and the turning radius of rail in high-speed railway, on the Doppler shift estimation
error and train position accuracy.
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