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Satellite-based train localisation for safety
critical applications. .
The challenges of performance demo a'
certification
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YOU ARE HERE -

Advanced 72 channel L1/L2/L2C/GLONASS/RTK capabilities
Makes the 442 receiver an excellent high accuracy RTK receiver using a local
RTK network or base station.

Internal long life Lithium-ion battery POS iti o n

Provides 10 hours of operation as a base

station and 12 hours of operation as a Rugged IPG7 environmental rating

Fover Can withstand the tough Agriculture
— environment.

- s —1 e
@blox NS .
i st - Velocity
- ‘ ‘ I
- - ~ GPS receiver and radio in one housing
> Configurable front panel Easy Reduces cabling and setup time.
. setup for both the GPS receiver
\ and radio.
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SATELLITE-BASED POSITIONING SYSTEMS

GNSS =

Global
Navigation
Satellite
System

Generic term that concerns every satellite-based
systems (including GPS)
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REPORT ON RAIL USER
NEEDS AND REQUIREMENTS

OUTCOME OF THE EUSPA
USER CONSULTATION PLATFORM

management

Predictive
maintenance

Why are we talking about GNSS?

B ) )
|

Passenger
iInformation

New signalling
solutions




YOU HAVE A « GNSS » IN YOUR POCKET!

What?
How?

>‘:'< Université
»~.' Gustave Eiffel



GNSS IS A SYSTEM

FERERRRER RS
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https://www.gsa.europa.eu/galileo-your-pocket

WHAT YOU HAVE IS A GNSS RECEIVER

&
“& ' Satellite signal is

"/
J broadcasted
=

GNSS
Receiver

mf; _ g PVT

I emo;; j‘ﬁ-’ {latitude, longitude, altitude}
in a global reference network
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ARE GNSS SYSTEMS SPIES?
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Does the system know your position?

N o | Your receiver computes its own position
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With a GNSS receiver alone, nocom. _ |
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THE INTEREST OF COMMUNICATING...
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How does it work?
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BASIC PRINCIPLE
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3 OR 4 SATELLITES?
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FROM POSITION TO APPLICATION

For navigation, you will need to compute
optimal trajectory, and rely on a digital
map

You may need a
specific database

Signaler un Pokémon ! Statistiques d'apparition
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What are the performance?
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« GOOD » MOST OF THE TIME!
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Leaflet | Données @ OpenStreetMap contributeurs, Imagerie © HaCon, Geodaten © OpenStreetMap und
Mitwirkende, ODbL



.......

WHAT ABOUT ACCURACY?
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DO YOU TRUST YOUR GNSS RECEIVER?

OFFICER... MY
G.P.S. ToLp ME TO

Turn Here !
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RAILWAY REQUIREMENTS FOR LOCALISATION

Non-safety vs safety

Safety-critical
applications applications

Apolications Asset Passenger Trackside personnel Signalling and train
PP management Information protection control applications

Non safety-critical

Accuracy Accuracy Accuracy Accuracy
' [ 1
Key GNSS (10 metres) (5 to 100 metres) (1to 10 metres .3_n|:|. (1to .2!Il_mE.~1:r_E~5J .
4 P o track discrimination) Availability (High)
requirements Availability Availability Awailability Integrity
PG 1 P
(High) (35%] (95%) Robustness
Other Connectivity . Connectivity . Connectivity N
i . (communication (communication Interoperability
requirements Power Consumption fink} fink!
2] L

* https://www.gsc-europa.eu/sites/default/files/sites/all/files/Report_on_User Needs and_Requirements_Rail.pdf

REPORT ON RAIL USER
NEEDS AND REQUIREMENTS

OUTCOME OF THE EUSPA
USER CONSULTATION PLATFORM

)e(

Université
Gustave Eiffel



GNSS LIMITS

MP““ All starts with time propagation measurement...

6 Satellite Clocks

Ephemeris
(orbital position)

GLOBAL ERRORS
LOCAL ERRORS |
é Atmospheric Delays
Multipath N

%
¢ =

6 Receiver Clocks, etc.
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IN RAILWAY ENVIRONMENTS AS IN ANY GROUND
TRANSPORT ENVIRONMENT...

Variation of the performance in time and space

Optimal conditions of signal reception vs Land transportation systems

Global errors/known models Local errors/unknown models
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IT IS ABOUT SURROUNDINGS

Multipath\\‘%/ !l I
e

GNSS__

fr_:
//
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}

S %Q Atmosphere:

- Scintillation
- Solar activity

~

s

J

Interference:
TV/Cellular
Microwave devices
Radars
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IT IS ABOUT SURROUNDINGS

&

O) Jamming Multipath @!l I E
\ /

__GNSS

Spoofing l Interference:
TV/Cellular

@W ﬁ:— ‘ Microwave devices
Radars
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- Solar activity
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GNSS IS VULNERABLE

Russia is jamming GPS satellite signals in
Ukraine, US Space Force says

By Elizabeth Howell published 14 days ago

'Ukraine may not be able to use GPS,' a Space Force official told

NBC.

0000060

New GPS ‘circle spoofing’ moves ship
locations thousands of miles

Est. reading time: 2 minutes ()

May 26, 2020 - By Dana Goward

GPS services appear to be under threat in Ukraine. (Image ¢redit: Lockheed Martin and U.S. Space Force)
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IT IS ABOUT TIME TOO...
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Figure 28 GPS Satellite Orbit
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:O: A CHALLENGE FOR PERFORMANCE DEMO...

Geometry of
Interferences visible —
satellites... e

States of
reception

Satellite
visibility
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SO... DO WE REALLY WANT TO USE GNSS???
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There are many reasons to have GNSS onboard!

© Continuous absolute position, 24h/24h, 7/7
© No borders

© « Cheap » chips

© On-board equipment (no infra)

© No fees

© New services (i.e. sighal authentication, High accuracy...)
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GNSS FOR RAIL

What will be facilitated with GNSS for rail?

Attractiveness

New services for clients
- Passengers,
- Freight customers

©Traxens/SNCF Logistics

Efficiency

Improve maintenance

- Real-time diagnostic

- Anomaly detection and localisation
- Predictive maintenance

EUSPA
EO and GNSS
Market Report

—

Ko

https://www.euspa.europa.eu/sites/default/files/uploads/euspa_market_report _2022.pdf
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Safety

PTC is designed to prevent...overspeed derailments...

POSITIVE TRAIN CONTROL & SAFETY

Amtrak Accident

Renews Push

for PTC .
- f

Passenger train 501 was equiped with PTC...but the system
had not been activated ... because that section of the line
5 had non been tested

. of 2008 (RSIA) required to be installed
+ onall Clas 1 rsilrads and passenger rail-
§ roadeby the end of2015. Ieis ds.wdm

he faral derailment of an Amrrack :
passenger train in Washingmn srare f

mandate. In a January §, 2018, letter o © als, sent a lester to Amtrak President and
the heads of the Oregon and Washingron © Chief Executive Officer Anderson
dep ion, Amtrakis
President and CEO Richard Anderson
said that 51 percent of Amirak's nation-
wide diesel locomative fleet has PTC

. | cquipment installed, with 151 wnits com- Amiak and other organizations

has, once again, prompred calls for instal-
lation of GPS-aided posirive train control

(PTC) systems on board American trains. Ry | o e e
" Aiter the Fact PTC. regardless of the December 31,

working, (A Spring 2015 JON Newsletter  As with past incidents, in the wakeof the | 2018 deadline mandatcd by Congress.”

On December 18, 2017, passenger : T Tyl by Ty
train 501 — a Talgo Incorporated loco-

maortive on irs inaugural passenger service

I d stating the d s
expectation thar the companes “will meet
the requiremes specifiod by Congress o
or before Decernber 31, 2018,
In comments refleting an initiative
an upcoming speed restiction, PTC will ©  thar has been geting ready to gee started

trip — went off the tracks ar an estimared
78 mph in a 30-mph speed zone near P e e e P

train brakes before it violates the

PTC mandate had be:n dlm:wd o work

Dupont, Washingron, a small communiry
berween Tacoma and Olympia.

In the Washington statc Amtrak acci-
dent, an NTSB preliminary repore stated
that an operational PTC syssem would
have notified the engincer of train 501
sbout the spoed reduction for the curve.

ke

reriction and ot i the train.
Tronically, Amerak actuslly has a firly
good record at trying to mect the PTC

‘Winter 2018

with your arganization’ leadership to
help create an increased level of urgency
10 undencore the impeatve of mting

and requireany nevw pasenger

ut this critical il-safery technology”
Mnnwlu.b:.m:t;mClyt 1 Hill, Petee

Dekazio (D-Orcgon). Ranking Mcmber
ra, House Committee on Transporta-

i and Infrastrucrure, and Michacl
c.q, ano (D-Massachusctts), Ranking
Member of the Subcommittce on Rail-
wads, Piplines, and Hazardous Matcri-

n

ION Newsletter, Volume 28 No. 1 Winter 2018

have PIC befor ﬂmbegn

OF course, with s real-time position-
ing capability. PTC has bencfits beyond
passenger rail safeey, It could hlp freight
2s well 25 passenger railroads to operate
more efficiently, enabling the companics
to increase track capacity and use their
asscts mare productivly. @

10N Newsletter

)e(
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https://www.ion.org/publications/upload/v28n1.pdf

TODAY, GNSS RECOGNIZED AS A GAME CHANGER FOR ERTMS

EU Parliament calls for fast adoption of satellite-based train localization in railway signaling

Adoption of the own-initiative procedure 2019/2191 (INI) in July 2021, the European
Parliament highlights the need to take advantage of the potential cost savings that
GNSS offers in railway signalling.

The Parliament calls specifically on:

 The EU rail industry to develop technical solutions in order for the GNSS to enable the ERTMS on a large scale
» The European Commission (EC), to consider introducing the GNSS in the upcoming ERTMS TSI CCS revision in
order to close the remaining technological gaps and embrace innovation

« European Railway Agency (ERA) to closely coordinate, support and streamline research and development
projects of space and rail stakeholders in order to include GNSS train location data in the ERTMS as early as
possible

» The cooperation between ERA and the European Union Agency for the Space Programme (EUSPA) to be
stepped up in order to phase the GNSS into ERTMS standards
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https://www.euspa.europa.eu/newsroom/news/eu-parliament-calls-fast-adoption-satellite-based-train-localization-railway

GNSS IS PART OF THE EU R&D PROGRAMS

(=

EU-Rail Multi-Annual Work Programme

Network management planning and control (new processes " Transversal Provide Digital Twins Design toolbox for design as well
and automation for decision support) & rail management in a Topic as for validation, verification and test + a Federated

multimodal environment (real-time demand-driven operations,
including demand from other transport modes)

FAT- new

approaches
Digital “Automated & Autonomous™ Train
Operations  building upon the next gen
Automatic Train Control based on ERTMS +
enhancements on TCMS for integration at the
on-board level

FA3 -‘Assets Mngt FAB - Regional

services
Knowledge from the digital transformation will
feed back into the design, construction,
manufacturing as well as into operation and

maintenance processes

Innovative solutions and services based on
leading edge technologies to minimize the
overall energy consumption and
environmental impact of the railway
system

E-GNSS IN RAIL

SIGNALLING

dataspace where all digital elements of the system can
play together in a coherent and interoperable way

Explore non-traditional and emerging flexible
and/or high-speed guided transport systems,
as well as to create opportunities for
innovators to bring forward ideas for shaping
those future systems

Decreasing cost while offering a high quality of
service and operational safety + increase
customer satisfaction and attractiveness

Digitalization and automation of operational functions (e.g.
DAC) and processes as well as increasing the efficiency of the
immaterial (informatiocn/data) layer of transport in logistic

https://space4rail.esa.int/opportunities/ba-s4r

EUSPA EUSPA- FUNDAMENTAL ELEMENTS | INDUSTRY & USER DRIVEN INITIATIVES

EUSPA RGD ACTIVITIES ESA ACTIVITIES CETERMAL Lot 10 £58 SLPBORT

https://www.euspa.europa.eu/sites/default/files/roadmap 2021.pdf

>‘.’< Université
»~.' Gustave Eiffel


https://www.euspa.europa.eu/sites/default/files/roadmap_2021.pdf

TWO // APPROACHES AND PROGRESSES

N

The use of GNSS for Virtual Balise A continuous localisation of the train
ETCS GNSS Wider System of Interest
e SR Antenna N\ “ “ ' ncident Incident Mgmt &
| Management Perception
GNSS Interface IL (trackside) (onboard)
Virtual balise R Lacalisgtion systcm Automatic Train
reader : Traffic Management ) incl. application layer 0—+ Operation
: TLOBU
,_+ Train Protection
S NSSESS
1 Train Control
: 1_T TCMS
L N
1

““““““ N ) )
% 2 i Integrit
,_ Virtual balise ¥ s > % Monitoring Train Rea
I' Information System Ul
1 End Localisation
L

© Hitachi Rail STS 2019

:-_j Trackside system © CLUG
D Onboard System
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What are the challenges...
...in particular with local effects?

|



2 MAIN FEARED EVENTS

Along-track

7)) — S
error E Direction of movement End Of Authority &

TrainB speed profile

[
1
1
1
1
1
1

4 v
lek. Of Estimated Position &
collisions

| -
4

Along Track Protection Level

True Position

Which virtual balise to trigger?
Cross-track
error

position

Wrong track
identification

20
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GNSS LIMITS

w_‘_‘}“ All starts with time propagation measurement...

Satellite Clocks

Ephemeris
(orbital position)

GLOBAL ERRORS

Atmospheric Delays

Multipath

Receiver Clocks, etc.
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A 1st LEVEL OF ANSWER: EGNOS, for global errors

Satellite Based augmentation System (SBAS)
— in Europe : EGNOS

cga More accuracy (correct iono, orbits...)

EGNOS improves the accuracy and reliability of
GNSS positioning information

q&; Error bounds

Protection Level

Google Earth

| With EGNOS V2

- ————————— ] —— - >
With EGNOS DFMC

[ == == = e e - - - - e
With EGNOS for Rail
—— -
A
- ] a
' True position
Estimated position ~_ Université
)2( Gustave Eiffel

Figure 13: Qualitative train protection levels versus EGNOS versions ©CLUG



A 1st LEVEL OF ANSWER: EGNOS, for global errors

Satellite Based augmentation System (SBAS)
— in Europe : EGNOS

Processing... Cf. CLUG Recommendation (D34)
Cf EGNSS-R project

cga More accuracy (correct iono, orbits...)

EGNOS improves the accuracy and reliability of
GNSS positioning information

q&; Error bounds E
=
Protection Level '{'3
I %
| With EGNOS V2 e
T e e e e e d=——————————— > %
With EGNOS DFMC %
e e e ——————— = '-@'DJ
With EGNOS for Rail
\
o ] a
' True position
Estimated position “  Université
)2( Gustave Eifrel

Figure 13: Qualitative train protection levels versus EGNOS versions ©CLUG



2"d: WE HAVE TO DEAL WITH LOCAL EFFECTS
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HOW DO WE DEAL WITH LOCAL EFFECTS?

1. IDENTIFY, CHARACTERIZE, MAP, LOCALISE THEM...

‘ [—

. - M Iti th &
Based on interference || - Frequency " Multipa

.. Interference \ \//\
o | ok

Based on MP and NLOS

ERsAT asCc http://www.ersat-qgc.eu/

Detection

Interferences

Measured
data

Multipath and NLOS

o

" Blockage

Degraded performance

_Propagation )

Based on degraded perf. —
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HOW DO WE DEAL WITH LOCAL EFFECTS?

2. MITIGATE MULTIPATH

: : e : : MACHINE
Multipath and NLOS detection and mitigation is highly investigated! LEARNING

\
I‘n‘."“\""“' \
[ TYITTVN VY

delta CNO
1

I\
k

Elevation

From raw
©Cyril Meurie, Uni. Eiffel

nEENIENENS

©Frank van Diggelen, Google

With 3D maps

With FDE, RAIM
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HOW DO WE DEAL WITH LOCAL EFFECTS?

3. HYBRIDIZE WITH OTHER SENSORS
OJECT

PRESENTATION ACTUALITES PARTENAIRES LIVRABLES

-

( EGNOj ) ( GALILEO ) ( GPS ) .
- http://www.clugproject.eu/ fr

- ] -

V ..AvA"

GNSS+EGNOS ANTENNA

T S T T T T T T T T T T Y e
1 GNSS+EGNOSUNIT ] OE o : :
] il GNSS ] ' ' ﬁ
A - - wwewwowd ' ’ SAFETY APPS
P mm == - - w m owm oy .(ﬁ M (ERTMS}
: IMU —i f;ﬁ + s . o
' '
e S, S
e A A0 M e e S8 H ' X =
e . FUSION INTEGRITY \ J
: J ENGINE
SPEED SENSOR m SPEED | » ' ’ T
NON SA Y
B - o om omom ow om MR E R ) [_*
P oo om o - - - --emom o=y (CUSTOMER)
....... ° [
FDE
BAL
------
...............

¢

|
(I
[

2

r
T >
D lgﬁ'cl\'ts:do/f P > ONBOARD
Ll
MANAGEMENT DIGITAL MAP

* EGNOS v3 DFMC service : EGNOS service on L1/L5 GPS, E1/E5 GALILEO
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HOW DO WE DEAL WITH LOCAL EFFECTS?

4. CHARACTERIZE UNCERTAINTY — THE CONCEPT OF INTEGRITY

RE<PL<AL

RE>PL

J

Alert limitwefined

<

PI’OtECtIOﬂ |eve|(65“mated) (Real) Err‘or(unknown)
In short: what is difficult?
— Protection level computation (modelling errors) © Univercita
)2 € Gustave Eiffel



HOW DO WE DEAL WITH LOCAL EFFECTS?

5. MITIGATE INTERFERENCES

Satellite acquisition Position estimated

40

35

W
=)

GNSS + interference (chirp)

)
/ J 2
o i3 : AR g
(Y { ) y ¥
\ y A i ' " q
: L ) .
15 S A % 2 B -0 NO %23
- ) \ : I
b 5 ' g gy . z
| Y Mitigation . |
o R [}
* Z & i
— = (7]
T OS5F ® 10
3 80 E 40 ‘
T o ] 5
- E
S g 35 ‘
@ -05F o 3 S
w S 30 5 10 15 20 25 30
= o Satellite ID
-1 - ‘ 120 Z
' ? 2 25
15F L "_ '. > |4 s g
D BT LaY BN gl o O 3 140 22
Ll S8 Ry oy gy A Ry py G B ANF =
4 { 3 L% » A, 4 4 =
3 A 3 L = o ! P, D8e  COpN i 15
50 100 150 200 250 300 350 400 450 5
0

Time (us)

=}

o

=)

5 10 15 20 25 30
Satellite ID

@ Juliette Marais, Syed Ali Kazim, Zaynab El Mawas, Maan El Badaoui El Najjar, Jeremy Skelton, Contributions to the development of safe and accurate
WE localisation solutions: The LOCSP project, Accepted to TRA 2022, Lisbon
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DEVELOPMENT OR A SPECIFIC GNSS RECEIVER FOR RAIL

5% (Train REceiver for Navigation and Integrity)
TRENI_ A solution at Technology Readiness Level 7 (TRL7) providing PVT that will fulfill
the accuracy and robustness requirements of several rail applications.

-
|
e

4-Element Antenna Array

i - Train Odometer IMU
ront-En TAS-1 TRENI GNSS Receiver o

4-RF paths C

Sensors Data Recording,
PVT Hybridization with IMU/ODO,
Post-Processing Machine Learning SW

N

Multi-frequency, multiconstellation
https://www.treniproject.eu/

Robust to jamming, spoofing, Multipath

0

Answering Railway safety standards

A/‘
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https://www.treniproject.eu/

And next?
Localisation Unit ow to demonstrate?

|



WE NEED TO QUANTIFY PERFORMANCE OF NEW SOLUTIONS

-

Geometry of
Interferences visible
satellites...

States of
reception

Satellite
visibility
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USE SIMULATION TOOLS

GATE4RAIL

www.gate4rail.eu

From GNSS
performances

to operational
ERTMS scenarios
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HOW TO RELY ON SIMULATION W'F

TOOLS? rification
| esting
* Check similarities of a Multi-GNSS ,-;,_-—_'_
*  What layer? ;

vre el

RF Signal Simulator

YANHONG KOU AND HAITAO ZHANG
F ELECTRONIC AND INFORMATION

]
-'mf

Signal
Generator

Real data

A need to develop

testbeds, certified labs
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QUANTIFY WITH MEASU REMENT%FEE@

RAILGAP htips://railgap.eu/

1. development of innovative and advanced

= methodology and related tools for designing
Ground truth = accurate and reliable references (i.e. a Ground
- Truth for position and odometer information
such as travelled distance, speed as well as
accelerations and heading)

2. The definition of high integrity and accuracy
~ Time ground truth and digital trackside map with

9 Location _
dependent dependent Integrity requirements
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TOWARDS CERTIFICATION
OPEN POINTS?

|



HOW TO CONSIDER GNSS-BASED SOLUTION IN A
CERTIFICATION CONTEXT?

“A certifiable product in a railway system suitable for use as a
component of a SIL4 system” (CLUG)

There are not yet requirements included in the TSIs for GNSS
positioning unit or locator, but there will be in the future (TSI 20277?).

Functional performances and RAMS requirements shall be defined.
Different options:

ETCS

Virtual balise reader

@\(\ Train Localisation on-board
unit
GNSS
Receiver

SIL1-SIL2 (TRENI)  SIL4 (CLUG)

SIL4
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From performance evaluation to safety report

Some remaining challenges

Relevant safety demonstration tools?

GNSS & multisensor .
solution performance VS - Trad|t|0nal methOdS (FTA, FMEA)

RAMS depend on system architecture

- Field tests are costly, time consuming

8 GNSS/multisensor and environment dependent
hybridization is not yet
defined/chosen o
- Formal verification methods

model the behaviour of the solution

How to perform complete,
quantlﬁable S|mU|at|On d nd Himrane, O., Beugin, J., & Ghazel, M. (2020, November). Towards a model-based safety
assessment of railway operation using GNSS localization. In ESREL 2020 PSAM 15, 30th

test fields? erali EL
European Safety and Reliability Conference and the 15th Probabilistic Safety Assessment
| and Management Conference (p. 8p).

Ko

Cai, B., Wu, B., & Lu, D. (2020). Survey of Performance Evaluation
Standardization and Research Methods on GNSS-Based Localization for ~ _ Université
Railways. Chinese Journal of Electronics, 29(1), 22-33. )A( Gustave Eiffel



CONCLUSIONS

Now you know how your « magic » GNSS receiver works and how your
smartphone knows every of your movements!

Now you know what you can expect (or not!) from it!

In good progress: Development of solutions that can reach requirements in terms of
accuracy, availability, ...safety

Performance

> RSSRail2022 Roppafety

of Railway Systems .
t ault iti
detection Jation

Reliability, Safety and Security of Railway Systems/ Testbeds A0 ness
°\u is\s ‘\0“

: F 30 ‘A\‘I-
The next big challenge? exof
T
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