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Abstract

In the past, in order to ensure train positioning as well as ground-to-train information
exchange, railways have adopted various technologies. Over time, each new generation of
equipment enriched the global information exchange but, as a consequence, necessitated
higher data rate transfers. For the positioning functionality, the existing localisation sys-
tems are still limited, since most of them require an infrastructure installation with con-
straints such as laying equipment between the rails or having high database maintenance
requirements and computational costs. Moreover, some of them accumulate errors (odom-
eters and inertial sensors) or offer limited coverage in shadowed areas (GNSS, etc.).
Currently, in railway applications, a widely used localization system is based on proprio-
ceptive sensors embarked in the train. This on-board system is coupled to the use of balises
located at ground between the rails. These balises are kilometre markers. They are used to
compensate for the drift of the localization information computed using the proprioceptive
sensors alone, when the train moves. The balises provide absolute localization information
whenever the train passes over them. They can also provide spot communication during
the short period of time when trains are passing over them. In the first part of this chapter,
techniques for achieving train positioning and data exchanges between trains and infra-
structure are introduced. In the second part, a new balise is proposed. Particular attention
is paid to the contribution of this new solution in terms of localization error and commu-
nication performances.

Keywords: railway balise, MISO-UWB, time reversal technique, localization error,
physical layer performances

1. Introduction

This chapter is organised in two main parts. Sections 1-7 present railway requirements in terms
of train tele-positioning and self-positioning systems. It also describes some corresponding
generic technical solutions. Moreover, in Sections 5 and 6, the document focuses on the use of
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108 Modern Railway Engineering

railway balises installed along the track. They are exploited for train positioning, as well as spot
ground-to-train communications. Current existing technologies for these balises are then
recalled, and potential technical limitations are deduced. In the second part of the chapter, in
Section 8, a new balise using the Ultra-Wideband Impulse-Radio (UWB-IR) technique associated
to the Time Reversal (TR) technique is introduced and extensively analysed. Then, Section 9
presents some experimental results characterising the operation of this balise. Finally, Section 10
draws a conclusion.

2. Train speed control

During the 1970s, a number of railway accidents came to recall that the safety of rail transport
was not strictly guaranteed, and that there were, in particular but not only, some technical gaps
to be filled. Accidents continued to occur in the 1980s, and experts noticed that stop signals,
normally leading to the mandatory shutdown of trains, were often not respected by train drivers.
These studies convinced railway operators that the operation of trains based solely on human
control was not sufficient to ensure the desired level of safety for this mode of transport. It was
therefore necessary to envisage the introduction of a speed control system that would comple-
ment and control the supervision carried out by drivers and, if necessary, imposed on them.

An effective train speed control requires access to several parameters. A vital parameter
requires constant knowledge of the geographical location of all trains, also known as train
positioning, circulating along the railway network. Train positioning, combined with train
identification, as well as the knowledge of the characteristics of the track, makes it possible to
generate, from a distant ground operator, speed instructions transmitted to the train, ranging
from full speed allowed at this point of the railway network to an absolute stop. This allows
safe circulation of all the trains circulating along the railway line. Of course, the safety require-
ments associated with the development of such a speed control and particularly train position-
ing of the trains arise are extremely high. Consequently, it imposes significant repercussions on
the technologies likely to be used to ensure this technical function.

3. Safety integrity levels

Since in railway operation the lives of human beings are at stake, safety is of major concern for
train speed control and therefore train positioning. In particular, dangerous failure modes
must be reduced to an extremely low level. In railway operation, as in many other industrial
operations, safety integrity levels (SILs) are used to determine the necessary target level of risk
reduction. The IEC 61508 standard defines four SILs that correspond to different probability of
failure per hour [1]. SIL 4 corresponds to the more critical situations and the lowest probability
of failure per hour.

A SIL is determined using a number of quantitative factors that are combined with qualitative
factors including hardware safety integrity and systematic safety integrity. As a consequence,
SIL 4 must be achieved for speed control and for any train positioning hardware.
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On the ground side, two major technologies are currently operational on most of the world’s
rail networks. They are based, on the one hand, on the use of track circuits and, on the other
hand, on track balises providing positioning and ground-to-train spot radio communication.
On the train side, an odometry processing unit exploiting different sensor technologies is used.
Merging different technologies helps reducing common mode failures, as SIL 4 certification is
mandatory for this equipment.

4. Track circuit, a safe train tele-positioning system

The track circuit is one of the very first electrical signalling systems used to ensure the safety of
rail traffic. It makes it possible to detect the presence of at least one train present on a length of
railway track called a fixed block and indirectly to ensure a safe distance between the trains
running on the same line. Some also allow the transmission of speed and stop instructions to
the train. Although its principle is very old, different manufacturers have developed many
distinct technical achievements. Track circuit current use is almost universal on railway net-
works [2]. The general principle of operation of the track circuit is as follows: the track is
physically divided into several fixed blocks from a few hundred metres to a few kilometres
long. The length depends on the use of the line and the speeds of the trains circulating there. A
signal, the characteristics of which are related to the type of track circuit used (frequency and
amplitude), is emitted along the rails by a transmitter placed at one end of the block. If the
receiver at the other end receives this signal, then the fixed block is declared unoccupied. This
information is reported to the ground train speed control system. In the opposite case, if the
train is located somewhere along the fixed block, the signal does not reach the receiver because
the two rails are short-circuited by the axle of the train and the fixed block is declared
occupied. This positioning information is determined from the ground, not by the train itself,
e.g. tele-positioning, and reported to the distant ground-based train speed control system.

We notice that, for these track circuits, the two rails are used as a bifilar untwisted transmission
line. Due to the use of steel rails directly placed on the ground, on ballast, this transmission line
presents rapidly increasing losses, as the frequency increases. In practice, only low frequencies,
up to a few kHz (1-2 kHz), make it possible to obtain communication ranges compatible with
fixed block lengths up to 2-3 km [3].

From the point of view of train safety operation, it is therefore mandatory to detect the presence
of effective trains on all the occupied fixed blocks and to be certain that these trains actually
occupy the detected cantons, but not other fixed blocks. Depending on the type of separation
used between the different fixed blocks, many types of track circuits exist based on the same
general principle, but exploiting different technical approaches, not interoperable between them.
In practice, separation between fixed blocks may be carried out by an insulating joint, which
physically separates the various sections of the rails. With welded rails, low frequency, e.g. audio
frequencies (AF) at 1-2 kHz can be used. An electrical joint based on a set of parallel inductances
and capacitors acts as a filter preventing the passage of the low frequency signal from a fixed
block to the following one. Figure 1 presents such a filter used in a so-called UM71 AF jointless
track circuit [4].
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To the transmitter or receiver To the transmitter or receiver
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Figure 1. Filtering low frequency signals between two consecutive fixed blocks.

Fixed block noted n — 1 is travelled by a low-frequency F1 signal, which is heavily attenuated
while passing through the filter and therefore almost undetectable in the following fixed block
noted n. In the same way;, fixed block n is travelled by a signal at frequency F2, which is also
heavily attenuated while passing through the filter, so to be undetectable in the preceding
fixed block n — 1. Therefore, all the consecutive fixed blocks can exploit the same alternation of
frequencies F1 and F2. Frequencies F1 and F2 are chosen sufficiently low to enable a sufficient
communication range and outside of potential harmonic signals coming from the electric train
traction energy. They also must be sufficiently different to be effectively filtered. Of course,
industrial choices can differ a bit, and technically, track circuits can be implemented differently
from one network to another one, which also raises the problem of railway interoperability
between different networks.

We deduce that track circuits provide a safe train detection of all the trains circulating along
the railway level, with a spatial resolution limited to the length of the fixed block. Moreover, if
the identification of the train is known by other technical means, then train tele-positioning, of
course not very accurate since train positioning is only known somewhere along the fixed
block, but safe, is provided.

5. Train odometry and balises

On the train side, measurements of the speed and position to deduce train self-positioning are
continuously determined using an odometer exploiting different proprioceptive sensors. These
sensors may consist of axle counters; they determine speed and covered distance knowing the
circumference of the wheel [5]. To measure the speed and distance covered another way,
microwave Doppler radars pointed to the ballast may also be used [6]. These Doppler radars
exploit back scattering from the ballast, and their frequency can be optimised for the particular
granulometry of the used ballast. Figure 2 illustrates these two widely used sensor families.

Inertial sensors and global navigation satellite system (GNSS) sensors, among others are also
used, are considered.
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Figure 2. Proprioceptive sensors to feed the train odometer.

A measurement uncertainty and a progressive drift of the positioning accuracy are usually
associated with each of these sensors. For example, due to wear, the circumference of the wheel
is not perfectly stable and therefore not known perfectly. Consequently, over time, an increasing
drift characterises the axle counter measurement. On its side, the Doppler measurement can be
almost fully cancelled if water or wet snow lies between the rails. Indeed, this reduces or cancels
the retro-diffusion effect. During the movement of the train, this results in temporary losses of
information that affect the output information. Also, due to the low Doppler frequency generated,
Doppler radars have limitations to measure very low speed, this drawback does not affect wheel
counters. Considering these two sensor families, we verify that the use of very different sensor
technologies helps to reduce common mode errors in order to build a global SIL 4 odometer.

Sensor drifts are compensated for balises regularly secured on the sleepers of the track. Figure 3
shows such a balise installed between the rails. The trains embark a balise interrogator and
reader located under the train body.

Figure 3. Example of balise mounted on the track.
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These balises act as kilometre markers. They deliver to the passing trains their absolute
positioning along the track. These data locally cancel the accumulated train odometer drift.
After passing a balise, the train odometer restarts computing speed and position up to the next
balise located on the track, at a distant where the accumulated drift is not yet problematic.
These balises are also used in automated guided transport, for example, in order to calculate a
precise station stop and to obtain the opening of the doors of the train exactly in front of the
landing doors of stations.

These balises are often one of the latest, or even the latest, the last pieces of electronic equip-
ment located at a very exposed and critical place, between the rails, on the track.

6. Speed control using balises

As described in the preceding section, balises are used as kilometre markers. They are installed
regularly along the track, at accurately known locations, so that passing trains can read their
absolute location on the fly. Moreover, these balises are also used to exchange data using spot
ground-to-train radio communication. Balise-based speed control systems are installed in
many railway networks. They provide automatic control of the speed and override of certain
closed stop signals. In order to do this, the system uses a calculator on board the locomotives.
The calculator takes into account both the information characterising the mobile and the data
characterising the track and the location of the signals in order to determine a speed control
curve that cannot be exceeded. This integrates the reaction time of each train equipment. Data
are transmitted from the ground to the train through the balises. When a critical speed is
reached, the train driver human machine interface sends an audible signal to warn the human
operator of the need for urgent operation on his part to bring the speed back to a value
acceptable to the system. If this action of the driver is not carried out quickly, the system will
automatically stop the train by irreversible emergency braking, until it fully stops. The driver
must then request from the ground controller a new driving authorization, after this total
shutdown.

7. Current balise technology example

In Europe, balises are produced by a group of seven industrial companies: Alstom, Ansaldo
STS, Bombardier, Invensys, Siemens, Sigma-Digitek and Thales, united within UNIFE, a fed-
eration of suppliers of railway equipment. This industrial grouping has defined and
standardised eurobalise specifications and the associated test specification. The development
of these specifications is driven by the European Railway Agency [7].

In the principle currently in play by eurobalises, the trains remotely power these beacons by
magnetic coupling from a high-frequency 27 MHz, high-power signal emitted from an inter-
rogator/beacon reader located under the train. These signals are emitted constantly as soon as
the train is moving.
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The magnetic coupling technology used by these balises was selected during the work carried
out in the European project EURET 1.2, which was completed and published in 1996. Original
Ericsson equipment, already a mature technology at that time, was compared to other tech-
niques and has been selected and optimised in order to give the current eurobalise.

Benefits include interoperability over all the EU railway networks and efficient operation.
Concerning the disadvantages, in addition to the electromagnetic pollution generated by the
high power almost constant use of the train transmitter, it will be noted that this is the last
indispensable equipment located at the track between the rails, which can generate constraints,
in particular during the maintenance operations of the track. It is also an old analog technol-
ogy, well below the current state of the art, using congested frequency bands and capable of
generating and suffering electromagnetic disturbances in the vicinity.

A solution using satellite tracking techniques for trains is currently considered by several
teams, but the requirements of railway signalling in terms of safety and reliability are strong
and constraints linked to the physics of the problem leave room for doubt as to the emer-
gence of a purely SIL 4 satellite-based track positioning solution for railway signalling. In
particular, this is due to the wide disparity of environments likely to be encountered by
trains in circulation.

8. Balises emerging technologies

Recently, railway balises have received renewed attention. Techniques considering state-of-the-
art solutions rather than the old, currently used ones are being studied. In [6], fast-moving
Radio Frequency IDentification (RFID) tags are studied in high-speed railway systems. How-
ever, authors identify issues, such as collision and insufficient reading time, and propose
various ways to alleviate their effect in railway systems. Moreover, these new balises would
remain located between the rails on the track. This proves to be constraining from the point of
view of maintenance of the track, when it is necessary to add new ballast or to change rails, for
examples.

A new generation balise using modern, energy-efficient, and green technologies is proposed in
the following of this chapter. This balise is designed to operate from the side of the track and
uses the ultra-wideband impulse radio (UWB-IR) radio technique. This technique possesses
the intrinsic qualities of having a short-range, high communication capacity, of requiring low
emitted power while providing precise relative location capability. Moreover, UWB technique
has a low signal intercept capability by non-accredited users. Thus, there are strong arguments
in favour of a future SIL 4 certification for a railway balise based on this technique.

This UWB pulse technique uses non-sinusoidal signals and transmits pulses of very short
duration. They occupy an extended spectrum of at least 500 MHz bandwidth. Transmitters
are of simple design and low consumption. These UWB transmissions are authorised world-
wide in a specific power gauge [8]. Associated with the UWB-IR radio technique, a time
reversal (TR) technique is also used [9]. The TR technique makes it possible to spatially and
temporally focus an electromagnetic signal in a dispersive propagation medium. The principle
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of the TR of the waves is based on the invariance of the equation of propagation of waves by
reversal of time. This invariance allows a wave to backtrack so that it can replay the “go” scene
of its propagation but backwards. The operating principle of this new generation balise is
presented in Figure 4. The conventional balise situated between the rails is removed and
replaced by the new balise, installed on a pole, on the side of the track and a few meters away.
This new balise focuses the radiofrequency energy coming from the pole transmitters to an
area situated over the rails, right over the removed conventional balise location. Therefore, this
new balise does not interfere anymore with track maintenance operations but still develops a
maximum of radio frequency signal at this particular location over the rails. Several trans-
mitters are coupled on the pole; three can be seen in Figure 4 to get a multiple source
transmitter. This insures transmitter redundancy as well as space focusing when correctly
configured. One single receiver or train-balise reader is used located in front of the train. This
configuration is usually denoted as a Multiple Input, three transmitters, Single Output, one
receiver, MISO 3 x 1 system.

Table 1 establishes a comparison of performance between the communication and localization
systems using a railway conventional balise “existing balise” and the expected performance of
the presented TR-UWB balise.

New UWB-TR balise installed

5 <« onthe side of the track
|

Focusingarea X
K

Train balise-reader antenna

Conventional balise to be removed

<€ >

A few meters

Figure 4. The new proposed railway balise.

Conventional balise TR-UWB balise
Operating frequency 27.095 MHz train to ground 3.1-10 GHz
4.5 MHz ground to train
Communication range <I'm 10-100 m
Transmission rates 560 kbps Potentially up to several hundred Mbps
Localization accuracy expected 20 cm <10 cm

Table 1. Performance comparison between a conventional balise and the proposed balise.
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8.1. Ultra-wideband radio technique

The UWB technology involves the transmission of very short pulses, typically having a time
duration of 1 ns or less, therefore occupying a very wide frequency spectrum [10]. The use of
this technology for our proposal is motivated by the following reasons:

e its potentially high transmission data rate, thanks to the very large frequency bandwidth
used,

¢ its high resolution train location due to its very fine temporal resolution,

* its availability and robustness to multipath tunnel because of the large frequency band-
width used,

e its low probability of detection due to a very low transmitted power; this property is
necessary for safe and secure operation of the railway system,

* its ability to coexist with other radio systems thanks to low power spectral densities that
do not require allocating a specific frequency band.

These reasons make UWB a novel, effective and complete solution for communication and
localization in railways applications. Therefore, regulation bodies have considered the use of
UWSB in railway applications. Table 2 provides some inputs regarding areas of operation of
UWB systems [8].

However, the channel propagation effects, especially the lack of line of sight (LOS) between the
transmitter and the receiver, and the presence of strong multipath are two significant sources of
error for the localisation function. The introduction of UWB in wireless communication has
brought improvements regarding these sources of errors [8]. Concerning the UWB technique,
previous investigations have raised major issues, such as the complexity of the signal processing

Frequency (GHz) Area of Critical factors impairing  Countermeasures compatible with
operation system performance limits and regulations
311<f<48 Very short Multipath Broadband Multiple UWB emitters onboard the
PSD < —53.3 dBm/MHz for range (<I0 m) interferers (e.g. train cars real-time processing Multiple
unregistered UWB unlicensed short range automotive UWB) “ground-based”. fixed receivers
mobile devices with 5% (<60 m) Multipath + path loss Multiple UWB emitters at 3.1-4.8 GHz
activity LDC Broadband interferers deployed as “ground-based” fixed
PSD < —41.3 dBm/MHz for references for real-time processing

registered devices

6<f<8.5PSD < —53.3 dBm/ Very short Multipath Multiple UWB emitters onboard the
MHz for unregistered UWB range (<10 m) train cars. Real-time processing.
mobile devices with 5% LDC Narrow-beam antenna

Note: At highest frequencies (6 < f < 8.5 GHz) very short-range (<10 m) applications only are affordable, due to the fact
that fixed infrastructures made of UWB emitters are not allowed by the Electronic Communications Committee (ECC).

Table 2. Critical factors limiting the performance of UWB systems in railway environments.
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at the reception [11, 12]. Therefore, UWB has been associated with TR [13, 14], especially in
multi-users communication systems, in order to solve part of these problems and to report some
of the noted complexity at the transmitter level.

8.2. Time reversal

Time reversal (TR) has been applied to acoustics and underwater systems [15]. It is closely
related to the retro-directive array in microwave [16] and phase conjugation in optics. The first
TR experiment using electromagnetic waves in the 2.45 GHz band was reported in [17]. This
contribution suggests that the techniques developed for ultrasound might also be used for the
study of electromagnetic case. It is an interesting challenge because in many real environments
(buildings or cities), microwaves, using wavelengths between 5 and 30 cm, are scattered off by
objects such as walls, desks, vehicles, and so on, which produces a multitude of paths from the
transmitter to the receiver.

In such situation, a TR system should be able not only to compensate for the multipath effect
but should also improve radio communication parameters, thanks to the many existing reflec-
tions/reverberations.

TR has two main characteristics, the temporal focusing and the spatial focusing; these are very
beneficial to the UWB system [17, 18]. More recently, TR has also been studied for broadband
radio communications, especially for UWB radio [13].

For our proposed TR-UWB system, we selected the second Gaussian derivative function as the
signal shape to transmit [15]. Then, the channel impulse response (CIR) is measured between
the transmitter (Tx) and the receiver (Rx), and the channel state information is loaded into Tx.
The selected signal and the impulse response are then reversed in time and transmitted by Tx
in the propagation channel, up to Rx. This process, represented in Figure 5, can be mathemat-
ically described by noting s(f) the transmitted pulse, h(t) the complex impulse response of the
channel and '(—t) the complex conjugate of the time reversed version of k(t); y(t) the received
signal without TR and yr1(t), the received signal with TR at the receiver; one has:

y(t) =s(t) @h(t) + n(t)
Yrr(t) = s(t) ®h*(—t) @ h(t) + n(t)
heq(t) = h*(—t) @ h(t)

Applied to our proposed railway balise, this TR general process becomes the following one.
The local Channel State Information (CSI) between each balise transmitter and the distant area,
where the energy must be focused is measured or computed a single time during the installa-
tion phase of the balise. Moreover, as trains will support the embarked balise reader, the CSI
measurement is performed in presence of a metallic reflective mask representing the front of a
train. It is situated at the distant area considered between the rails, where a maximum antici-
pated focusing effect is expected. This unique CSI is then loaded in the transmitter equipment
to perform the TR operation. As long as the propagation environment remains unmodified,
this initial CSI can be repetitively used by the balise. This information is then introduced as
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pre-filtering data in the different balise transmitters. Therefore, focusing is obtained in the
required position, along the track, potentially improving the absolute localization process
[14]. Moreover, using a single balise, focusing can be achieved successively toward different
tracks, therefore, addressing different trains and delivering specific data to each train.

8.2.1. Parameters to evaluate TR effectiveness

The autocorrelation function is used to evaluate the temporal focusing (TF) and the spatial
focusing (SF). To study TF, one can evaluate the Focusing Gain (FG), which is defined as the
ratio of the spectrum power of strongest amplitude peak in TR received to the strongest peak
received by a conventional UWB system. The focusing gain can be written as:

FGgp) = 20log 10 (%W) (1)

Higher FG usually translates into higher communication range and higher precision of locali-
zation for a localization system as compared to a classical system.

The study of SF considering a simple transmitter to receiver configuration is performed the
following way. The channel impulse response (CIR) of the intended receiver located in position
po is noted h(po,t). The CIR of the unintended receiver located in position pj;..y is noted h(p;,
i+0)- The equivalent CIR of the intended receiver is then given by:

heq(po:t) = " (po, —t) @ h(py. 1) (2)
While the equivalent impulse response of the unintended receiver is given by:

hEQ<P1 i£0° > 1" (po, —t) @ h(p; t) 3)
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SF is then evaluated as the ratio of the strongest peak power received by the intended receiver
to the strongest peak received by the unintended receiver. The SF parameter can be written as:

; > (4)

In a conventional railway environment, the use of a MISO 3 x 1 configuration is considered
sufficient. We evaluated the contribution of TR in this configuration using the FG and SF. The
study of SF and FG is performed for channel models exploiting the IEEE 802.15.3a channel
model. This model is based on the Saleh Valenzuela formalism [8].

max (|heq(p,, t)|
max ([leq (p;. )|

SF[dB] =20 IOg 10 <

In the case of the IEEE 802.15.3a model, the characteristic values of Nakagami-m were
explored, taking into account the number of antennas Nj.

Expression of the CIR is given by Eq. 5:

heqyso(t) {Z heq,(t) } @)

where

heq,(t) = [, Z 02 S (T — i) Smi (T + £ — by )T

Then,
N, o
heqyyso(t) = E Jzzazmismi(T = tni)Smi (T + £ — tyi)dT
a2 i=1m=0
N; o
heqyuso(t) = E{ Za%’li}(pgi(t) (6)
i=1 m=0
N, 0
heqyso(t) Z [E{Z‘ﬁm} D(t)
i=1 m=0
where @/(t) = [, si(T — t;)si(T +t — t;)dt

The calculation of the average energy of the CIR in generic interval W = [4,b] (a and b are

E{ > a?} = JPg(t)dt 7)
w

arbitrary chosen) provides:

ZGIW

where Iy is the random set containing the multipath components. The variance of the energy
function of the CIR is given by:
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Var{ > af} = JRg(t)dt 8)

iEIW W

where Rg(t) is the kurtosis of the delay profile. Exploiting Egs. (7) and (8), the expression
heq, 5o (t) becomes:

N
heqyyso(t) = Eg Z D(t) )
i1

The corresponding (PDP}5° .(1)) is given by:

MISO
PDP]"\F/gS—%WB(t) = E{’he%/uso(t) 2 } (10)

After development, Eq. (10) becomes:

N; E2 *
PDPYE Qs (t) = {Egcbgiz(t) +5 g w}

i=1 Trms

where @ = [(1 - Wq,;y_(t))cl,'exp (—t/Tyms) + (1 + ,) 1%@2,2(15)} and,

1
a1V (t) = J(ps(é + )¢ (& — t)dédr,
A/
Wq (t) is the normalised autocorrelation of @,(t) Wqy (0) = 1.
The corresponding focusing gain is given by Eq. (11):

N

FGias) = 10Logyy | ———- (11)

where ¢, = (1 + ﬁ) ﬁ, m represents the Nakagami-m value.

The values obtained on the evaluation of focusing gain for MISO 3 x 1 configuration are
presented in Table 3. These values correspond to the different IEEE 802.15.3a Channel Model
configurations known as CM1, CM2 and CM3 corresponding to different increasing channel
complexities. We obtain that changing from CM1 to CM3, FG increases from 14.6 to 20.1 dB.

Therefore, as expected, the focusing gain increases, when the channel complexity increases.
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IEEE 802.15.3a channel model CM1 CM2 CM3
FGanalyticar [dB] 14.4 16.1 19.9
FGgimulation [dB] 14.6 16.2 20.1

Table 3. FG in analytical and simulation study, case of MISO 3 x 1 (IEEE 802.15.3a channel model).

8.3. Contribution of TR-UWB system in terms of communication performance

UWB transmission optimised through Time-Reversal (TR) technique [8] is investigated and
proved to be advantageous in multipath environments. This solution allows increasing the
Signal-to-Noise Ratio (SNR) and therefore the communication range. This reduces interference
effects and receiver complexity, improves data rates and multiuser capacity and provides Low
Probability of Interception (LPI) to non-intentional users.

Under these assumptions, our simulations propose to demonstrate the benefit of UWB-TR
transmission in the tunnel, especially in terms of ISI and MUI reduction, as well as providing
higher throughputs at extended communication ranges. Both Single Input Single Output
(SISO) and Multiple Input Single Output (MISO) transmissions were tested for both the
conventional transmission mode (without TR) and the TR one. To consider and evaluate the
performance of UWB-TR communication system in a very constraint railway environment, we
introduced a channel model dedicated to tunnel environments. Moreover, to cope with this
difficult environment, up to a MISO 4 x 1 is considered in this environment. We used a
geometrical ray model simulating a tunnel. Based on geometric optics and the ray-tracing
techniques, a straight 8 m wide and 6 m high, rectangular, infinite tunnel is simulated [8].
Uniform cross-section and lossy, smooth walls are assumed. Regarding this geometry and
tunnel cross section, very large relative to our studied wavelengths (10 to 3 cm), this determin-
istic approach seems accurate and fast to implement and run. The model is exploited in the
frequency domain, over the 3.1-10.6 GHz FCC2 authorised band. The transmitter is located at
a particular place along the main axis of the tunnel, at different lateral positions (P1-P4),
according to the parameter to estimate. The receiver moves along the main axis of the tunnel
from a reference distance (1 m), then starting from 5 m up to a given distance noted dn, using a
5-m step. The averaged and normalised power delay profile (PDP) are given in Figure 6. We
evaluated temporal compression for three different Tx-Rx distances, d = 5, 50 and, finally,
100 m. Three scenarios have been tested: SISO without TR, SISO with TR and MISO-TR with
four transmitting antennas (NTx = 4). For SISO configurations, both Tx and Rx antennas were
centred on the tunnel cross section. For MISO situations, as depicted in Figure 7, Rx antenna is
centred, Tx antennas are positioned at the corners of a 50-cm square, one corner being the
centre of the tunnel.

To evaluate the temporal focusing effectiveness, we computed the RMS (root-mean-square)
delay spread using non-TR and TR configurations (see Table 4). As demonstrated in [14] for
residential indoor environments case, the predicted delay spread in the tunnel environment for
the SISO-TR case is not reduced. However, SISO-TR results in a highly peaked main lobe
signal above the temporal side lobes. In the case of MISO-TR, temporal focusing is clearly
improved. Results also show that using the highest number of transmitting antennas produces
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Figure 6. Averaged and normalised power delay profile (PDP).
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Figure 7. Time focusing simulation setup.
Distance 5m 50 m 100 m
Without time reversal 31.55ns 13.93 ns 8.20 ns
Time reversal SISO 32.55 ns 13.95 ns 8.42 ns
TR MISO NTx =4 16.31 ns 10.62 ns 747 ns

Table 4. RMS delay spread comparison.
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the better temporal compression, especially at the shortest Tx-Rx distances (by about a factor of
0.5). This can be explained by the scattering effect, more important at shortest distances than at
farther distances. Consequently, the transmitter correlations are lower, resulting in a better
temporal compression.

To evaluate the spatial focusing, two configurations were investigated for a Tx-Rx separation
of d =5 m: SISO-TR and MISO-TR (with NTx = 2). Figure 8 illustrates power normalised to
peak received in the area without TR. We observe that all users in this area receive approxi-
mately the same power level. This means that the communication can be intercepted by any
receiver, and, in our case, the MUI problem can really affect the multiple access performance.
By using TR (Figure 9), the power is decaying rapidly when moving away from the target area.

y distance from the target ( m)

5l 52 53 54 55
x distance from the target (m)

Figure 8. Power spatial repartition in the reception area.

516

y distance From the target (m)
w
=

502 504 506 5D 51 512 5M4
x distance from the tarpet (m)

Figure 9. Spatial focusing gain in the SISO-TR case.
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8.4. Contribution of TR-UWB system in terms of localization accuracy

The goal of this section is to estimate the contribution of TR in terms of precision of localization as
a function of the propagation environment complexity. Using three base stations, we determine
the position of a mobile in a 2D plane. To locate the mobile, each base station sends its own signal
(recorded and reversed in time in the case of TR). As indicated before, the UWB-IR signals are built
using the second-derivative Gaussian pulse. They are modulated by an antipodal modulation and
coded by a Gold code, one code per base station. Processing is performed at the mobile (Rx) to
determine its position relative to the base stations. The distance error is given by the difference
between the calculated and the actual position of the mobile. The mobile receives the signals from
each base station and performs an adequate signal processing to determine its position, relative to
the base stations. Using the TDOA technique, the signal received at the mobile is processed to
retrieve the position of the latter [19]. The Chan algorithm is used to solve the non-linear equations
imposed by the TDOA technique. For the comparative study between the conventional localiza-
tion system UWB-IR and the proposed TR_UWRB system, we first use the UWB- IR case to locate
the mobile, and then, the obtained information on the position of the mobile is used as reference
for locating with the TR-UWB system. Our comparison is based on the computation of the Root
Mean Square Error (RMSE) of localization between the conventional UWB-IR system and the
proposed TR-UWB-IR system. We consider the IEEE 802.15.3a channel model (CM3). An AWGN
is also injected into the channel. These results show that the combination of UWB and TR allows
for a more accurate localization to be obtained that could be in line with the decimetre necessary
level of precision required by the railway beacon application (Figure 10).
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Figure 10. RMSE evaluation for conventional UWB-IR and TR-UWB (2D positioning system).

9. Experimental validation

The purpose of this experimental validation is to assess the impact of environmental complex-
ity on performance related to temporal/spatial focusing and positioning error and to compare
these conclusions to our preceding simulation results.
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9.1. Experimental setup

An Arbitrary Waveform Generator (AWG) associated with a fast sampling oscilloscope (TDS)
is used. The pulses generated by the AWG are radiated using wideband horn antennas.
Similar antennas are used for receiving; their outputs are connected to the TDS ports through
low noise amplifiers (LNAs). A portable computer is used to process the signals and store the
results. The setup is installed in an anechoic chamber to control the radio channel. In this
environment, metallic reflectors are introduced to create, on demand, different configurations
of multipath. The dimensions of the anechoic chamber we used are 7 x 7 x 3 m. It is operating
from 100 MHz to 10 GHz. Two antenna cases are considered: SISO, MISO 3 x 1 cases. For each
type of case, three configurations are considered: without addition of metal reflectors; a single
aluminium plate (2 m x 1 m) is introduced as a reflector between transmitters and receiver to
generate a first multipath configuration; then, four plates are present to maximise the propa-
gation environment complexity. The objective of these tests is to evaluate the focusing gain
(FG), on the one hand, as the complexity of the propagation channel increases and, on the other
hand, as the antenna configuration evolves from SISO to MISO 3 x 1. For the SISO configura-
tion, the distance between the transmitting antenna and the receiving antenna is set to 5 m,
which is representative of an in-situ railway balise application. MISO 3 x 1 configuration
corresponds to the addition of a third transmitting antenna located at a distance of 4 m
between Tx3 and Rx. In a first step, for each selected configuration, a pulse is transmitted
using the AWG; the received signal is acquired by the TDS and then returned temporally. In
the cases of SISO and MISO 3 x 1, each Tx re-emits its corresponding reversed in time signal.
To assess this temporal focusing, we calculate the focusing gain (FG) obtained in each case. The
overall results are grouped in Table 5. We obtain that, for each of the configuration, the
focusing gain increases with the number of reflectors introduced. Moreover, by comparing
the values of FG for these configurations, we find that FG increases from SISO to MISO
configuration. To evaluate SF, we consider the scenario using three reflector plates. For the
two SISO and MISO 3 x 1 configurations, the receiver is moved by 10 cm from its initial
position. We note the initial position p0 and p1 and then the resulting ones after displacement.
Figure 11 represents an illustration of the SISO experimentation. The signal previously
reversed in time at position p0 is transmitted, and this signal is now received at position p1,
where the used CSI is no more optimal. We then evaluate SF obtained at position p0, compared
to SF obtained at position p1, using our two configurations and three reflector scenarios. The
results are summarised in Table 6. We obtain that SF values increase with the number of
reflectors but also as a function of the number of transmitting antennas. This confirms the
results obtained in theory and verified by simulation (Figure 12).

Configuration SISO MISO 3 x 1
FGgp; (without reflector) 1.0 1.7

FGiag) (1 reflector plate) 2.2 5.9

FGiag) (4 reflector plates) 6.1 12.8

Table 5. Focusing gain (FG) according to the number of reflector plates inserted in the propagation environment (case of
SISO, and MISO 3 x 1 configurations).
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Figure 11. Principle of SF measurement.

Configuration SISO MISO 3 x 1
SF(4p) (without reflector) 2.3 3.1

SF|4g) (1 reflector plate) 5.8 8.1

SF|4g) (4 reflector plates) 12.3 16.4

Table 6. SF according to the number of reflector plates inserted in the propagation environment.
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Figure 12. Implementation of the selected configurations (reflector plates in SISO).

9.2. Contribution of TR-UWB system in terms of communication performance

In the anechoic chamber, we considered five different reflector configurations. Three series of
acquisition were performed. In each case, a sequence of seven pulses is sent. After processing,
we determine the position of the mobile. Figure 13 shows the corresponding position errors.

125



126

Modern Railway Engineering

. Fosition obtained with the TR-TI'WE
systeim

P Fosition obtained with the conventional UWE
gystem

"3

Real position

e
\.E
.
5
L
——

Coordinates ¥ [m]
\
\
:‘/

|  330om |
\ .

% Lan. ] \\__._ I____//

Coordinates x [m]

Figure 13. Conventional UWB and TR-UWB localization systems (scenario with three reflector plates in an anechoic
chamber).

Figure 14. Implementation of tests configuration.

With the conventional UWB localization system, we get an error of 11.0 cm, decreasing to
3.3 cm in the case of TR-UWB (Figure 14).

10. Conclusion

As mentioned in Section 3, railway beacons are safety critical pieces of equipment. Therefore, a
final industrial product will have to comply with SIL 4 requirements. To achieve this high level
of integrity, one major goal consists in demonstrating that no single failure of this piece of
equipment would lead to a railway safety critical situation. For such a demonstration, let us
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examine the advantages that are provided by the proposed association of UWB and time
reversal techniques. The UWB radio technique alone already provides some interesting advan-
tages that will intrinsically facilitate a future SIL 4 demonstration. First, an UWB-IR radio
transmitter contains a limited number of components. Therefore, a safety demonstration will
be easier to be realised than for a more sophisticated conventional radio transmitter. Comple-
mentary major advantages related to the use of the UWB technique are its high throughput
capacity due to its wide frequency range and its availability and robustness to multiple paths,
thanks to the large occupied bandwidth. The coexistence of the UWB signals with other radio
systems due to the low involved power spectral densities is also interesting to note; this
usually implies that there is need for a dedicated frequency allocation. Moreover, in a railway
environment characterised by large radio interference, the intrinsic resistance of UWB signals
to narrow band or even wide band radio interference is also very beneficial. Finally, due to its
low power and large spectrum used, the low probability of interception of UWB transmitted
signals by non-accredited users is also quite interesting. Indeed, this property will be in more
demand for a secure operation of the transport system. As demonstrated in the previous
sections, coupling the time reversal precoding technique to the UWB radio technique also
improves some of these initial advantages in terms of higher throughput, accuracy of location
etc. Moreover, since a MISO radio scheme is used, the failure of one transmitter among the
different ones used for time reversal will reduce the spatial and temporal focalisation levels of
performance, but the critical radio link with the train will still be maintained. Concerning
jamming, spoofing and meaconing attacks that are becoming more critical in satellite systems,
civil location and time assurance, spatial focusing delivers significant improvements. Indeed if
valid beacon signals can only be received in a very limited zone or time window while the
train is running, this property can be used to reject signals that are coming from non-valid
distant transmitters, which do not present these focusing characteristics.
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