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ABSTRACT

In this paper, two simple GNSS-based positioning methods are proposed and their diagnostic functions for GNSS failure are tested.
Firstly, the odometer-based method, which are proposed in our previous research [1], is concretized to be implemented for general
cases. This method detects faults in the GNSS solution due to satellite failure or local effects using both odometry and track geometry
of the onboard system. It enables to monitor all three-dimensional solution error so that higher sensitivity for the fault detection can
be achieved. Secondly, single-axis accelerometer-based approach is newly proposed. Positioning architecture of this method is
designed in traveling distance domain with the configuration of single-axis accelerometer installed along the forward direction. The
diagnosis of GNSS signal can be done easily in one-dimensional space. Therefore, the latter method is expected to give greater
sensitivity to detect GNSS failures while maintaining a relatively simple architecture. Both methods are tested in simulation, and
their abilities for detecting fault in GNSS signal are investigated and compared.

INTRODUCTION

Stakeholders in European railways are interested in the introduction of a GNSS-based positioning system for trains. GNSS is
successfully implemented in the aeronautical domain. However, its introduction to rail faces an entirely different challenge. Firstly,
its stringent safety requirement, setto a hazard rate of 10-9 per hour subjected to Safety Integrity Level (SIL) 4 [2] and secondly the
railway user is exposed to greater interference and severe multipath in the local environment.

The use of GNSS in the railway sectorhas been postulated on the notion ofa virtual balise (VB). Existing railway positioning systens
are based on various trackside infrastructures including physical balises (PBs) installed in groups between the tracks and odometry
installed on-board. However, due to the high cost of installing and maintaining the PB, a GNSS-based VB positioning performed
within on-board systemhas been proposed to reduce the role of PBs. The VVB-based positioning systemworks by settinga VB point
on the railway track and determining the passage of the VB pointusing the position solution from the GNSS receiver, replacing the
existing PB. However, the train useron the ground suffers from the local effect generated by the ground environment such as terrain,
buildings and tunnels. The needs for a diagnostic function of the GNSS-based positioning system arises from the possibility of
failures of GNSS due to the effect of the local environment. The diagnosis can be performed by using redundant measurements from
other sensors.

Fusing multiple sensors provides redundant information that is useful to improve positioning accuracy and to suppress the local
effects. However, additional sensors make the assessment of integrity more challenging due to the complexity of the systemand
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various error sources which cannot be easily modeled with high confidence. Installation of additional sensors also requires more cost.
Therefore, a simple and minimal approach which fits the demand and requirements of the railway is desirable.

In this paper, two simple GNSS-based positioning methods are proposed and their diagnostic functions for GNSS failure are tested.
Firstly, the odometer-based method, which are proposed in our previous research, is concretized to be implemented for general cases.
Secondly, single-axis accelerometer-based approachis newly proposed. The latter method is expected to give greater sensitivity to
detect GNSS failures while maintaining a relatively simple positioning architecture. Both methods are tested in simulation, and their
abilities for detecting fault in GNSS signal are investigated and compared.

This paperis organized as follows. Firstly, PB-based and VB-based positioning systemof train are mentioned briefly. Then two fault
detection method, odometer-based method and single-axis accelerometer-based method are introduced. After that, these two methods
are compared by Monte Carlo simulation, and conclusion will be followed.

POSITIONING SYSTEM OF TRAIN
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Figure 1 Current PB-based positioning system of train (left) and GNSS-based VB positioning system (right)

(
i
|
]
|
i
1
f

Position of PB Confidence - —-————=1 1

| __—————- Estima_ts,:.d—P(Jsition 1 LA |
Fr===ex. ~————___from_PB + Odo !

0

Current train positioning systemis based on PBwhich is installed on track side. On the train, balise detectorand odometer is equipped.
When the train passes over the point where the PB is installed, the balise detector receives a telegram message which contains the
identification number of detected balise. From this message the train determines its current position. The train propagates its position
by using measurements from the odometer when it located between balises (Figure 1). On the other hand, the concept of GNSS-
based VB is proposed to reduce the role of PBs because of its cost for installation and maintenance. VB points are seton the track
instead of installation of PB. When position solution of GNSS receiver, which is installed on the train, passes a VB point, the on-
board VB systemgenerates a telegram message which is similar tothat of PB-based system. In this way, the VB-based positioning
systemcan substitute PB-based systemwith maintaining compatibility to previous system.

The train is moving on the ground. Not only a fault of GNSS satellite butalso ground objects can affect to the received ranging signal
of train userand can generate positioning failure of VB system. The positioning failure of train user should be monitored and warned
in order to meet the safety requirement of train system.

ODOMETER-BASED METHOD

In our previous research, the odometer-based method was proposed and tested under simplified assumptions. This method detects
fault in position solution of GNSS by using odometer and track information which are embedded on the train. The concept of this
method will be briefly introduced, and the details of this method can be found in [1].

Raw monitors for along-track direction, (1), cross track direction, (2), and vertical direction, (3) are defined as follows:

qAx (k) = Ax9™sS (k) _Axodo (k) (1)
qu (k) — Aygnss (k)_Aymap (k) (2)
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g (k) = Az" (k) - Az™ (K) ®
where

Axodo k — Xodo (k)_xodo (k _1)
nss (k) ygnss ( )
S(k) 2 (k -1)
ymap (k) map ( )
AZ™ (K) = 2™ (k) - 2™ (k1)
XI5 yI" and z9™* represent GNSS position solution for along-track direction, cross track direction and vertical direction, x°*

represents traveling distance measurement from odometer, y™ and z™ represent cross track and vertical position from track

information. These raw monitors have limited detectability for faults with slow mean rate because of its high noise level. Moving
average is introduced to reduce the noise level of raw monitors as follows:

N
av (k) %ZqAX (k+m—N) for along-track monitor 4
m=1

where N represents window size of moving average. Bigger window size makes better sensitivity for slow rated fault, but it also
induces later detection for fast rated fault than smaller window. Therefore, bank of monitors is constituted with raw monitor and
moving averaged monitors with different window sizes for all three direction in order to achieve both of fast detection for fast rated
fault and sensitivity for slow rated fault. In our previous research [1], exponentially weighted moving average (EWMA) was
implemented. However, addressing threshold for EWMA monitor requires heavy computation due to time-correlated nature of GNSS
range measurements. So, moving average is implemented instead of EWMA for light computation and similar performance.

We have four monitors for each of three directions, total 12 monitors. All monitors are monitored simultaneously, and if at least one
monitor reaches its threshold value the detection of fault is declared. Entire architecture of odometer-based method is shown in
Figure 2. In our previous research, several assumptions, such as fixed constellation of GNSS, and fixed heading of train, are made
for easier feasibility analysis. In this paper, non-fixed constellation of GNSS, and arbitrary heading of train are considered in the
calculation of threshold values for more realistic testenvironments.

Note that the odometer-based method is just for detection of fault, not for improving position accuracy of train.
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Figure 2 Architecture of odometer-based method

SINGLE-AXIS ACCELEROMETER METHOD IN TRAVELING DISTANCE DOMAIN

If we think about the moving characteristics of trains, its movement is constrained on the track. Therefore, the position of a train can
be parameterized by one-dimensional traveling distance on the track (Figure 3) without considering all three-dimensional position.
This is expected to simplify positioning and integrity analysis of train.

Advancing direction

Top view

e
Positioning and Monitoring
on traveling distance (s) domain

L2y

Figure 3 Parameterization of train position on traveling distance domain
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If we setaknown reference position (P, ) ontrack, such as a position where a PB is installed, the traveling distance (s) from reference
position can represent current position (P)of train. The traveling distance can be propagated by measurement of sensors, such as

odometer, and its error can be estimated and corrected by measurement of GNSS.

For the propagation of traveling distance, a single-axis accelerometer installed along the direction of track is considered. The
accelerometer is a self-contained sensor,and it has robustness for environmental condition compared to the odometer. The accuracy
of radar odometer is sensitive to the reflective surface. Its accuracy can be degraded by rain or snowon track. The tachometer type
odometer suffer from slipping or sliding when the train is accelerating or braking. Pure acceleration along forward direction is needed
for the propagation of traveling distance. However, the accelerometer measures specific force which is sum of acceleration and
gravity. The gravity in accelerometer measurement must be eliminated. In strapdown inertial navigation system, the gravity is
eliminated by using estimated attitude information. Fortunately, inclination of track can be provided by the track geometry
information. Due to the uncertainty of track geometry information the gravity cannot be eliminated completely. In that case, the
odometer can be used togetherto suppress the effect of residual gravity.

Dynamics of the systemis simple as follows:

S=v, )
v, =a, (6)
where v, and a, are speed and acceleration along track direction. And the accelerometer measurement model is given as
f,=a,+gsinfd+b,, +b, +w, )
b, =0 ®)
. 1
bal = __bal + Whag )

a

where f, is accelerometer measurement, g is gravitational acceleration, @ is inclination angle, b,, is constantaccelerometer bias,
b,, is time-varying accelerometer bias, and w, is accelerometer noise. The time-varying bias is modeled by 1%t order Gauss-Markov
process with time constant, z, and driving white noise, w,, . Receiver clock bias and drift error model for tightly-coupled integration
of GNSS are introduced as

‘jj_f= B+w, (10)
i_?zwf (11)

where B and B represent receiver clock bias and drift error, w, and w, are driving white noise for B and B . Error equation in state
space representation for implementation of Kalman filter is given by

sx=[6s ov, ob, ob, 6B &B] 12)
01 0 o0 00 [o o0 o 0 0] "
00 -1 -1 00 10 -g 0 O Wa
o0 o0 0 00 00 0 o0 Of ™

oX = OX+ 00 (13)
00 0 -1/r, 0 0O 0-10 0 0}
00 0 0 01 00 0 -1 0 W¢
000 0 00O 00 0 0 -1|° '

As measurements of Kalman filter, speed measurement of odometer and pseudorange measurement of GNSS are considered. The
measurement equations for odometer and pseudorange are as follows:

OV, =V, —Vpy, =[0 1 0 0 0 0]oX—W,, (14)
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ox°
&' =5 —p' =(&") |5y |[+5B ¢

(;Zb (15)

=[&" 0 0 0 1 0]ox+v,

where
i [sbi  abi  abil .
' =[&" &' &'] : LOS vector in b-frame
i Abi b Abi b i
V, =60y +€&" 07 —¢,
V,, epresents the odometer measurement, w, is measurement noise of the odometer, o' represents the pseudorange

measurement of i-th satellite, [5x° &y” 5z°]" is position error vector represented in b-frame, and ¢! is measurement noise of
pseudorange afterapplying SBAS correction. In (15), along-track position error is regarded as error of traveling distance, and cross-
track and vertical position error from track geometry are absorbed to v; as components of measurement noise.

For detection of fault, innovation-based monitor is defined as follows [3]:
k
O = Z%T Si_l}/i (16)
i=1
where
Ve =2 —HX
7% ~N(@,S,)
S, =H,P H; +V,
z, = H. X +Vv,
v = N@OVY,)

k
G ~ 2° (Z m(i)]
i=1
m(k) : number of measurement at k-epoch
The innovation-based monitor assumes independence of measurements over time. However, error in pseudorange measurement is
generally time-correlated, and it can affect to false alarm and missed detection probability. As a temporary solution for this, the

update rate of pseudorange measurement is reduced to 0.1 Hz, and standard deviation of measurement noise is exaggerated by 3-
times. This issue needs to be resolved carefully in future work.

ERROR MODELS

Error models for GNSS range measurements are identical to those of our previous research [1]. Modeling of GNSS errors follows
previous work [4] and standard assumptions [5]. A Gauss Markov 15t order model is assumed for each error source including
ionospheric error, tropospheric error, satellite orbit and clock error and the user error consisting of nominal multipath and noise [6].
The ionospheric error and the satellite orbit and clock errors are assumed to be remaining errors after application of SBAS

correction. Details of GNSS error model are shown in Table 1.
Table 1 GNSS Error model parameters

Error R(0) T R(A=10s) R(A=1s)
Source R(0) R(0)
Units [m?] [s]

lonosphere vary /w El [5]  360s 0.9726 0.9972
Troposphere  vary /w El [5] 1800s 0.9945 0.9994
Orbit/Clock 0.3 3600s 0.9987 0.9997

User 15 100s 0.9048 0.9900
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For odometer and accelerometer, a radar type odometer and an automotive grade single-axis accelerometer are assumed. Detailed
specifications are provided in Table 2.
Table 2 Sensor specifications

Odometer (radar type) Accelerometer (automotive grade)
100Hz measurement rate
1mg noise std.

Time varying bias: 1.2mg std.
100sec time constant
No constant bias

10Hz measurement rate
0.05m/s noise std.

Embedded track geometry data is assumed to give the cross-track and vertical coordinate of the train position with 1 m noise
considering surveying error, track deformation error, and interpolation error along the surveyed points. It is assumed that the
inclination of track can be provided perfectly by track geometry information. This assumption seems too optimistic for now.
However, given the smoothness of rail tracks, we think precise knowledge of inclination should be feasible. False alarm probability
is setto 107 as a temporary value for the simulation. This value can be changed according to the requirements of rail system.

SIMULATION SETUP

To test fault detection capability of two proposed method, Monte Carlo simulation was performed. Repetition number of the
simulation was 10%. In the simulation, full GPS (24 satellites) and Galileo (24 satellites) constellation were considered (Figure 4).
Fault in range measurement of GNSS was assumed to be a ramp type range fault in single satellite. The tested range of ramp rate
was from 0.01 nvVs to 5.0 m/s. The fault was injected to GPS satellite #8 (pink color thick line in Figure 4) during the simulation.

Sky Plot - GPS Sky Plot - GAL
0 0
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300 50 GPS#S 300 60 GALES
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\ \ &0 GAL#13
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FAR NS R W A T / 1 GAL#14
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[ N GPSE1G |\ GAL#18
240 . 120 -~ GPSHI8 240 : 120 ﬂ:‘:;ﬁ
) ~= GPS#19 ... : CAL#23
1 GPS#20 Tl H GAL#24
\ GPSH21 ‘e
210 150 GPs#22 210 150
GPS#23
180 GPS#24 180

Figure 4 Skyplot of simulation, GPS (left) Galileo (right)
The duration of single run of simulation was 40000 seconds (11.1 hours). The userwas assumed to move on a horizontal rectangular-

shaped trajectory with rounded corners (Figure 5). Its distance for one lap was 160 km and the user ran 5 laps with 20 m/s of speed
in a single run of simulation. Initial position of user was seton Toulouse, France (latitude 43.6154 deg, longitude 1.3656 deg, height
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524 m). In the simulation, the range error was inserted from 15000 seconds. Time of Position failure was defined as the moment
when along-track position error reaches 20 meters.

«10%

af // \\\

2571 | |

0 : 2 s 4 :
East (m) «10%
Figure 5 User trajectory of simulation

SIMULATION RESULTS

We will start to check single run results for normal and faulty condition, and then we will move to Monte Carlo simulation results
for various rates of ramp fault.

Figure 6 shows single-run results of along-track position error of normal condition. 1-D KF represents the results of single-axis
accelerometer-based method. The 1-D KF shows better root-mean-square (RMS) error of 0.56 m than 0.96 m of GNSS position. It
is obvious that integration of accelerometer and odometer with GNSS reduces RMS position error.

Along-track position error
T T

4 T T

ds (m)
[=]

time (sec) «10*
Figure 6 Along track position error results of normal condition

In single-run results of faulty condition, ramp range error of 0.1 nVs rate is inserted. In case of faulty condition, the 1-D KF still
shows better RMS error of 115.04 m than 169.35 m of GNSS, but it cannot preventthe occurrence of position failure (Figure 7). It
just delays the position failure about 250 seconds from 17721 secondsto 17971 seconds.
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Figure 7 Along track position error results of faulty condition (left) and zoom (right)

In the Monte Carlo simulation, ramp range errors from 0.01 nVs to 5.0 mV/s rate are tested. In the results of time of position failure,
1-D KF shows delayed time of position failure for all rates of range error compared to GNSS as shown in single-run results (Figure
8).

S 10t . . 3 . : Time of position failure (#run: 10.0K) 1 :
[—e— Gnss maan
—&— 1.0 KF maun
o GHSS s

-- 1-DKF s

10" 10

Ramp arror (mis)

Figure 8 Time of position failure results of Monte Carlo simulation

In Figure 9, time of detection results for odometer-based method and single-axis accelerometer-based method are shown. Odo
represents odometer-based method. The odometer-based method shows earlier mean detection time results than 1-D KF. Note that
odometer-based method has earlier mean detection time, butit has bigger standard deviation for its detection time because it tried to
detect faults using total 12 monitors, and some of its monitors, especially raw monitors, have high noise level. On the otherhand, 1-
D KF detects faults using one innovation-based monitor, and the monitor itself is calculated by accumulation. These feature makes

narrow distribution of its detection time.
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Figure 9 Time of detection results of Monte Carlo simulation

In Figure 10, probability of missed detection (P, ) results according to time-to-alert (TTA) are shown. TTA is defined as the time

of position failure subtracted by the time of detection. Negative TTA value means the fault is detected before the position failure. In
the odometer-based method, the train used GNSS position solution for its position, and TTA for odometer-based method calculated
by using the time of position failure of GNSS. The results showthat P, value reaches zero on negative TTA value for both methods

for all rates of ramp error. This means that the both methods succeeded to detect all faults before the position failure.
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Figure 10 Probability of missed detection results of Monte Carlo simulation

Figure 11 shows mean and maximum TTA results for various rates ofrange error. The odometer-based method shows better (smaller)
mean TTA results. However, in aspect of maximum TTA, both methods showsimilar results evenif 1-D KF has simpler architecture
for fault detection. These results were induced by narrow distribution of detection time of 1-D KF because the single-axis
accelerometer method used single accumulated innovation-based monitor to detect faults. We can see potential of improved
performance of single-axis accelerometer method by sophisticating its architecture by using multiple monitors with different

accumulation time. This will be investigated in future work.
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Figure 11 Time-to-alert results of Monte Carlo simulation

CONCLUSION

Skateholders in European railways are interested in the introduction of GNSS-based positioning systemfor trains. However, they are
facing difficulties of the vulnerability of GNSS useron the ground and the high safety requirement of train. As a part of research for
detecting failures of GNSS-based positioning system for train user, two fault detection methods are proposed and compared. The
odometer-based method can detect ramp type range fault up to 0.01m/s mean rate using embedded odometer and track geometry
information. Newly proposed single-axis accelerometer-based method handled the problem in one-dimensional traveling distance
domain. It implemented the innovation-based monitor to detect fault for simpler architecture. This method has similar detection
sensitivity for slow rated ramp type range fault with the odometer-based method. It shows bigger mean TTA results, but in aspect of
maximum TTA, it shows similar performance because of narrow distribution of TTA. It also expected to have robust performance
for environmental effects, such as weather condition or acceleration of train, because the accelerometer is not affected by those
effects, but the odometer is. In theresults, thereis uncertainty for assumed accuracy for provided track geometry information. It will
be investigated in the future work.

ACKNOWLEDGMENTS

This work has been funded by the ASTRail project. This project received funding from the Shift2Rail Joint Undertaking underthe
European Union’s Horizon 2020 research and innovation programme under grant agreement No 777561.

REFERENCES

1. No, H., Vezinet, J., and Milner, C., “Diagnostics of GNSS-based Virtual Balise in Railway Using Embedded Odometry
and Track Geometry,” Proceedingsof the 2019 International Technical Meeting of The Institute of Navigation, Reston,
Virginia,January 2019, pp. 296-305.

2. Rispoli, F., Sicilano, G., and Brenna, C., “GNSS for ERTMS train localization: A step-change technology and new
business model,” InsideGNSS, March-April 2017, pp. 48-54.

3. Tanil, C., Khanafseh, S., Joerger, M., and Pervan, B., “AnINS Monitor to Detect GNSS Spoofers Capable of Tracking
Vehicle Position,” IEEE Transactionson Aerospace and Electronic Systems, Vol. 54, No. 1, February 2018, pp. 131-143.

4. Salos Andrés, C. D., “Integrity monitoring applied to the reception of GNSS signals in urban environments,” PhD Thesis,
Institut national polytechnique, Toulouse, 2013.

5. D.-229E RTCA, “Minimum Operational Performance Standards for Global Positioning System/Satellite-Based

Augmentation System Airborne Equipment (SBAS MOPS),” 2016.

3043



Pervan, B., Khanafseh, S., and Patel, J., “Test statistic auto-and cross-correlation effects on monitor false alert and missed
detection probabilities,” in Proceedings of the 2017 International Technical Meeting of The Institute of Navigation,
Monterey, CA, 2017, pp. 562—-590.

3044



	Biography (IES)
	Abstract
	Introduction
	Positioning system of train
	Odometer-based method
	Single-axis accelerometer method in traveling distance domain
	Error models
	Simulation Setup
	Simulation Results
	Conclusion
	ACKNOWLEDGMENTS
	REFERENCES


