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I. INTRODUCTION

It is generally believed that exploitation of Global Satellite Navigation Satellite System (GNSS) together with
advanced mobile communications for signalling and train control will significantly improve safety and efficiency
of railway operations. This is especially true for signalling solutions on low traffic lines and also on some long
heavy haul lines where previously planned implementations of the European Train Control System (ETCS) with
track balises have appeared as economically unrealistic. Moreover, there are currently visions that ETCS
solutions based on GNSS will be installed on main corridor and high-speed lines as well.

The very idea of combining satellite navigation and the ETCS for train localization purposes is not new. A
mixed train position determination solution by means of ETCS track balises and virtual GPS ones has been
already described in the nineties of the last century [1]. Before that, a series of tests focused on train position
determination using GPS and DGPS had been performed mainly in the United States and Europe.

On the 2" March 2011, the European Geostationary Navigation Overlay Service (EGNOS) with its Safety-
of-Life (SoL) Service was officially declared available for safety operations in aviation. EGNOS belongs to the
family of wide-area Satellite Based Augmentation Systems (SBAS), similarly as US WAAS [2], Russian SDCM,
Indian GAGAN, etc. In spite of fact that SBAS with its SoL service was originally developed and certified for
safety operations in aviation, it also represents a strategic infrastructure for safety-related systems in other modes
of land transport [3] - [7].

Safe train Location Determination System (LDS) based on GNSS and intended for ETCS belongs among
them. It is mainly due to fact that high investment and operational costs of the ETCS track balises used for safe
train position determination discourage from further ETCS expanding not only in Europe, but also worldwide.
Therefore, at present, the European Commission, institutions and railway industry strongly support replacement
of physical balises with virtual ones based on EGNOS and Galileo. This intention is practically realised within
several international ESA and H2020 projects (e.g. 3InSat, ERSAT EAV, STARS, RHINOS), and also within
numerous national R&D activities in the individual EU member states.

However, only the efficient exploitation of EGNOS for railway signalling according to specific ETCS safety
requirements, TSI, railway CENELEC safety standards [8]-[10], etc. can bring applicable solutions. A clear LDS
safety concept fully exploiting characteristic GNSS features within the virtual balise (VB) concept, such as
provision of abundant train positions in time, is the basis for derivation of realistic ETCS safety requirements for
the EGNOS SoL service. It is evident that rapid and independent diagnosis of excessive EGNOS errors
significantly contributes to achievement of the required tolerable hazard rate (THR) for the ETCS virtual balises
and also for the GNSS LDS.

Basic safety requirements for the train location determination function based on GNSS were specified within
the ESA 3InSat project (2012-2015) [11], [13]. It was found that THR for Signal-In-Space (SIS) should meet 1e-
8/ 1 hour (SIL 4) and the maximal confidence interval (CI) in the position domain should not exceed 14 m for
the most demanding ETCS operational scenarios. In order to meet the safety requirements, the dual-constellation
EGNOS-R (R as railway) interface with composite fail-safety for EGNOS V3 has been proposed [12], [13].
However, multi-constellation/ multi-frequency EGNOS V3 is expected to be available as lately as in 2022 and
the current pressure for signalling and train control solutions based on GNSS is continually growing. Moreover,
there is still a will to utilise existing EGNOS as it is for signalling and that's why new ways enabling it are still
investigated.

This paper deals with a novel solution enabling to meet very demanding ETCS safety requirements for virtual
balise detection, i.e. THR less than 1e-9 per 1 hour and Safety Integrity Level (SIL) 4, using existing single-
constellation EGNOS V2 already certified for safety operations in aviation. The solution consists in LDS with
the reactive fail-safety architecture based on EGNOS V2 and supported by a newly introduced travelling virtual
balise (TVB) concept. Abundant validated LDS position, velocity and time (PVT) data on track sections between
static virtual balises have been proposed for rapid diagnosis of virtual balise detection. The rapid and



independent LDS diagnosis is critical for the reactive architecture. The TVB is used for justification of the
required safety integrity provided by EGNOS. Since standalone EGNOS V2 based on GPS is not able to meet
ETCS reliability requirement for on-board unit (MTBF of 3e5 hours) for hard operational scenarios, then Galileo
as a second redundant channel of the 1002 (one-out-of-two) LDS architecture within EGNOS V3 was proposed
to meet this hard operational target.

I1. WAY TO EFFICIENT EGNOS V2/V3 EXPLOITATION IN ETCS

The classical ETCS track balise group, also called information point (IP), which shall be compliant with SIL
4 (Mp of 1e-9/1 hour) [6], determines together with the ETCS on-board balise reader, a so-called balise
transmission module (BTM), the absolute position of train. The ETCS odometry (SIL 4) provides the instant
speed of train and the relative distance from the last relevant balise group (LRBG) including its Cl. The train
position, velocity and other data are reported via radio (GSM-R) to the track-side radio block centre (RBC). One
of the important odometry functions is called linking of balises via the relative distance measurement. It is in fact
the independent diagnosis of balises and on-board unit (ONB) because it enables detection of a deleted (missing)
balise, incorrectly inserted balise or an ONB fault.

In case of the virtual balise concept the absolute position of train is determined using the LDS based on
GNSS. The instant position of the train is compared with the position of virtual balises whose coordinates stored
in the on-board European vital computer (EVC) and in RBC. If the actual GNSS train position together with the
relevant ClI match with a virtual balise stored in the database, then the VB is considered as the last relevant
virtual balise (LRVB). The odometry together with the track database perform two following functions: 1)
diagnosis of the consecutive virtual balises using linking with its direct positive impact on the desirable
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Figure 1: Diagnosis of ETCS: (a) Balise Group and ONB, and (b) Virtual Balise.

reduction of the safety integrity requirement for the GNSS LDS - i.e. GNSS THR increasing, and also 2)
provision of the relative train position from LRVB if GNSS SIS is temporally unavailable due to SIS service
outages or SIS shadowing in a harsh railway environment.

And now it should be answered the question how ETCS can profit from GNSS — where is the main gain. As
it is evident from Fig. 1(a), the ETCS ONB is able to perform fault diagnosis of physical balise groups (BGSs)
and also its own diagnosis only in locations of the BGs. It is possible thanks to BG linking because position of
next BG with respect to the LRBG position is known to the ONB and the correct BG detection can be validated
using a so-called expectation window (ExW). The EXW includes all potential uncertainties due to odometry and
BG position errors. However, GNSS LDS is naturally able to perform its fault diagnosis also in the vicinity of
virtual balises or on the whole track section between virtual balises, depending on SIS visibility — see Fig. 1 (b).
It can be utilised for a fully automatic LDS initialization, which is in case of the baseline ETCS with track BG



performed in Staff Responsible (SR) mode and the unreliable human factor must be involved in this safety
function.

Note: parallel track discrimination in this LDS development phase can be solved by classical means (track
circuits, axle counters, balises) or later by GNSS — e.g. two tier augmentation [5] or using future EGNOS with
decimetre accuracy.

The abundant GNSS train positions outside of the VB vicinity are not in fact needed under normal operation
(after LDS initialization) for train position reporting to RBC because it is provided by means of the relative
distance measurement from the LRVB — see Fig. 1(b). However it is evident that these abundant GNSS positions
together with the odometry data and other techniques can be effectively used for the rapid GNSS diagnosis and it
can in final effect lead to significant reduction of safety requirements for the GNSS-based LDS. It opens the door
for railway exploitation of current EGNOS V2 in terms of the required LDS safety integrity and also enables to
prepare a roadmap for efficient, i.e. safe and reliable EGNOS V3 exploitation in ETCS. It is the major benefit of
the above rapid validation of VB for ETCS LDS.

Two following VB failure modes can be specified:

e Virtual Balise Deletion - means an event, when the VB (i.e. virtual IP) was not determined by means of
on-board GNSS LDS. It can happen due to: 1) excessive latent LDS error (wrong position), or 2)
absence of train position in the GNSS LDS output. In both cases no VB is detected within the ExW
provided by the odometry;

e Virtual Balise Insertion - means an event when a wrong virtual balise is determined due to wrong GNSS
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Figure 2: ETCS Core THR allocation to Virtual Balise.

Since both VB failure modes are caused by a wrong GNSS LDS position (i.e. incorrect or no position), and
diagnosis for both failure modes is provided by rapid and independent diagnosis in GNSS service volume, then
the total THRgrx 0f 0.67e-9/ 1 hour was taken as THR for virtual balise, i.e. THRyg = 0.67e-9/ 1 hour — see Fig.
2. THRyg will be further used for derivation of the ETCS THR requirement for GNSS, i.e. THRgnss (THRsgas)-
The derivation and justification of THRgnss for the virtual balise insertion/ deletion is described in Section V.

I11. NOVEL LDS SOLUTION BASED ON EGNOS V2/V3

The SIS Integrity Risk (IR) of 2e-7/150 s is guaranteed by EGNOS V2 for APV-I / LPV-200 service level
[15]. Let’s assume that IR corresponds to hazard rate of 4.8e-6/ 1 hour. There are two following possibilities how
to meet the THR for virtual balise detection, i.e. THRyg of 0.67e-9/ 1 hour, by means of LDS based on EGNOS
V2. First, EGNOS integrity has to be improved by a suitable technique. Or requirement for EGNOS integrity has
to be somehow reduced assuming that the target THR requirement for VB and also for LDS has to be met.



Railway safety-related systems to be compliant with SIL 3 or SIL 4 must ensure that they will remain safe in
the event of any kind of single random HW fault. This principle is known as fail-safety and can be achieved by
means of the following techniques [10]:

o Inherent fail-safety;
e  Composite fail-safety; and
e Reactive fail-safety.

Implementation of these techniques not only determines which level of LDS safety will be achieved, but also
how efficiently GNSS will be used within the LDS.

Inherent fail-safety allows a safety-related function to be performed by a single channel, provided that all the
credible failure modes of the channel are not hazardous. It would be very difficult or impossible to make such
evidence in case of complex EGNOS and therefore inherent fail-safety is not further considered for the EGNOS-
based LDS.
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Figure 3: Principle of LDS based on dual-constellation EGNOS and composite fail-safety.

Composite fail-safety allows a safety-related function to be performed by at least two independent channels.
Hazardous fault in one channel shall be detected and negated in sufficient time to meet the required THR. The
fault is detected by the comparison of the output values of these two or more channels, or also by means of an
additional independent diagnosis. This technique has been already employed in case of a dual-constellation
EGNOS-R interface [12], [13] - see Fig. 3. The EGNOS-R (R as railway) was mainly proposed with the
intention to improve EGNOS safety integrity and meet the THR requirement for VB detection.

Finally, reactive fail-safety allows a safety-related function to be performed by a single channel, provided its
safe operation is assured by fast detection and negation of any dangerous fault. The single channel in itself
doesn’t have to meet the required safety integrity. And it is the case of EGNOS within LDS. New reactive LDS
solution for VB detection intended for reduction of the safety integrity requirement for EGNOS SoL service is
proposed in Fig. 4.

It is evident that mere EGNOS employment for LDS within the virtual balise concept is not sufficient since
the required VB safety integrity cannot be demonstrated. It is because an average balise group spacing of 400 m
in the baseline ETCS is not able to assure sufficient short time to fault detection and negation Tp to meet the
required safety target (THRyg = 0.67e-9/ 1 hour). Even if the spacing between two consecutive static virtual
balises would have been shortened, then it would not have been still possible to distinguish between two adjacent
VBs, because they could fall into one ETCS EXW. To solve this problem a non-static VB, a so-called travelling
virtual balise (TVB), was newly introduced into LDS concept based on EGNOS V2. It is demonstrated in
Section V. that the TVB concept together with the reactive LDS 1ool architecture (one-out-of-one with
diagnostics) is able to meet the THR requirement for VB.



IV. LDS WITH REACTIVE FAIL-SAFETY BASED ON EGNOS

The existing single-constellation EGNOS in itself can be considered as a system with reactive fail-safety,
because the safety function is performed by the GPS and its correctness is checked by the EGNOS infrastructure.
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Figure 4: LDS based on single-constellation EGNOS V2 with reactive fail-safety: (a) High-level architecture, (b) Markov model.

Nevertheless, the standalone EGNOS is not yet able to meet the ETCS SIL 4 requirement for train position
determination. Excepting this the position determination function must also meet the required SIL/THR in case
of local effects, such as multipath, EMI, spoofing, etc. against which EGNOS does not protect. That's why the
EGNOS fault diagnosis must be completed with an additional independent fault diagnosis realised e.g. using
safe ETCS odometry (SIL 4), 3-dimensional track database (SIL 4) and other relevant fault detection techniques.
The high-level architecture of the reactive LDS is depicted in Fig. 4 (a) and the corresponding Markov model of
the LDS in Fig. 4 (b), where HRegnos — hazard rate of EGNOS per 1 hour, HRp;sg - hazard rate of EGNOS
independent diagnosis, [ - rate of diagnosis and fault negation. The following four system states are defined for
the model:

e Py —Fully functional LDS state: both EGNOS and independent EGNOS diagnosis work well according to
the specifications;

e P,— Safe faulty LDS state: EGNOS is faulty and rapid diagnosis is functional,
e P,—Fail-safe state of the LDS: EGNOS fault was detected and negated;

e P; — Hazardous LDS state: Independent diagnosis of EGNOS is faulty. Note: Although EGNOS is
functioning properly according to the specifications, the LDS is in a dangerous state.

The time (t) dependent probabilities corresponding to the above states are obtained from the Markov model
solution [19]. From viewpoint of LDS safety design, the most important is P4(t), which is the safe faulty state
probability in case of GNSS/EGNOS fault. The corresponding hazard rate per 1 hour long mission can be
expressed as [19]

HR; = HR;nss X Tp X 1h™1 (1)

where Tp (i.e. 1/ W) is time to fault detection and negation, which is also sometimes called safe down time (SDT)
[10]. Equation (1) is used for justification of the EGNOS integrity performance for ETCS LDS in Section below.

V. TRAVELLING VIRTUAL BALISE

The classical ETCS requires both track balises and on-board equipment (ONB) for safe train position
determination. On the other hand GNSS estimates the position on board of train. Let us assume that Aong iS the
rate of occurrence of ONB being unable to detect a correctly working ETCS information point (IP). If linking of
IPs is active, then the duration of ONB failure corresponds to the time interval T between two successive IPs
marked as linked. Further if the average speed of train is v and the linking distance D, then the probability of
ONB failure causing the IP deletion is

D
Prong = Aone X Ty = Aong 7L (2)



There is no safety requirement in respect of not being able to detect an information point when IP linking is
active [6]. As lately as two expected consecutive IPs announced by linking are not detected by on-board in the
ExW, measured from the Last Relevant Balise Group (LRBG), the on-board vital computer shall consider the
linking command of the second IP as a command to apply the service brake. Then the hazardous failure rate of
ONB corresponding to the deletion of any IP met during 1 hour long mission is

HRonpg = Aong X 2 X T) x 1h™1 3
In order to check the ONB functionality even before the detection of a regular and properly working BG by the
ONB, an additional hypothetical “testing” BG can be placed on the track ahead of the regular BG in the direction
of movement from the LRBG - see Fig. 5. A much shorter ONB failure duration Tp is achieved in this case.
Then (2) can be then modified as

(4)

Prong = Aong X Tp
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Figure 5: Diagnosis of ETCS on-board unit using “testing” BGs.

and the corresponding ONB hazardous failure rate per mission (1 hour) is

HRONB == AONB X TD X 1 h_l (5)
The hazardous ONB failure rate (5) due to IP deletion can be thus reduced with respect to (3) significantly. It is
evident that installation of the additional “testing” BGs on a track would be very inefficient. Nevertheless, the
reactive fail-safety principle can be easily implemented in case of the GNSS LDS. The “testing” BG is simply
replaced by a so-called travelling virtual balise (TVB), as it is depicted in Fig. 6.
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Figure 6: ETCS LDS concept with reactive-fail safety and justified using Travelling Virtual Balise.

The TVB is equivalent to LRVB from viewpoint of safety integrity because it is a validated GNSS train
position by the independent diagnosis. The TVB arises from the LRV as a subsequent validated train GNSS
position generated just after LRVB is detected and further travels to the next virtual balise location in a given
direction of movement. The TVB can also originate on a track section between VBs during LDS initialization.

The detection function of the presence of an information point (IP) by ETCS on-board unit (ONB) is a
critical function and this function is the most critical when IPs are employed in scenarios where linking is not
used. It is e.g. during ONB initialization in SR mode or during entry into an ETCS area from unfitted area when
wrong IP can be inserted or IP can be deleted. The ETCS THR requirement for GNSS must be derived using
these scenarios considering that VB insertion can cause a more dangerous situation than VB deletion.



It is evident that the TVB can be utilized for the LDS diagnosis of the next VB from viewpoint of VB
deletion or insertion failure modes in the same manner as the hypothetical static “testing” BG is used in Fig. 5.
The ETCS THR requirement for GNSS (i.e. THRgnss) can be determined for the LDS start-up from the THR
requirement for VB deletion or insertion per mission, i.e. THRyg of 0.67e-9 hour™, as

067 X 10_9 h_l = THRGNSS X TD X 1h_1 (6)

where Tp is the duration of GNSS hazardous failure defined as the time interval between the two consecutive
linked TVBs or linked TVB and next VB.

The SIS IR of 2e-7/150 s for Precision Approach (PA) including LPV-200 operations is required in the
vertical direction. Excepting this the SIS IR of 1e-9/150 s in the horizontal/ lateral (one dimensional) direction
shall be also met for the aviation PA operations. It seems that the integrity (i.e. guarantee) of accuracy in the
horizontal plane or in the track direction would be sufficient for signalling in case of the reactive LDS
architecture. Nevertheless, three dimensional (3D) track map appears as an effective means for the independent
diagnosis of EGNOS, and therefore the IR of 2e-7/150 was conservatively selected for signalling. The
corresponding EGNOS SIS hazard rate is approximately 4.8e-6/ 1 hour. Then the allowed duration of
GNSS/EGNOS failure can be estimated as

_0.67x107°

Tp = A Bx10-¢ hour =0.50s @)

The horizontal alert limit (HAL) of 40 m and VAL (vertical AL) of 35 m is required for LPV-200 operations,
where the pilot’s decision height is 200 feet (60 m) above the runway. The actual WAAS/ EGNOS accuracies
(95%) in horizontal/lateral and vertical directions are typically better than 1.1 m and 1.5 m, respectively. If
SBAS receiver with an output rate of 10 Hz will be used, then all the above calculated value of Ty, is realistic.

VI. EGNOS V3 FOR LDS RELIABILITY IMPROVEMENT

LDS based on EGNOS shall meet excepting the required safety integrity also a high reliability for ETCS on-
board unit, which is specified as mean time between service hardware failures MTBF-Song Of 3e5 hours [16].
Reliability of the proposed LDS solution can be evaluated using continuity attribute of the applied EGNOS
service level.

Continuity, or reliability, is the ability of a system to function within specified performance limits without
interruption during a specified period, i.e. the continuity time interval t, which represents the most critical phase
of operation or whole operation in aviation. The duration of the most critical phase is 15 s for APV-I/LPV-200
operations [15]. Assuming the service is functioning at the beginning of the operation, then the probability that
it is still functioning is [17]:

t
C = e MTBF (8)

This is the standard expression for reliability and excludes scheduled outages (i.e. uses MTBF) assuming that
planned outages will be notified and the operation will not take place. If MTBF is much greater than t, then (8)

can be approximated to
t

C=1- MTBF ©)

Continuity risk (CR) is defined as one complement of C, i.e.

t
MTBF

CR=1-C=

(10)

Equation (10) can be utilised for calculation of MTBF for specific EGNOS SoL service level.

The ICAO requirement for SIS CR for APV | approach is 8e-6/ 15 seconds. It corresponds according to (10)
to MTBF of 520.8 hours. It is much less than e.g. the required ETCS mean time between service hardware
failures MTBF-Song Of 3e5 hours, which is specified for onboard equipment. It is evident that the aviation CR
requirement for single constellation EGNOS V2 is unable to meet the ETCS reliability requirement using the
LDS 1oo1 architecture.

Let’s consider now a dual-constellation LDS (GPS and Galileo) based on EGNOS V3 as a dual-channel
redundant system with 1002 architecture. Then MTBF of the 1002 LDS architecture can be expressed as [19]



__ MTBF?

MTBFyp0p = —— (11)

If MTBF of 520.8 hours for both GPS and Galileo channels within EGNOS V3 is assumed, then for t=1 hour eqgn
(11) yields MTBFo,; of 2.7€5 hours. It means that the LDS based on dual-constellation EGNOS V3 with the
reactive fail-safety architecture and TVB is able to practically meet the required MTBF-Sgng for the ETCS on-
board equipment.

VIl. CONCLUSION

This paper describes a novel train LDS solution based on EGNOS for ETCS. The solution consists in LDS
with reactive fail-safety based on EGNOS V2 or EGNOS V3, which is further combined with a newly
introduced travelling virtual balise (TVB) concept.

It has been demonstrated that the required THR for virtual balise of 0.67e-9/ 1 hour can be met using the
reactive LDS structure with single-constellation EGNOS V2. The TVB has been employed within the ETCS
virtual balise concept to justify use of EGNOS from viewpoint of the required LDS safety integrity. The LDS
solution contributes to the harmonization of the aviation and railway safety concepts based on EGNOS, because
the required safety integrity targets in both transport modes can be met by single-constellation EGNOS V2.
Galileo as a second constellation within EGNOS V3 can be then used for reliability and availability of integrity
improvement via the redundant 1002 LDS architecture.
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