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1

Introduction

This document is the deliverable D1.4 of the ASTRail project; it includes the outcomes of Task 1.6 “GNSS
Algorithm Analysis and Design” carried out by ISMB with the contribution of ENAC.
1.1

Scope

Al already mentioned in [RD.1], the introduction of the Global Navigation Satellite Systems (GNSS) technology
in safety railway applications is the new challenge. A safe train positioning is, indeed, one of the technical
demonstrator of the Innovation Programme 2 (IP2) – Advanced Traffic Management and Control Systems –
of the EU-H2020 Shift2Rail (S2R) project [1], aiming to develop a fail-safe, multi-sensor GNSS-based train
positioning system as an add-on to the current European Rail Traffic Management System/European Train
Control System (ERTMS/ETCS).
In [RD.1] the main impairments affecting the GNSS signal in a railway scenario, i.e. multipath and RadioFrequency Interference (RFI), have been classified and discussed. The next step is therefore to define a
GNSS-centric architecture suitable for positioning in the railway environment, i.e. robust to such impairments.
Thus, the selection and design of specific algorithms for GNSS receivers able to cope with the mentioned
vulnerabilities is the focus of the Task 1.6 and the content of this deliverable. In particular, to improve the
positioning availability in case of reduced visibility of GNSS satellites, the integration with other sources of
positioning information will be examined and discussed, while to enhance the RFI resilience, a specific
algorithm for the detection and mitigation of RFI signals will be selected and analysed.

1.2

Organization of the document

After the Introduction, this document can be divided in three main parts
 Section 2 defines a GNSS-centric architecture suitable for positioning in the railway environment
 Section 3 describes the identification of both operational scenarios and appropriate complementary
technologies for enhancing GNSS positioning availability in the railway environment. Possible
approaches of data fusion are also discussed
 Section 4 illustrates the selection and design of a specific algorithm for the detection and mitigation of
GNSS RFI
Finally, Section 5 draws some conclusions.
1.3

Related documents
ID

Title

Reference

Version

Date

[RD.1]

D1.2 – Local GNSS Effects

ASTRAIL_D1.2

V1.0

28/02/2018

D3.2 - Automatic Train Operations: implementation,
operation characteristics and technologies for the Railway
field

ASTRAIL_D3.2

V1.0

28/02/2018

[RD.2]
[RD.3]

D1.5 – GNSS Solutions Report

ASTRAIL_D1.5

--

28/02/2019

[RD.4]
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2

GNSS-centric architecture (ENAC)

The Virtual Balise (VB) concept has already been studied in several projects, within which the most prominent
ones are Next Generation Train Control (NGTC) and Railway High Integrity Navigation Overlay System
(RHINOS) projects.
NGTC WP7 Satellite Positioning provides a description of the scenario as well as the roadmap with identified
key elements that need to be considered to achieve a successful adoption of satellite positioning, as part of
the ERTMS and defines an extensive and stable set of safety concepts around the VB concept.
Below an extract from NGTC Deliverable D7.1 ([2]) explaining VB application is provided.
The VB application is based on using GNSS for the only and sole purpose of providing an absolute positioning
reference at discrete locations along the track, allowing a reduction of Eurobalises installation. However,
Eurobalises are still foreseen in those emplacements where the signal-in-space (SIS) does not meet the GNSS
performance requirements.
To enable the VB functionality, the ETCS on-board unit shall include a new component, named as Virtual
Balise Reader (VBR) which processes GNSS signals and provides balise messages, emulating the BTM, so
the ETCS on-board does not actually distinguish if the balise message received comes from a virtual or a
physical one.
The VBR will employ a GNSS receiver with a PVT (position, velocity and time) unit and a database.
 A GNSS receiver for processing the SIS from the augmentation system and GNSS satellites.
 The PVT unit provides a PVT solution for computing the train confidence interval (protection level).
 A VBR database for storing VB locations in the vicinity, providing a balise message to the ETCS onboard unit when a match between the received GNSS and stored position occurs.
For the VB functionality, there is no need to provide and guarantee GNSS services in a large region
continuously since the performance requirements are only required at certain locations where the VB is placed.
So GNSS services only need to be available at certain locations, considering that continuity as a concept is
provided by the odometry subsystem.
Within RHINOS project, performance analytical models and a Strengths, Weaknesses Opportunities, Threats
SWOT analysis have been applied to select the candidate Augmentation and Integrity Monitoring (AIM)
subsystem architectures for RHINOS reference architecture. As well, the analytical model of the GNSS based
Virtual Balise Reader performances assessment has been reviewed. Moreover, algorithms for multiple track
discrimination have been investigated, and a qualitative comparative analysis between the proposed On Board
Unit (OBU) Integrity Monitoring Methods has been performed. Finally, as result of the previous analysis,
Advanced Receiver Autonomous Integrity Monitoring (ARAIM) has been selected as the OBU Reference
Architecture.
Below a scheme is provided which is a modification of an abstraction of the RHINOS project concept that
reflects VB based on-board architecture augmented as necessary by ARAIM [3], and other Differential GNSS
(DGNSS) based augmentations [4][5].
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Figure 1 – Reference architecture for VB concept

In Figure 1, the system architecture is presented based on VB concept, where the green parts correspond to
existing ETCS architecture, pink elements correspond to new GNSS internal components and the purple ones
are elements external to the system (i.e. cannot be controlled by railway authorities). This includes the SBAS
data provided by EGNOS within Europe.
The principle of the initial VB concept is to provide a positioning solution at reference points based on data
provided by GNSS. An alternative VB concept involves the use of dynamically assigned VBs at locations
determined by the on-board LU [6]. The VB reference points, either statically or dynamically determined, aim
to replace existing physical eurobalises in current railway implementations. However, in the specific
environments where SIS unavailability or negative local effects are highly possible (e.g. tunnels, dense city
areas, etc.) the physical balises can still be installed to provide support to the GNSS based positioning system.
To cause the minimum alteration in the current ETCS onboard architecture, a specific unit “Virtual balise reader
(VBR)” is added. This unit employs the GNSS receiver output which is checked for failure by multiple
procedures, namely the DGNSS internal fault detection mechanisms (i.e. SBAS monitoring) [7], the ARAIM
algorithms [8], potential multipath detection algorithms and an odometry based diagnostic [6]. The data
regarding position, velocity and time in relation to VB location are provided to onboard computer in form of
standard balise telegrams. VBR detects each VB position and compares it with a reference database to aid
the detection of insertion or deletion forms of failure [9].
The usage of EGNOS for augmentation is foreseen for which purpose additional modules are in the RBC at
trackside to provide corrections to the GNSS positioning via RBC-Train radio interface. This approach allows
to assure high EGNOS data availability, since negative local effect could be mitigated in easier way for RBC
stationary system. Some details are given in 2.2.
The odometry not based on GNSS is used to coast environments/locations where SIS is not available or
negative local effects affect the system performance in extreme way. This system shall not be built on GNSS
but use on board sensors (wheel tachometers, Doppler radars, accelerometers, inertial sensors, etc.) to
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provide solution independency. A method for diagnosing failures using odometry is being developed and is
presented in 2.3.
2.1

ARAIM Algorithms

To perform integrity monitoring and fault detection, user equipment shall include a specific module that perform
computation of the protection level, based on an algorithm that calculates the nominal error models for known
threats.
As previously stated, the ARAIM algorithm has been found suitable for on-board architecture, and it is
described in the present section.
The advanced RAIM algorithm has been developed as an evolution of the Receiver Autonomous Integrity
Monitoring (RAIM) algorithm. Like RAIM, the algorithm uses measurement redundancy to perform a
consistency check without specifically targeting a particular failure type [8].
Unlike RAIM, a set of inputs are to be provided to the vehicle in the form of an Integrity Support Message (ISM)
and given below:

Name
𝝈𝑼𝑹𝑨,𝒊
𝝈𝑼𝑹𝑬,𝒊
𝒃𝒏𝒐𝒎,𝒊
𝑷𝒔𝒂𝒕,𝒊
𝑷𝒄𝒐𝒏𝒔𝒕,𝒊

Description
Standard deviation of the clock and ephemeris error of a
satellite 𝑖 used for integrity
Standard deviation of the clock and ephemeris error of a
satellite 𝑖 used for continuity and accuracy
Maximum nominal bias for satellite 𝑖 used for integrity
Prior probability of fault in satellite 𝑖 per approach
Prior probability of fault affecting more than one satellite in
constellation 𝑖 per approach
Table 1: Input Parameters

To run the algorithm, several constants are needed in relation to the requirements. In aviation typical values
are 10−7 for the operation and mapped to the single epoch. This mapping is under review in light of recent
analyses of correlation between epochs. Note that this allowable risk is split between the coordinates of interest
𝑞 such that:

𝑃𝐻𝑀𝐼 = ∑ 𝑃𝐻𝑀𝐼𝑞 + 𝑃𝑁𝑀
𝑞

Where:
𝑃𝑁𝑀

is the allowed probability of unmonitored faults as noted below.

Faults are detected by employing a set of tests, one for each possible fault mode. A fault mode is well defined
by a partition of the set of available satellites into those which are fault free and those which are faulty. Fault
modes therefore consists of single satellite failures, independent dual satellite failures, constellation failure etc.
An initial procedure within the algorithm determines which fault modes are to be monitored and which are to
be left unmonitored since they present a negligible risk in light of the integrity requirement i.e. they fit within
𝑃𝑁𝑀 . For each fault mode, the test is defined as [8]:

𝜏𝑘𝑞 =
Deliverable no.
Deliverable Title
Version
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Where:
𝑥0𝑞

is the 𝑞 coordinate for the full set solution

𝑥𝑘𝑞

is the 𝑞 coordinate for the subset solution 𝑘

𝐾𝑓𝑎,𝑞

is the inverse of a unit variance Gaussian distribution for probability 2𝑁

𝜎𝑠𝑠,𝑘𝑞

is the standard deviation of the solution separation (the difference 𝑥𝑘𝑞 − 𝑥0𝑞 )

𝑃𝑓𝑎,𝑞
𝑓𝑎𝑢𝑙𝑡 𝑚𝑜𝑑𝑒𝑠

.

The fullset and subset solutions are obtained using a weighted least squares estimation:
𝑥𝑘𝑞 = (𝐺 𝑇 𝑊𝑘 𝐺)−1 𝐺 𝑇 𝑊𝑘 𝑧
Where:
𝑧

the vector of measurements following linearisation

𝐺

is the geometry matrix following linearization of the measurement equations relating the states to the
measurements

𝑊𝑘

−1 (𝑖,
is the weighting matrix and 𝑊𝑘 (𝑖, 𝑖) = Σ𝑖𝑛𝑡
𝑖) if 𝑖 is fault free in 𝑘 and 𝑊𝑘 (𝑖, 𝑖) = 0 otherwise

The protection level is formed as the solution of [10]:
𝑙𝑞 − 𝑏0𝑞
)+
2𝑄 (
𝜎0𝑞

𝑁𝑓𝑎𝑢𝑙𝑡 𝑚𝑜𝑑𝑒𝑠

∑
𝑘=1

𝑙𝑞 − 𝐾𝑓𝑎,𝑞 𝜎𝑠𝑠,𝑘𝑞 − 𝑏𝑘𝑞
) = 𝑃𝐻𝑀𝐼𝑞
𝑝𝑘 𝑄 (
𝜎𝑘𝑞

Where:
𝑄

is the right tail CDF of the Gaussian distribution.

𝑏𝑘𝑞

is the projected worst case nominal bias under fault mode 𝑘 in the direction 𝑞

𝜎𝑘𝑞

is the standard deviation of the position subset solution 𝑘 in direction 𝑞

2.2

SBAS Monitoring

The SBAS integrity concept [5] is based on splitting the operational integrity risk between the vehicle and SBAS
ground segment as shown in the bottom right . The Fault Free case is handled by the vehicle’s receiver
determining a protection level. The ground segment is then tasked with providing the differential corrections
and ensuring that they are fault free with a probability of 10-7 per operational period being the Target Safety
Level (TLS) 1e-8 per approach (with exposure time = 150 seconds). SBAS has been certified in the aviation
sector for vertical operations and for lateral guidance operations only with 150s and 3600s operations
respectively.
The vehicle-based protection level 𝑙0 that is standardised for aviation is given as follows:
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𝑙0 = 𝑘𝑓𝑓𝑥 𝜎𝑥
Where:
𝜎𝑥
𝑘𝑓𝑓𝑥

is the standard deviation for the coordinate(s) of interest
is the Gaussian multiplier relating to the allocated integrity risk for the coordinate(s) of interest

In the case that the standard deviation is in one single coordinate (e.g. vertical direction for an aircraft), the
positioning error standard deviation is given as:
𝑁
2 2
𝜎𝑥 = ∑ 𝑆𝑥𝑖
𝜎𝑖
𝑖=1

Where:
𝜎𝑖
is the standard deviation of the differentially corrected range from satellite 𝑖
𝑆𝑥𝑖
is the projection factor from the pseudoinverse matrix relating to the direction 𝑥 and for satellite 𝑖
In order that the protection level computed at the vehicle be fault free, the ground system monitoring must
ensure the range errors are bounded sufficiently. This is achieved by the use of various monitors, in both the
position and range. The exact implementation of the ground system is not made public. However, the designers
have made some details available.
Once again, a fault-tree analysis is performed to account for the multitude of threats including.
-

Safety Processor (WAAS) / Check-Set (EGNOS) hardware failure
Corrupted measurement data
GPS satellite failure
Corrupted SBAS message between computation and broadcast
Incorrect bounding of the corrections error by the broadcast integrity data [7]

These threats are mitigated through the use of redundant hardware, Cyclic Redundancy Checks (CRC) and
the UDRE and GIVE monitors. Of the 10-7 per operation ground system allocation, 4.510-8 is allocated in
WAAS to the incorrect bounding fault, with such a requirement a data driven approach is unfeasible and the
mitigation must be proven through analytic techniques with data for validating any assertions used. Bounding
may fail for either the FLT (fast and long-term corrections) associated to the satellite ephemeris and clock
errors or for the ionospheric corrections. The allocation is split evenly for WAAS between these two, 2.510-8
for each per operation. Finally, note that the corrections may be incorrect at any point during the approach. In
the case of the FLT corrections there are 25 sets of corrections during a single 150s approach (since they
repeat each 6 seconds). This leads to an allocation at each UDRE monitor iteration of 910-10 conservatively
taking no credit for any error correlation.
The notion of the Safety Processor in WAAS [11], or equivalently the Checkset in EGNOS [12], is that the data
used is independent of the processing set data which computes the corrections. Similarly, the algorithms
employed are also to be different and ‘independent’.
The UDRE monitor noise is also independent from station to station. Therefore, as state in [7], one approach
to ensure that the monitor is valid is to use the following test for an allocated probability of hazardously
misleading information of 910-10 given below:
𝑛
𝐿 − 𝑇𝑖
) ≤ 𝑃ℎ𝑚𝑖
2∏Φ(
𝜎𝑚𝑜𝑛,𝑖
𝑖=1

Where:
𝑖

is the station index up to 𝑛
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𝐿
𝑇𝑖
𝜎𝑚𝑜𝑛,𝑖
Φ

is the limit for correct bounding, namely 5.33𝜎𝑈𝐷𝑅𝐸
is the UDRE monitor threshold for station 𝑖
is the monitoring noise standard deviation for station 𝑖
is the right tail Gaussian CDF

Later papers from WAAS designers [13] presented more efficient algorithms, however, the full and up-to-date
detail of the ground monitoring is not subject to standardization and is thus not publicly known. Similar
monitoring of the bounding process is of course needed for the ionospheric corrections and associated
broadcast GIVE values.
What can be concluded from the SBAS integrity setup is that each ranging source corrected measurement
may be modelled as a Gaussian error up to 5.33𝜎𝑈𝐷𝑅𝐸 and that the probability of any exceeding this value is
less than 10−7 within 150s. It may be possible to extend this to 0.510-7 within 1 hour since the requirement
for lateral guidance in this respect is more stringent but fewer details are published.
2.3

Odometry Based Fault Diagnostic

2.3.1

Requirement Context

A number of sources have developed requirements for the failure of the VBR for a GNSS based train
localisation system. The following statement is maintained from [9]-[14] relating the hazard rate. As:
3.3 × 10−10 = 2 × 𝑇𝐿 × 𝜆𝐺𝑁𝑆𝑆
Where:
𝑇𝐿
𝜆𝐺𝑁𝑆𝑆

is the duration of failure
is the rate of failure

This equation is based on an equivalent one for the case of physical balise deletion [15]. However, in that case
the duration of failure is limited, since linking of the balises is assumed and more importantly failures at two
balise groups are independent. The likelihood of two balise groups in sequence failing is then the square of
the rate 𝜆2 and may be neglected and the time between balise crossings used as the maximum fault duration.
It has been suggested to employ an odometry solution to help diagnose the presence of a GNSS fault. The
rationale for this is firstly that odometry is an existing sensor for the ERTMS design, so whilst the exact form
of sensor or combination of sensors (wheel speed, Doppler radar, …) may vary, an odometry solution will be
available. This presents a major advantage over the costs and difficulties of adding additional new technologies
beyond GNSS to rail. Secondly, odometry should help to detect sudden faults, jumps or medium to fast ramps
in the GNSS position solution as such effects are not expected in nominal GNSS conditions or due odometric
variations (see further details below). This approach has been partially proposed in previous work [70]–[72],
although the diagnostic element is incomplete.
However, the ability of odometry to detect faults depends upon the fault profile. Sharp sudden changes in the
GNSS position will be easily detected by an odometry based monitor, but very slow gradual faults may be
difficult to detect. For this reason, a diagnostic monitor has been developed and tests in software have begun.

2.3.2

Fault Diagnosis and Models
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Figure 2: Odometry Diagnostic Test Software Architecture

The proposed monitor will use a bank of statistics based on the moving average, with varying
window lengths.
𝑞10
𝒒 = [ 𝑞100 ]
𝑞1000

𝑞𝐿 = 𝑣𝐿𝐺𝑁𝑆𝑆 − 𝑣𝐿𝑜𝑑𝑜

𝐿/𝑇

1
𝑣𝐿𝐺𝑁𝑆𝑆 (𝑡) = ∑ 𝑥 𝐺𝑁𝑆𝑆 (𝑡𝑘 ) − 𝑥 𝐺𝑁𝑆𝑆 (𝑡𝑘−1 )
𝐿
𝑘=0

Where 𝑘 is the epoch index and 𝑡𝑘 the epoch on the time axis, 𝑇 the sampling interval (i.e. time
between successive 𝑘) and 𝐿 the length of the moving average window used.
Note that in the case of constellation changes, the above relation is modified using only a common
set of satellites at the epoch of constellation change. This avoids the impact of jumps as a result of
the addition or subtraction of a satellite.

The GNSS errors are modelled as Gauss Markov processes as per GNSS standards
recommendations. The user error source refers to increased noise due to interference and to the
effects of multipath. At this stage, a simple model is used with a relatively small standard deviation.
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The time constant of the process used here is the smoothing constant assumed for code-carrier
smoothing, of 100s. It may be that a longer constant could be used in a real implementation or that
low-frequency multipath components with long time constants are present.

Error Sources

Units

𝝈

𝝉

𝑹(𝚫 = 𝟏𝒔)
𝑹(𝟎)

𝑹(𝚫 = 𝟏𝟎𝐬)
𝑹(𝟎)

[𝒎]

[𝒔]

[𝒎𝟐 ]

[𝒎𝟐 ]

−1⁄2

𝜎𝑖𝑜𝑛𝑜−𝑆𝐵𝐴𝑆
Ionosphere

𝑅𝑒 cos 𝜃 2
) )
= (1 − (
𝑅𝑒 + ℎ𝐼
𝜎𝑈𝐼𝑉𝐸 = 0,46 𝑚

× 𝜎𝑈𝐼𝑉𝐸 }
360s

0.9726

0.9972

1800s

0.9945

0.9994

[16]
𝜎𝑡𝑟𝑜𝑝𝑜 =
Troposphere

1,001

× 𝜎𝑡𝑟𝑜𝑝𝑜−𝑣𝑒𝑟𝑡
}
√0,002001 + sin2 𝜃
𝜎𝑡𝑟𝑜𝑝𝑜−𝑣𝑒𝑟𝑡 = 0,12 𝑚

[16]
Orbit/Clock

𝜎𝑈𝐷𝑅𝐸 = 3𝑚 [17]

3600s

0.9987

0.9997

User

𝜎𝑢𝑠𝑒𝑟 = 1,5𝑚 [18]

100s

0.9048

0.9900

𝐿/𝑇

𝑣𝐿𝑜𝑑𝑜 (𝑡)

𝑇
= ∑ 𝑣 𝑜𝑑𝑜 (𝑡𝑘 )
𝐿
𝑘=0

The odometry module considers two possible solutions, a tachometer-based solution and a
Doppler radar based solution. The following models are used based on previous literature.
𝑣 𝑜𝑑𝑜 (𝑡𝑘 ) = 𝑣 𝑡𝑟𝑎𝑖𝑛 (𝑡𝑘 ) + 𝜂 (𝑡𝑘 )

Where 𝑣 𝑡𝑟𝑎𝑖𝑛 is the true motion of the train and 𝜂(𝑡𝑘 ) a stochastic error. In the radar based solution,
a simple white noise model is assumed which is a reasonable match to reality (as seen in [19]). The
assumed standard deviation of this noise as given in [21] is stated as 0.1m/s but has been roughly
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estimated to be a factor of 2 lower based on the figures in [22],[23], so 0.05m/s is assumed for this
work.
In the case of the tachometer a more complex model is required. This is a result of the fact that the
wheels are subject to the effects of slipping and sliding under acceleration and braking. Therefore,
the model includes both a white noise terms for the measurement error but also a Gauss-Markov
process term
𝑣 𝑜𝑑𝑜 (𝑡𝑘 ) = 𝑣 𝑡𝑟𝑎𝑖𝑛 (𝑡𝑘 ) + 𝛽(𝑡𝑘 ) + 𝜂(𝑡𝑘 )
Where 𝛽(𝑡𝑘 ) is a zero mean narrow band Gaussian process with covariance function 𝜎𝛽2 𝑒 −𝛼|𝜏| . An
estimate of the standard deviation of this process, 𝜎𝛽 is taken from [23] as 0.17m/s using the
figures below.

Figure 3: Slipping Errors [23]
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Figure 4: Sliding Errors [23]

Knowledge of the time constant is difficult to determine, yet based on figures from [21] and [24] a
conservative upper bound of 30s is used. Without knowing all the conditions, such as weather and
operational power application, it remains difficult to place an ideal upper bound on this constant.

Figure 5: Wheel slipping Tachometer Errors [21]
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Figure 6: Wheel Speed Estimates using Tachometer and reference [19]

2.3.3

Failure Definitions

In order to assess the ability of the fault diagnosis mechanism, the actual fault model must be first defined. It
has been chosen to restrict the fault models to ramp type failures. Whilst it is true that GNSS fault profiles may
have any arbitrary form, the ramp type failure should have the greatest impact on the position error whilst being
difficult to detect by the odometry. This is because any variations in the fault profile leading to steps, or steeper
ramps will show up in the short monitor statistics. Future work will be used to verify this claim. The following
table presents the range of faults and the assumed prior probability of such events due to satellite failure as
taken from [16]. It remains to characterise the prior probability of failures deriving from extreme local events.
Table 2: Failures

Failure Type

Deliverable no.
Deliverable Title
Version

Probability

Ramp 0,01𝑚/𝑠

1,0 × 10−6

Ramp 0,1𝑚/𝑠

1,0 × 10−6

Ramp 0,5𝑚/𝑠

1,0 × 10−6

Ramp 1𝑚/𝑠

3,5 × 10−6

Ramp 5𝑚/𝑠

4,1 × 10−6
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In order assess with a finer resolution the array of failures, intermediate values are also tested between those
given in the table above.

2.3.4

Fault Diagnosis Monitor Characterisation

A fault is diagnosed if any of the test statistics defined above exceed a threshold as shown below.

Figure 7: Fault Diagnosis Monitor Bank

In order to set the threshold, the test statistics must be characterised under nominal conditions in the absence
of failure. The nominal statistics are determined following Monte Carlo simulation of the process shown in the
above Figure. The following figure plots the histograms of the obtained statistics.

Figure 8: Monitor Histograms

The statistics whilst not theoretically derivable as Gaussian show Gaussian like behaviour (as shown in the
figure above). Therefore, the threshold may be computed as:
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𝑇ℎ = 𝑘𝑓𝑎 𝜎𝑓𝑓
Where 𝑘𝑓𝑎 is derived from a probability of false alarm split between the bank of monitors:
𝑘𝑓𝑎 = 𝑄 −1 (

𝑃𝑓𝑎
)
8

Where 𝑃𝑓𝑎 is the probability of false alarm derived from the requirements, for example 10−7 , and 𝑄 is the
cumulative two-sided Gaussian CDF.

Figure 9: Threshold Definition

The figures below show the probability of missed detection versus detection time for the time since range
failure begins (i.e. the injection of the failure) (Figure 10) and the time since a positioning failure occurs (Figure
11).
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N°Simulation: 1M
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Figure 10: Probability of No Detection vs. Detection Time

It is clear from Figure 10 above that failures with ramps at least as large as 0.04m/s are detected with a
probability greater than 1 − 10−5 within 1000s. All ramps at 0.02m/s and above are detected with a high
probability within one hour and only the ramp of 0.01m/s is difficult to detect within a reasonable timeframe. In
Figure 11 similar results are shown but as a function of the time since a positioning failure occurs i.e. the
position error in the along track direction exceeds a limit of 20m.
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Figure 11: Probability of Missed Detection vs. Detection Time

An alternative representation is to show the expected time of detection as a function of the ramp magnitude.
Figure 12 below shows the expected times of positioning failure, detection and the difference between the two.
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Figure 12: Expected Detection Times

2.3.5

Summary and future work

Results presented in this section are in order to present a means to limit the probability of failures occurring
which are undetected and remain undetected for a significant period. This could occur in very rare cases when
the SBAS and ARAIM monitors, as well as any other additional monitors such as for multipath detection, do
not detect the fault. Given the odometry based check has a greater chance of detection as time progresses,
the probability of not being diagnosed decreases with time.
At present, only a single satellite geometry has been tested within one failure satellite using the tachometer
based odometry model. In future work in T1.7 further tests will be used to include the variety of geometries, a
dynamic constellation and both tachometry and radar based odometry. The threat space may then be
characterised in order to determine which faults cannot be easily diagnosed within an acceptable time period.

3

Algorithms for improved positioning availability (ISMB)

Ensuring an increased level of availability of the positioning information is a fundamental feature the GNSScentric architecture should target, to improve the performance of the current technology. The use of GNSS
positioning is the primary answer to this need, but it is well known that it cannot guarantee full availability
anytime at the accuracy levels required for the train operations.
For this reason, this chapter is devoted to investigate the identification of possible complementary technologies
that have the potentiality to help the GNSS when its positioning information is not available. As a first step
(§3.1), we identify which operational scenarios are likely to benefit from the introduction of such complementary
technologies, to focus the study on specific situations and conditions. Then (§3.2) we introduce a critical review
of the candidate technologies, either on-board or provided by the infrastructure. Finally (§3.3) we provide a
high-level description of the data fusion approach, which could be used to perform the ‘hybrid’ train positioning
using the GNSS and one of the complementary technology.
3.1

Identification of operational scenarios (NavSAS)

The identification of the operational scenarios where most the GNSS may benefit from complementarity is
based on the investigation results provided in the deliverable D3.2 [RD.2], focused on the Automatic Train
Operation (ATO) functions, considered especially challenging in terms of requirements of positioning
information availability and accuracy. In this way we realize the mapping between the scenarios of interest for
the use of complementary technologies and the ones where ATO could intervene. In [RD.2], proper
Implementation Characteristics (IC) and Operation Conditions (OC) typical of the autonomous driving in the
automotive sector have been selected to be applied to ATO functions in the railway sector. Among all of these,
the ones where the use of complementary non-GNSS technologies could provide the maximum benefit are:
 Among Environmental Implementation Characteristics (ICE):
o ICE-3 – GNSS availability and reliability: defining the more likely environment characteristics
having an impact on the GNSS system, i.e. open-space/restricted/urban scenarios
 Among Positioning Operation Conditions (OCP):
o OCP-2 – Start of mission: demanding for the initialization of the absolute position of the train
at the start of the trip
o OCP-3 – Stop at the station: demanding for precise positioning of the train at a station stop to
avoid any potentially dangerous situations
o OCP-4 – Positioning in closed environment: where the GNSS system’s unavailability has to
be compensated with other positioning sources, such as radio signal based systems, dead
reckoning methods, landmarks positioning, cooperative positioning, etc…
According to the ICs/OCs subset selected above, three target operational scenarios have been identified in
which GNSS positioning may benefit from the fusion of its data with those of other complementary
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technologies. For each one, the main positioning issues and challenges, as well as the corresponding ICs and
OCs, are listed in Table 3.
#

Operational
scenario

Positioning issues and challenges
-

1

In station

-

2

In tunnel

3

In proximity of
major railway
exchanges and
parallel
branches

Reference IC
and OC

GNSS localization in station could be difficult because of a poor
ICE-3
or blocked sky visibility and the presence of multipath.
OCP-2
At the start of mission, on-board odometry and/or inertial
OCP-3
systems are useless in the absence of an absolute position
The localization in station is required to be especially precise.
GNSS localization in tunnels is impossible because of the
absence of satellite signals (outage)
ICE-3
Inertial systems and/or on-board odometry, combined with
OCP-4
digital maps, provide availability of the position estimate, but the
inertial solution may drift and such drift is dependent on the
length of the tunnel.
ICE-3
GNSS standalone could have difficulty in achieving the
No specific OC
necessary accuracy to discriminate among several close
for ATO
tracks.

Table 3 – Target operational scenarios

3.2

Complementary technologies (MLW)

Some positioning technologies, other than GNSS positioning, may be included in the GNSS-centric
architecture since they may provide benefits in the positioning accuracy in some specific scenarios that the
previous Section illustrated.
This Section introduces the most significant positioning technologies that have been selected as possible
complementary technologies to GNSS. The selected technologies can be either mature technologies or
cutting-edge technologies that are typically being developed for improving vehicles’ positioning in other
transportation sector, mostly in the automotive segment.
The description of the cutting-edge technologies leverages also on the work carried on in ASTRail WP3
“Automatic driving technologies for railways” which focused on the automotive technologies suitable to be
employed for Automatic Train Operation (ATO). Positioning is indeed among the fundamental tasks that any
autonomous driving system, independently from the carrier, has to perform.
The remaining of this Section is organised as follows. In Section 3.2.1 positioning technologies that rely on
wireless signals are introduced and explained. Positioning technologies exploiting video processing are
detailed in Section 3.2.2, while dead reckoning methods are presented in Section 3.2.3.
3.2.1

Wireless-based positioning technologies

The positioning procedure for wireless-based positioning technologies is based on the measurements of the
time employed by wireless signals to propagate between a target node, whose position has to be estimated,
and some anchor nodes, whose position is known. The time measurements can be translated in ranges since
the signals’ propagation speed is known. Multilateration techniques can then be employed for the estimation
of the target position.
The previous procedure can determine a unique position of the target, with a given uncertainty, if at least three
anchors nodes are used. Indeed, multilateration algorithms can define a position if at least three range
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distances are available. Further increasing the number of the anchor points may improve the precision in the
positioning estimate.
Issues, related to the anchor nodes and affecting the precision of the target position estimation, are the position
accuracy of the anchor nodes and their geometrical disposal with respect to the target node. The first issue
affects the precision at which the range between an anchor and the target node can be measured, while the
latter issue, similarly to the GNSS case, can prevent the multilateration algorithms to identify with high precision
the target position. Indeed, specific geometries of the anchor nodes, such as having all anchors nodes aligned
with respect to the target, can provide a position but with a relatively high uncertainty.
The accuracy of range measurements is also dependent to the time resolution of the clock used to measure
the time of propagation of the wireless signals. The impact of the clock resolution on the position accuracy is
quite significant. Indeed, if we consider that the wireless signals propagate at the speed of light, an accuracy
of 1 m can be reached using a clock with a time resolution of 3 ns, while a time resolution of 50 ns, which can
be considered the typical resolution of available commercial clocks, means an accuracy of about 15 m.
The two main time-based positioning methods are Time Of Arrival (TOA) and Time Difference Of Arrival
(TDOA). In TOA method, the range between two nodes is measured considering the time employed by a
wireless signal to propagate from a sending node to a receiver node considering an absolute time reference
common to the two nodes. In TDOA method, the distance is computed considering the difference of arrival
times of wireless signals transmitted exactly at the same time.
In both methods, a hard requirement is that nodes must share the same absolute time reference system and
they must be synchronized with high precision in order to measure accurately the times of propagation of the
wireless signals. In TOA, the synchronization requirement is stricter than TDOA, since, in the first, both anchor
and target nodes have to be synchronized, while, in the latter, only the anchor nodes, which are sending (or
receiving in uplink case) the signal, must be synchronized.
Further aspect that affects the positioning using wireless based techniques is the surrounding environment.
Indeed, if the environment is characterized by several obstacles it is likely that wireless signals follow a multipath propagation. In this case, the same signal can be received in different time instants leading to possible
error in the range computation.
3.2.1.1

Mobile network positioning

Several positioning methods, which are based on mobile networks, have been proposed during the evolution
of this communication technology. As new generations of mobile networks arise, new methods or new features
of existing ones have been developed. A wide overview of all these methods can be found in [25]-[26].
In this document, we focus on the positioning techniques based on distance measurements since they are the
more relevant ones to the application in the railway specific context. In particular, in the remaining of this
Section, we introduce two mobile positioning methods that have been defined for LTE mobile networks and
that are currently in use: Observed Time Difference of Arrival (OTDOA) and Uplink Time Difference of
Arrival (UTDOA).
The ODTOA method has been introduced in the 3GPP Release 9. In ODTOA, the User Equipment (UE)
receives the signals transmitted at the same time from at least three mobile base stations (eNodeB) and it
computes the time difference of arrival among the signals received. These signals are special sequences that
are specifically transmitted at regular time intervals by the eNodeBs for positioning scope. The UE shares this
information with the network that exploits it to estimate the UE position. A detailed explanation of ODTOA is
provided in [27].
The UTDOA is based on the same concept of OTDOA, but, in this case, the time difference is computed on
an uplink signal sent from the UE to the eNodeBs. The time difference of arrival is computed considering the
measurements performed at each eNodeB by the Location Measurement Units. These devices are highly
sensitive receivers installed at each node expressly for positioning scope and, apart from measuring the
propagation time of the signals, they are responsible to gather from the UE all the information required to
compute the UE position. A Serving Mobile Location Server collects the information from the Location
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Measurements Units and it performs the computation to estimate the UE position. The UTDOA is defined in
the 3GPP Release 11. An overview of the main features of UTDOA is available in [28].
The main advantage of mobile network positioning methods is the possibility to exploit infrastructure that
should be widely available without the need (and the costs related) to install ad-hoc transceivers. It is indeed
possible, in principle, to rely on mobile networks of commercial operators. However, two aspects have to be
taken into account.
The first one concerns the real availability of commercial networks in railway relevant areas. Indeed, it is likely
that in the countryside, and especially in mountainous areas, the commercial network coverage may be limited.
This can lead to have the mobile-based positioning system unavailable or highly inaccurate since few eNodeBs
can be located in the surrounding of the railway tracks. Indeed, as introduced before, the position accuracy
can be impaired if the number of anchor nodes employed is low.
Further aspect penalizing the mobile-based positioning is how mobile stations are positioned. The
multilateration algorithms can determine the position of the target node with good accuracy if anchor nodes
are spread around the target node, while the accuracy can decrease if anchor nodes are aligned. The coverage
of railways in rural areas is typically achieved by positioning mobile stations along the railway tracks and this
can result in having mobile stations almost aligned directly affecting the accuracy of the mobile-based
positioning system.
Second aspect, which has to be discussed, is the integrity level of the positioning information retrieved using
a mobile network positioning method. If this information has to be considered safety critical, it is necessary to
understand if current commercial mobile networks can guarantee the safety critical level in an operation railway
context or they have to be improved in order to be able to do that. Alternatively, the introduced mobile
positioning methods may be implemented using a future railway mobile communication system if this will be
based on 3GPP standards.
Lastly, achievable performances of mobile network positioning methods have to be investigated in order to
understand if these positioning methods can be helpful in a GNSS-centric architecture. A first general example,
introduced in [29], shows that the accuracy, at first approximation, can be in the order of some tens of meters.
This means that a mobile network positioning method may unlikely improve the accuracy of a GNSS system
in normal operation conditions, while it may be helpful in GNSS degraded conditions. Mountainous areas are
indeed the ones where mobile network positioning method could help the GNSS positioning system since the
latter one may have bad sky visibility. However, as previously stated, coverage of mobile networks in
mountainous areas is also critical.
The next step to be done is to perform a simulation campaign to verify the effectiveness of a mobile-based
positioning system in a GNSS-centric architecture. Particular attention has to be devoted to the different
operational scenarios that have been introduced in Section 3.1.
Operational scenarios #1 and #3 (i.e., respectively “in station” and “in proximity of major railway exchanges
and parallel branches”) may indeed hardly benefit from the mobile based positioning since these scenarios
require a positioning accuracy in the order of tens of centimetres if not even less.
Mobile network positioning is instead for sure not helpful for operational scenario #2 (i.e., “in tunnel”) since
mobile positioning is not properly working in the context of tunnels since the repeaters, which are installed in
tunnels, modify the shortest path, and consequently the time of propagation, between the sender and the
receiver of wireless signals.
3.2.1.2

Ultra Wideband

The Ultra WideBand (UWB) positioning method is a high resolution positioning system that relies on ultra
wideband wireless signals. The UWB signals are radio impulses of very short duration, e.g. few nanoseconds,
and with an operating frequency from 3.1 up to 10 GHz. The UWB signals occupy a very large bandwidth, i.e.
at least 500 MHz, making possible to achieve a high temporal resolution. This characteristic permits to provide
very accurate TOA measurements also in environment characterized by multipath propagation. We refer to
the following references for further details on UWB technology [30]-[33].
The accuracy of UWB positioning is expected to be below 10 centimetres. A drawback of the high operating
frequency is the limited communication range that is evaluated to be at maximum from 10 to 50 meters
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depending on the frequency of operation [30]. Furthermore, some issues may arise due to the interference of
UWB with satellite communications. Proper interference mitigation actions should be taken into account when
conceiving the UWB system [34].
The UWB technology, due to its limited range, is typically adopted in indoor environments. However, some
works already consider UWB technology as communication and/or positioning technology for the railway
context [30], [34].
A disadvantage of UWB positioning solution is that it requires an ad-hoc infrastructure both on-board and on
the trackside. In [34], the coverage of UWB positioning in railways is suggested to be specifically limited to
some areas of interest where very accurate positioning is required for railway operations. Possible areas of
interests could be railway stations and tunnels, corresponding to operational scenarios #1 and #2.
The operational scenario #3 “in proximity of major railway exchanges and parallel branches” may also benefit
from UWB positioning system in principle. However, it is necessary to study in details the possible
implementation of a UWB-based positioning system in each specific case since the range of UWB technology
is limited to few tens of meters.
The UWB-based positioning method seems to be very effective in complementing the GNSS positioning for
most of the operational scenarios illustrated in Section 3.1. If the performance expected are true, UWB can
provide position information with centimetre-level accuracy. However, before selecting UWB as
complementary technology, it is required to analyse technical and economic aspects of UWB to understand if
it could be among the technologies to choose. Main aspects of UWB to consider are:
 Interference with satellite signals, it is necessary to evaluate the interference and if the mitigation
actions are effective;
 Limited range, it may be enough for the scenarios of interest, but it may limit the applicability of UWB
with respect to some other positioning technology that can provide the same accuracy in a wider set
of scenarios;
 Applicability in railway scenarios, it may be possible that, in some particular scenarios, the number of
required UWB devices is too high to be practicable;
 Cost, UWB solutions require equipment on-board the trains and ad-hoc fixed infrastructure, the latter
cost may be saved if another technology, which requires only on-board equipment and provides the
same accuracy, can be used.
The analysis of these aspects are out of the scope of this work and of ASTRail project. As outcomes of this
Task, we can indicate which alternative positioning technologies can be included in a GNSS-centric positioning
system that can provide similar accuracy to UWB.
3.2.1.3

DVB-T

A GNSS-complementary positioning method can be based on the wireless signals transmitted for broadcasting
the digital terrestrial television. The Digital Video Broadcasting-Terrestrial (DVB-T) signals fall indeed within
the category of signal of opportunities that are all those wireless signals, which are transmitted for scope
different from the positioning, but that they can be nevertheless exploited to perform positioning operations.
Some research works [35]-[37] investigated the possibility to use DVB-T signals for positioning purposes in
the transportation sector and they highlighted several advantageous features, of DVB-T systems, for
implementing positioning applications. In the remaining of this Section, we introduce an overview of these
features.
The DVB-T system presents some intrinsic features that make it particularly suited for positioning applications.
Indeed, DVB-T signals are synchronous signals that are transmitted by different DVB-T stations at the same
time. Furthermore, DVB-T stations are located in fixed and well-known positions and they are typically
synchronized using professional GNSS receivers. It is then possible to assume that the synchronization
accuracy at DVB-T stations is comparable to the one of a GNSS system.
Additional features, well characterizing the DVB-T system for implementing a positioning system, are related
to the characteristics of DVB-T signals. The DVB-T system employs an OFDM (Orthogonal Frequency Division
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Multiplexing) modulation and the DVB-T signals contain pilot subcarriers that can be exploited to measure the
TOA. Furthermore, the DVB-T signals are particularly suited to complement GNSS system in urban areas. The
frequency band of DVB-T system is in the range from 300 to 900 MHz and these frequency bands have a
favourable propagation in urban areas and are typically used for nation-wide coverage.
Other advantage related to DVB-T signals is their nominal bandwidth that is between 6 and 8 MHz, which is
larger than typical GNSS signals. This characteristic lets to achieve a good time resolution for the TOA
measurements.
Lastly, the signal to noise ratio of the DVB-T signals, in order to ensure an acceptable error probability for the
TV service, at the receivers is typically higher with respect to what is required for achieving an adequate
accuracy in the ranging operations.
The DVB-T system provides also the additional advantage to not suffer from the impairment of the delay of
ionosphere propagation. These characteristics can ease the signal acquisition and the possibility of integration
over a longer period of time [37].
Main challenge of a positioning system based on DVT-B is the capability to understand which DVB-T station
has transmitted each DVB-T signal received. Indeed, the DVB-T signals do not typically contain a station
identifier and each receiver cannot directly match a DVB-T signal to a given DVB-T station.
Considering the deployment aspects, the coverage of DVB-T signals is quite wide and it is not required to
deploy ad-hoc infrastructure. However, some concerns about the coverage may arise for rural areas since the
DVB-T coverage can be missing in some rural and mountainous areas. Furthermore, if positioning will become
in the future a safety critical application for railways operations, the availability and reliability of a DVB-T based
positioning system have to be discussed.
The accuracy of a positioning system based on DVB-T is expected to be in the order of few meters as shown
by simulations in [35] and by field tests in [37]. Indeed, field tests, conducted in [37], indicated that an accuracy
within 4 m has been obtained, with an interval of 95% accuracy, considering a carrier to noise ratio varying
from 48 to 62 dB-Hz.

3.2.2

Visual positioning methods

Visual positioning methods are based on the analysis of video flows performed by image processing
algorithms. These algorithms can provide relative or absolute positioning information. Localization systems
based on visual methods may be considered for possible inclusion in the GNSS-centric architecture. In this
Section, we introduce main visual positioning methods focusing on specific positioning applications in the
railways context.
The visual positioning methods are cutting-edge solutions that are being developed since few years, mainly in
the automotive sector, for helping the navigation of autonomous driving vehicles. Detailed survey of visual
positioning methods applied in different transportation sectors has been performed as activity in the ASTRail
WP3 “Automatic driving technologies for railways” and the outcome is available in ASTRail deliverable
D3.1 [RD.4]. In the following of this Section, we further detail the information provided in D3.1 to analyse the
specificities related to the railway context and in relationship with the GNSS-centric architecture.
The main advantages of visual positioning methods are that cameras are typically not expensive, in particular
if compared with respect to other sensors such as LiDAR or RADAR, and that they do not require ad-hoc fixed
infrastructure to be installed on the track side.
However, visual positioning requires computational demanding image processing algorithms that analyse the
incoming video streams to retrieve the required information for the positioning application. Expensive
processing hardware is thus required to run these algorithms.
Further weakness of visual positioning methods is the sensitiveness of visual cameras to weather and lighting
conditions. The performances of visible light cameras are indeed impaired by darkness, e.g., during nigh time
or also in tunnels and in other not illuminated indoor environment. Backlighting and shadowing are also
influencing cameras’ performances. In these situations, infrared cameras can provide a backup solution,
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however several weather phenomena, such as heat, rain and fog, can modify the heat emitted by the
environment worsening the performances of infrared cameras. All these aspects have to be accurately
analysed if visual positioning systems are opted for use in the railways.
Several different type of visual cameras are available. Most common types are monocular camera, stereo
camera and omnidirectional camera. Main difference is the level of detail of the visual information that each
type of camera can gather and that can be used for the reconstruction of the environment.
Monocular cameras provide just two-dimensional information and complex mathematical elaborations have to
be performed to reconstruct a three-dimensional environment. Instead, stereo camera and, in particular,
omnidirectional camera provide directly distance information of the surrounding environment easing the threedimensional scene reconstruction.
Two main categories of positioning applications can be implemented using visual information. The first one
concerns the estimation of the relative motion of the vehicle through the analysis of consecutive video frames.
This positioning application is called visual odometry since it provides a similar information to the one obtained
by the traditional wheel odometry. The other category is based on the identification of specific items, usually
called landmarks, within the surrounding environment. Identifying the presence and the position of some
relevant items in the scene makes possible to implement specific positioning applications. In this work, we
focus on track detection and railway switch detection as the more relevant positioning applications in the
railway context. The first one can provide a lateral position information, while the latter can provide absolute
position information at specific points (i.e., when a railway switch is detected) if complemented by maps and
other positioning technologies.
3.2.2.1

Visual odometry

The visual odometry is based on the analysis of consecutive frames of the video filmed from on-board the
vehicle. The image processing algorithm first identifies specific features of a video frame to be used as
reference points, then it estimates the motion of the vehicle by analysing the change of the position of these
reference points in two consecutive video frames.
This process allows to determine the motion of the vehicle, but it does not directly provide the position of the
vehicle. In order to define the vehicle’s position, a previous position is required. Different solutions for
implementing visual odometry have been proposed so far. We refer to [38]-[39] for further details.
Visual odometry has been mainly developed and tested for the automotive case. However, current available
solutions should in principle work also for estimating the motion of trains. In addition, some visual odometry
solutions for the railway case have been already proposed [40]-[41]. Extensive testing in railway scenarios is
suggested to verify performance of visual odometry solutions available for the automotive case.
The railway environment is indeed different from the road one and it is necessary to understand if available
visual odometry solutions could be adapted to the railway case for maintaining the same level of performance.
In particular, the selection of features, i.e., the reference points on which estimate the motion, may be tailored
for the case of the railway environment.
Another aspect that deserves investigation is the speed of trains. Indeed, the speed of trains is significantly
higher than that of cars in some cases. It is required to understand if specific cameras or processing algorithms
should be employed in high-speed scenarios. Alternatively, visual odometry may be used as complementary
technology to GNSS only in those scenarios where trains have a maximum speed that is acceptable for current
visual odometry solutions.
Visual odometry can be very likely included among complementary technologies to GNSS. It seems to be
particularly suited for operational scenario #1 “in station” and operational scenario #3 “in proximity of major
railway exchanges”, while further analysis for operational scenario #2 “in tunnel” is required to understand the
applicability in such context.
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3.2.2.2

Railway switch detection

A vehicle can sense the surrounding environment and compare what sensed with a map. The vehicle can
locate itself if a unique possible matching is found between what has been perceived and the map.
Specific features of the environment can ease the matching between the sensed environment and the map.
These features are called landmarks and they can be originally present in the environment, i.e. natural
landmarks, or they have been expressly installed for easing the navigation of the vehicle, i.e. artificial
landmarks. Natural landmarks can be any object, also man-made, that can be exploited for positioning
application even if its primary scope is a different one.
The term map may refer to a traditional plain map, but, in autonomous driving applications, the maps are
usually high detailed three-dimensional reconstruction of the environment. Further analysis on which type of
map may better be suited for railway applications has to be taken into account.
The railway switches can be exploited as natural landmarks since they can provide positioning information. A
railway switch can be detected using image processing algorithms similar to those that can be employed for
the track detection. A railway switch detection based on visual method has been already introduced in the
literature [42].
A positioning system based only on railway switches detection may difficultly work since two railway switches,
at different locations, can likely present similar characteristics making them impossible to be distinguished
using only visual information.
However, within the context of a GNSS-centric architecture, the train position is known with a given uncertainty.
The matching between the detected railway switch and the map has thus to be performed in a limited area.
This may increase the probability to ensure a unique matching. The position information of the detected railway
switch can retune the train’s position compensating possible positioning errors and leading to a more accurate
position. This positioning application seems to be particularly suited for operational scenario #3 “in proximity
of major railway exchanges and parallel branches”.
We introduce this positioning application among the visual positioning ones, but visual cameras are not the
only sensors that can be used to detect switches. Other sensors, which provide a sufficient level of detail of
the surrounding scene, can be employed. Among the exploitable sensors, if appropriate product versions are
selected, there can be RADAR and LiDAR.
3.2.2.3

Track detection

The detection of the driving lane, and the positioning of the vehicle with respect to the lane edges, provide
useful information for the navigation of autonomous driving road vehicles. The lateral positioning of the vehicle
needs indeed to be very accurate, requiring an accuracy of few centimetres.
The road lanes are identified by markings that can have different colours, shapes and dimensions. These
markings are difficult to identify due to their varying characteristics besides other external factors. Indeed,
performances of lane detection systems are often impaired by the presence of shadows, by different lighting
conditions and by the presence of objects, such as vehicles, snow or leaves, hiding the markings. Core aspect
of lane detection systems are the image processing techniques that are used to identify the markings.
Overview of different lane detection system is presented in [RD.4].
The identification of railways tracks can be considered a similar image processing application to the one of
road lane detection. The track detection can likely be implemented using the same approach used for the road
lane detection. Indeed, it is required to identified the railways tracks that are long and thin objects, similar to
road lane markings, in contrast with the background of the image. Furthermore, the tracks are not just painted
markings, but they are solid three-dimensional metallic objects. Image processing algorithms, which are
employed in road lane detection, may be likely exploited for the railway tracks detection. Some research works
([43]-[44]) already targeted the track detection, even if not with the purpose of retrieving positioning information.
The track detection does not directly influence the navigation of the train since the train does not select by
itself the track to be used. However, track detection can be fundamental to improve the accuracy of the GNSScentric architecture by providing information about the lateral position of the train. Indeed, GNSS positioning,
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in some cases, is not accurate enough to be able to discriminate between close railways tracks. The track
detection, and the identification on which track the train is, can contribute to improve the accuracy of the train
position.
Another important aspect of track detection is related to the track determination at the start of the mission of
the train. This aspect is in particular related to operational scenario #1 “in station”. The detection of all the
tracks in a railway station is not feasible using a visual based detection system. However, this information can
be determined also using a visual camera. A possible solution is to install in a suitable location an ad-hoc
artificial landmark, which can be a sign with a QR code, that contains the information about the track where
the train is. The visual camera, which is on-board the train, detects the sign and it retrieves from the landmark
the position information.
A similar solution based on QR-code may also be implemented in operational scenario #3 “in proximity of
major railway exchanges and parallel branches”. For example, visual camera can detect and retrieve the
position information from QR-code signs that are placed in specific points along the tracks. This may be an
alternative solution with respect to railway switch detection and it may work independently from the size of the
railway exchange area.
3.2.3

Dead reckoning-based technologies

The GNSS-centric architecture can benefit also from dead reckoning technologies that can measure the
motion, i.e. the speed and the direction, of the train providing information about the movement of the train. This
information can be fused with positioning information coming from other technologies to increase the
positioning accuracy.
All operational scenarios identified in Section 3.1 are likely to benefit of these technologies.
Among the several dead reckoning technologies that are available, wheel odometry, inertial navigation and
Doppler RADAR are the most commonly used in positioning applications.
3.2.3.1

Wheel Odometry

The wheel odometry is based on the measurement of the number of revolutions of the wheels. The motion of
the vehicle can be computed using vehicle kinematic equation starting from the number of wheels’ revolution.
The odometry is already a mature technology that is currently exploited for train positioning. The odometer is
among the ETCS safety on-board interfaces. The odometer requires to achieve an accuracy in measuring the
movement defined as at least 5 meters plus 5% of distance travelled from the last reference point. Concerning
the speed measurement, the odometer should be able to measure the speed with an accuracy of ± 2 km/h for
speed lower than 30 km/h, then increasing linearly up to ± 12 km/h at 500 km/h [45].
Wheel odometry is the first candidate to be selected as complementary technology to GNSS in the GNSScentric architecture. A train positioning system based on the fusion of GNSS and odometer data has already
been already proposed in the literature [46]-[48].
3.2.3.2

Inertial Navigation

The inertial navigation is a dead reckoning technology that is based on inertial principles such as accelerations,
angular velocities and other forces inherent to the inertial space. The speed and the direction of the vehicle
can be derived by the measurements of the accelerations and of the angular velocities obtained with respect
to the three axes of a coordinate reference system.
The inertial navigation’s sensors are mainly accelerometers and gyroscopes. These sensors are typically
combined together and the overall set of sensors is known as Inertial Measurement Unit.
The inertial navigation is also affected by errors due to limited precision in the acceleration and angular velocity
measurements. However, these errors are not due to wheel slippage and ground conditions as it is for the
wheel odometry. For this reason, inertial navigation can well complement wheel odometry in a GNSS-centric
architecture. Some works already proposed some positioning solutions including inertial sensors [47]-[48].
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3.2.3.3

Doppler Radar

The Doppler Radar-based sensor can measure the speed of a vehicle by measuring the shift in frequency that
is observed when the emitted signals from a moving vehicle reflect on the surface. This phenomenon is known
as Doppler Effect.
Similarly, to inertial navigation, Doppler Radar sensors can measure the speed without being affected by errors
due to the wheel slippage or to the ground conditions and they may improve position accuracy if included in
the GNSS-centric architecture. In any case, Doppler Radar sensors present also some working issues that
can bring to non-negligible errors. Occasional signal drop outs, noise bursts, snowy weather, extremely smooth
surface, vehicle pitch motion, vibrations are examples of factors impacting on the accuracy of the Doppler
Radar sensors [49]-[50].

3.3

Possible approaches to integration (NavSAS)

GNSS-based positioning is able to grant very accurate and precise PVT estimations, but the local channel
effects on the RF signal reception, as reported in Table 3, can severely impair the reached performance level
and avoid to meet the requirements of the railway application. To limit these detrimental effects, it is possible
to rely upon other navigation systems that can be used together with satellite navigation receivers [68]. Three
solutions for the system hybridization between the GNSS-positioning and the complementary system(s) are
possible; they differ for the nature of the information extracted from the systems and used in the hybridization
process, as well as for the architecture of the interactions between the systems. The three solutions are:




the loose integration;
the tight integration;
the ultra-tight integration.

The basic difference between them is the type of data shared by the GNSS receiver and the sensors [69]. For
instance, in the loosely coupled architectures, positions and velocities estimated by the GNSS receiver are
blended with the complementary navigation solution.
Tightly coupled architectures perform a deeper data fusion, as the estimated GNSS pseudoranges and
Doppler shifts are processed through a Kalman Filter (KF) along with the complementary system
measurements. Compared to the loosely coupled, tight integrations allow for providing PVT data even in
scenarios with poor signal quality and limited satellites coverage, thanks to the prediction of pseudoranges
and Doppler trends, but requires a higher data rate in the exchange of information between the hybridization
module and the GNSS receiver/complementary positioning system, as well as good and reliable data quality.
Ultra-tight integrations, which enhance performance in high dynamic or weak signal conditions, involve the
core signal tracking processes of GNSS receivers, which are typically not accessible when using commercial
modules.
Due to the reported limitations of the tight integration (high data rate involved and quality of the data) and ultratight integration (specific GNSS receivers needed), the selected integration scheme is the loose integration.
3.3.1

Review of the error state Kalman filter

An error state KF is able to find the Minimum Mean Square Error estimate of a state through a two-step
recursive procedure made of a prediction and an update phase [68]. Table 4 reports the equations of a general
discrete-time, error state KF.
Equation

Notes

̂− [𝑛] = 𝜱[𝑛 − 1]𝛥𝒙
̂[𝑛 − 1]
𝛥𝒙

(1)

Prediction, a priori error state

𝑷− [𝑛] = 𝜱[𝑛 − 1]𝑷[𝑛 − 1]𝜱[𝑛 − 1]𝑇 + 𝑸[𝑛 − 1]

(2)

Prediction, a priori error covariance matrix

𝑲[𝑛] = 𝑷− [𝑛]𝑯[𝑛]𝑇 (𝑯[𝑛]𝑷− [𝑛]𝑯[𝑛]𝑇 + 𝑹[𝑛])−1

(3)

Kalman gain
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̆[𝑛]) − 𝑯[𝑛]𝛥𝒙
̂− [𝑛]
𝜶[𝑛] = 𝒛[𝑛] − 𝒉(𝒙

(4)

Innovation

̂[𝑛] = 𝛥𝒙
̂− [𝑛] + 𝑲[𝑛]𝜶[𝑛]
𝛥𝒙

(5)

Update, a posteriori error state

𝑷[𝑛] = (𝑰 − 𝑲[𝑛]𝑯[𝑛])𝑷− [𝑛]

(6)

Update, a posteriori error covariance matrix

̂[𝑛] = 𝒙
̆[𝑛] + 𝛥𝒙
̂[𝑛]
𝒙

(7)

Stave evaluation

Table 4 - Error state Kalman filter equations

In Table 4, these symbols are used
 𝑛 is the index of the current iteration and it is associated to the time 𝑡𝑛 ;
̂ is the estimation of the trajectory;
 𝒙
̆ is the predicted value of the trajectory, also named nominal trajectory;
 𝒙
̂ is the difference between the nominal trajectory and the estimated trajectory, i.e. the error state;
 𝛥𝒙
̂− is the predicted error state;
 𝛥𝒙
 𝑷 is the error covariance matrix;
 𝑷− is the predicted error covariance matrix;
 𝜱 is the state transition matrix;
 𝑸 is the covariance matrix of the model noise;
 𝑹 is the covariance matrix of the measurements noise;
 𝑲 is the Kalman gain;
 𝒛 is the measurement vector;
̆[𝑛]) are the measurements valid for the nominal trajectory;
 𝒉(𝒙
 𝜶 is the innovation;
 𝑯 is the discrete time observation matrix.
The equations ( 1 )÷( 7 ) are valid for a general error state KF, the following subsections will detail the use of
the error state KF in the case of the loose integration between a GNSS receiver and a generic complementary
system.
3.3.2

The loose integration system

A loosely-integrated positioning system uses the trajectory measured from the GNSS receiver to compute the
corrections to be applied to the trajectory estimated by an complementary positioning system [68]. The loose
integration is based on the definition of a state-space model of the hybrid system and the application of an
error state KF to compute the corrections necessary to refine the trajectory predicted by the complementary
system. It is worth noticing that, in the loose integration case, the GNSS information represents a refinement
of the complementary information: the GNSS information is used to counteract the errors of the complementary
positioning system.
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complementary
positioning
system

nominal position, velocity

Figure 13 - Block scheme for a loose integration

Figure 13 shows the architecture of a loose integration system: the complementary system predicts the
nominal position and velocity; then, the predicted nominal trajectory is employed to feed the KF, which uses
the differences in trajectory (GPS-measured minus nominal predicted) as its observations (incremental
observations). The output of the KF (differential states) is used to correct the nominal trajectory.
Some complementary systems need a feedback from the KF in order to properly evaluate position and velocity:
for example, an INS-based complementary system uses the position, velocity and attitude corrections, the
accelerometers biases and the gyroscopes biases out from the KF to correctly perform the next estimations
[68]. In this case, the block scheme in Figure 13 changes as reported in Figure 14.
GNSS antenna
incremental observations
time

GNSS
receiver

position, velocity
+

Kalman Filter
for Integration
IMU

INS
computation
unit

differential
states

estimated
trajectory

nominal position, velocity
attitude
corrections

Figure 14 - Block scheme for a loose integration with feedback (GNSS+INS)

The validity of the block scheme in Figure 14 is limited to the case of GNSS+INS integration. Consequently,
to maintain the maximum generality, in this introduction of the loose integration, the presence of the feedback
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will be ignored, while assuming that a proper feedback will be added in case the selected complementary
system requires it.
3.3.3

Loose integration equations

In order to implement the KF-based integration architecture depicted in Figure 13, the set of the incremental
states has to be firstly identified. The structure adopted here is the following:
𝑻

∆𝒙[𝒏] = [∆𝒑𝒆 𝑻 [𝒏], ∆𝒗𝒆 𝑻 [𝒏]]

(8)

where
 ∆𝒑𝑒 ∈ ℝ3,1 is the correction vector to be applied to the nominal position in the Earth frame;
 ∆𝒗𝑒 ∈ ℝ3,1 is the correction vector to be applied to the nominal velocity in the Earth frame.
The evolution of these states can be described by the following equations
𝜟𝒑𝒆 [𝒏 + 𝟏] = 𝜟𝒑𝒆 [𝒏] + 𝑻𝒄 𝜟𝒗𝒆 [𝒏]
(9)
𝜟𝒗𝒆 [𝒏 + 𝟏] = 𝜟𝒗𝒆 [𝒏]
where 𝑇𝑐 is the time interval between two consecutive KF executions, i.e. 𝑇𝑐 = 𝑡𝑛+1 − 𝑡𝑛 . The resulting state
transition matrix is
𝑰𝟑,𝟑 𝑻𝒄 𝑰𝟑,𝟑
]
( 10 )
𝚽[𝒏] = [
𝟎𝟑,𝟑
𝑰𝟑,𝟑
where 𝑰3,3 is a three-rows, three-columns identity matrix, and 𝟎3,3 is a three-rows, three-columns matrix made
of zero-valued elements.
The incremental measurements vector is defined by
𝑻

𝑻

̆[𝒏]) = 𝒛[𝒏] − 𝒛̆[𝒏] = [𝒑𝒆 𝑻 [𝒏], 𝒗𝒆 𝑻 [𝒏]] − [𝒑
̆𝒆 𝑻 [𝒏], 𝒗
̆𝒆 𝑻 [𝒏]]
𝒛[𝒏] − 𝒉(𝒙

( 11 )

i.e. the difference between the position and velocity evaluated by the GNSS receiver, 𝒛[𝑛], and the values
found by the complementary system, 𝒛̆[𝑛]. At the same time the measurement matrix is
𝑰𝟑,𝟑 𝟎𝟑,𝟑
]
( 12 )
𝐇[𝒏] = [
𝟎𝟑,𝟑 𝑰𝟑,𝟑
and the resulting innovation equation is
( 13 )
𝜶[𝒏] = (𝒛[𝒏] − 𝒛̆[𝒏]) − 𝑯[𝒏]∆𝒙− [𝒏]
The equations ( 8 )÷( 13 ), substituted into ( 1 )÷( 7 ), allow to perform a loose integration of a GNSS receiver
and an complementary positioning system, through an error state KF.
3.3.4

Requisites and comments

In order to grant the goodness of the loose integration results, some requirements must be satisfied:





each information from the GNSS receiver and from the complementary positioning system must
be time tagged with a time as accurate as possible. The PVT computed by the GNSS receiver
includes, by definition, a time information; the system design must ensure that also the complementary
system is able to associate a time tag to its own information or, alternatively, accept a time information
from an external source;
analogously, the rate of the input information for the loose integration must be as accurate as
possible for both the GNSS receiver and the complementary positioning system;
the error statistics for the complementary system must be accurately modelled to properly
initialize the 𝑷, 𝑸, and 𝑹 noise covariance matrices.

The equations ( 8 )÷( 13 ) may be further simplified in the case the complementary positioning system outputs
only the position or the velocity, at the likely expense of a reduced accuracy
On the contrary, when a feedback from the KF to the complementary positioning system is needed, additional
states must be added to the KF to correctly evaluate such feedbacks. As an example, [68] presents the
complete study of the loose integration between INS and GNSS.
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4

Algorithms for enhanced robustness against RFI (ISMB)

The contents of this section are part of the paper M. Troglia Gamba and E. Falletti, “Performance
Analysis of FLL Schemes to Track Swept Jammers in an Adaptive Notch Filter” submitted to NAVITEC
2018

In [RD.1], four GNSS interference models have been selected as the most relevant for the railways domain:
Continuous Wave (CW), NarrowBand (NB), WideBand (WB) and Swept interferences. In particular, the swept
signal, also known as ‘chirp’, is the typical format of the jammers’ transmission. In this regard, among the
intentional interferences, the jamming is a real threat and its occurrence has been witnessed in many recent
newspaper and magazine articles [51]–[53]. Despite its purchase is illegal in most countries, a jamming device
is cheap, easy to be found and easy to be used: it is sufficient to turn it on to see its effects, since it simply
relies on power and spectral occupation to deny the GNSS signals. Simple jammers can disrupt GNSS-based
services in wide geographical areas (even in several kilometers) [54].
Several techniques to detect, characterize and mitigate interfering signals, including jammers, has been
investigated so far. A comprehensive performance analysis and comparison of the main state-of-art solutions
can be found in [55]. Among all of these, the Adaptive Notch Filter (ANF) to counteract narrowband interference
is still appealing for its ease of implementation, low computational cost and reduced activation time compared
to other more effective but far computationally demanding solutions such as transform domain excision
techniques [56]. ANFs are well-known to be particularly effective for CW interferes: much effort has been spent
so far in investigating and improving its adaptation capability [57][58]. Representing a good compromise
between efficiency and complexity, ANFs has proved to be an efficient mitigation technique also for NB [59].
After all, CW can be considered as a particular case of the NB. Moreover, a preliminary demonstration of the
suitability of the ANF in mitigating also the effects of commercial GNSS jammers (swept) has been presented
in [61], where a remarkable improvement in terms of carrier-to-noise ratio is shown in the receiver when the
jammer is filtered out. Therefore, ANFs are definitely a versatile solution, able to detect and mitigate CW, NB
and swept interfering signals. A separate discussion, instead, has to be deserved to WB interferers, which in
most cases can only be detected, while their mitigation can actually be useless since a too wide bandwidth
can really compromise the GNSS signal recover.
According to this discussion, the ANF has been selected as a viable candidate to be adopted in a GNSScentric architecture for the railways domain.
In particular, a specific family of ANFs has been identified, as better detailed in the next subsection. The
jamming classification and selection is reported in subsection 4.2, while the high-level description of the
algorithm is illustrated in subsection 4.3. Finally, the key performance parameters to be used during the test
phase are discussed in subsection 4.4.

4.1

Identification of the target algorithm: Frequency Lock Loop (FLL) – equivalent ANF

ANFs have been widely exploited in literature, with many variations. More recently, the equivalence between
ANFs and Frequency Lock Loops (FLLs) has been analytically demonstrated [66]. In particular, two FLL
equivalent models of ANF are considered, according to the Plain Gradient (PG) rule employed in the adaptation
algorithm: the standard FLL and the exponential filtering FLL [60]. Such an equivalence is particularly
interesting, since FLL theory, widely employed in GNSS tracking loop analysis, can then be used to
characterize the adaptive performance of the ANF. The analysis conducted in [66] is limited to CW interfering
signals, while the behaviour of FLL-based ANFs in case of swept interferers has not been fully explored yet.
We started from both FLL models of ANF introduced in [66] to conduct a performance evaluation in case of
jamming (swept) interferers. In particular, the exponential FLL, albeit able to track narrow swept jamming
signals, proves to not be suitable for more challenging jamming signals with very fast frequency variations. For
this reason, we investigated the standard FLL ANF as a viable alternative, showing better performance.
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In the FLL theory, a key role is played by the loop filter, which, according to the order, define the response of
the system to the input signal. In this regard, in [66] only the first-order loop filter is considered, while in this
work also second- and third-order loops have been derived and examined for the standard FLL, in order to
improve the frequency tracking performance of the ANF adaptive block.
Both FLL models of ANF will be tested against the most frequent jamming interferers detected in the GPS
L1/Galileo E1 band and reported in the next section.
4.2

Jammers selection

In the literature, commercially available GNSS jammers are mainly classified according to the type of signal
source and antenna, as in [62], or according to the time-frequency properties of the transmitted interfering
signal, as in [63]. More recently, an extended analysis of jamming signals of unknown sources received from
thirty monitoring stations deployed across Europe and Asia was conducted in the framework of the EU-H2020
STRIKE3 project [64]. Such an analysis provides a baseline classification of the most common interfering
signals sensed during the extensive campaign, as well as their qualitative description in terms of spectral and
spectrogram features. For example, two of the most frequent jamming signals were the linear chirp and the
triangular wave, both spanning the GPS L1 band over about 16 MHz around the central L1 frequency, with
various frequency variation rates. The time needed to complete a whole frequency span, also called ‘sweep
period’, ranged from about 6 to 33 μs [64], which is quite challenging for the typical adaptation strategies of
the adaptive notch filters discussed in the literature. A quantitative synthesis of the investigation found in [64]
for the linear chirp and the triangular wave is provided in Table 5.
Jammer features
Chirp Type
Linear

Jammer Name
Wide sweep

Rate

Sweep range (MHz)
(𝒇𝒎𝒊𝒏 , 𝒇𝒎𝒂𝒙 )

slow
medium

rapid
Triangular wave

--

Sweep rate 𝜷𝒇
(MHz/µs)

33

0.48

20

0.8

10

1.6

6.25

2.56

20

1.4

(-8, 8)

fast

Triangular

Sweep period
𝑻𝒄𝒉𝒊𝒓𝒑 (µs)

(-7, 7)

Table 5 – Main features of the selected jammers.

4.3

FLL – equivalent ANF: algorithm description

In a baseband digital receiver working on the complex envelope representation of signals, one CW interferer,
which presents one spectral line at a certain frequency, can be mitigated by means of an Infinite Impulse
Response (IIR) one-pole notch filter [57][65]. According to [57][66], the z-domain transfer function of the notch
filter is given by
1 − 𝑘𝛼
(1)
𝐻(𝑧) = 1 − 𝑧0 𝑧 −1
−1
1 − 𝑘𝛼 𝑧0 𝑧
where 0 ≤ 𝑘𝛼 < 1 is the pole contraction factor and controls the frequency notch width, whereas 𝑧0 , constrained
to lie on the unitary circle, is the pole and determines the center of the rejected band
𝑧0 = 𝑒 𝑗2𝜋𝑓0𝑇𝑠

(2)

being 𝑇𝑠 the signal sampling time of the digital receiver and 𝑓0 the rejected frequency of the filter notch, also
called instantaneous frequency, expressed in units of cycle/second (Hz).
The input/output filter equations corresponding to (1) are
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𝑥𝑟 [𝑛] = (1 − 𝑘𝛼 )𝑥[𝑛] + 𝑘𝛼 𝑧0 𝑥𝑟 [𝑛 − 1]
𝑦[𝑛] = 𝑥[𝑛] − 𝑧0 𝑥𝑟 [𝑛 − 1]

(3)
(4)

where 𝑥𝑟 [𝑛] and 𝑦[𝑛] are respectively the output of the Auto-Regressive (AR) unit and the final output of the
filter.
When the frequency to be rejected is unknown and varies along the time, the filter pole must be appropriately
adapted to track the variations of the interfering frequency, so that in (3)-(4) the pole and frequency become
functions of the time:
𝑧0 = 𝑧0 [𝑛],
𝑓0 = 𝑓0 [𝑛]
(5)
Clearly, an adaptation algorithm is necessary to estimate the parameters (5) at run-time, as shown in principle
in Figure 15. This defines the basic structure of an IIR one-pole ANF. The focus of this work is indeed on the
adaptation block of such an ANF structure.

Figure 15: Functional scheme of the Adaptive Notch Filter structure addressed in this paper, derived from [57].

4.3.1

The adaptation block

Reference [57] introduced a very efficient adaptation algorithm for the ANF pole, joint with an interference
detection strategy which de/activates the filter, depending on the negative/positive detection of the
interference. The algorithm is based on the principle of minimizing the instantaneous energy of the filter output.
The frequency estimators consist in an iterative search of the optimum 𝑓0 [𝑛] in the form
𝑓0 [𝑛] = 𝑓0 [𝑛 − 1] − 𝜇 ⋅ 𝑔[𝑛]

(6)

where 𝜇 is the adaptation step and 𝑔[𝑛] is the stochastic gradient of a cost function to be minimized. In this
light, [66] demonstrates that a standard first-order FLL used into the ANF adaptation block is equivalent to
minimize the energy at the output of the moving average part of the notch filter. On the other hand, the
adaptation algorithm proposed in [57], which consists in the minimization of the energy of the notch filter output,
is proved to be equivalent to an FLL with exponential filtering. Figure 16 shows the high-level block diagram
of the adaptive block, represented as an FLL. In particular, the standard FLL is depicted in Figure 16-(a), while
the exponential filtering FLL is represented in Figure 16-(b). Please refer to [66] for the a detailed theoretical
dissertation of the two FLL models.
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(a)

(b)

Figure 16: High-level block diagram of the standard FLL (a) and FLL with exponential filtering (b) used into an
ANF adaptation block.

4.3.2

The problem of tracking fast frequency variations

The first-order FLL-equivalent ANF, in both the versions illustrated above, has been thoroughly analyzed in
[66] for a CW interfering signal, while this work aims at analyzing its behavior in case of jamming signals with
the characteristics reported in Table 5. Indeed, the preliminary test reported in Figure 17 demonstrates the
limitations of the tracking capability of the exponential FLL in the presence of significant dynamic stress, i.e.,
in the presence of very fast variations of the input carrier frequency. Figure 17 shows a comparison of the
instantaneous frequency 𝑓0 [𝑛] estimated by both the exponential FLL (continuous and dashed blue lines) and
the standard FLL (green ‘+’ markers), with the true input frequency 𝑓𝐽 [𝑛] (black dot markers) corresponding to
the simulation of a linear slow jammer with the characteristics of Table 5. The exponential FLL shows its very
slow response in the presence of signal discontinuities, for both values of the loop bandwidths under test,
which makes it unsuitable to track such kind of interfering signals. On the contrary, the standard first-order FLL
appears responding with negligible delay to the frequency discontinuities produced by the jammer.
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Figure 17: Evaluation in time of the instantaneous frequency estimated by the exponential FLL and standard
FLL, in the case of a wide sweep-slow jamming signal. The sampling rate and the pole contraction factor are
𝟏
respectively 𝒇𝒔 = = 𝟒𝟎 𝑴𝒉𝒛 and 𝒌𝜶 = 𝟎. 𝟗𝟓.
𝑻𝒔

4.4

Methodology for performance evaluation

This subsection illustrates the key performance metrics to be used for the algorithms performance assessment.
As shortly mentioned in [66], it is interesting to investigate the degrees of freedom provided by the choice of
the FLL loop filter, in order to improve the frequency tracking performance of the ANF adaptive block. For this
reason, hereafter we investigate the behavior of the standard FLL adaptive block in Figure 16-(a), when the
FLL loop filter is in the form
𝐾−1
𝜇𝑚
(7)
𝐹(𝑧) = ∑
(1 − 𝑧 −1 )𝑚
𝑚=0

with 𝐾 = {1,2,3} indicating the loop order. Notice that for 𝐾 = 1, 𝐹(𝑧) = 𝜇0 = 𝜇 is equivalent to the structure
discussed in [66]. The loop filter coefficients 𝜇𝑚 can be properly determined using the modified controlled-root
formulation, as a function of the well-known loop bandwidth [67].
A MATLAB® model of the ANF sketched in Figure 15 is obtained using equations (3)(4) for the notch filter and
the adaptation block represented in Figure 16. For the standard FLL adaptation, the algorithm is implemented
as in Figure 16-(a) using (6) and (7), with 𝐾 = {1,2,3}. The loop filter coefficients for a standard-underdamped
response have been obtained as a function of the digital loop bandwidth 𝐵𝑛 𝑇𝑠 , starting from the non-recursive
formulation in [67] and deriving the recursive expression for the I/O filter relationship; in this way, the time
domain IIR filter definition for 𝐾 = {1,2,3} and given loop bandwidth is available. For the exponential filtering
FLL, instead, the adaptation algorithm is implemented as in Figure 16-(b) using (6) and (7) with 𝐾 = 1.
The methodology employed to evaluate the performance of the ANF adaptive block in the presence of jamming
signals is based on two performance indicators:
1. the dynamic stress error, defined as the frequency estimation error in the absence of noise, with an
input signal in the form defined in subsection 4.2;
2. the noise jitter, defined as the frequency estimation error expressly due to the presence of additive
noise entering in the estimation loop and independent from the input signal component.
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The dynamic stress error depends on the capability of the loop of tracking the variations in time of the input
frequency, including the discontinuities at the end of each sweep period of the linear chirp. On the other hand,
the noise jitter measures the capability of the loop of discriminating the carrier signal from the noise.
4.4.1

Analysis of the dynamic stress response

In the absence of noise, the complex envelope of the input signal, 𝑥[𝑛], can be modeled as:
𝑥[𝑛] = 𝐴𝑒 𝑗(2𝜋𝜑[𝑛]+𝜃0 )

(8)

where 𝜃0 is an unknown initial phase and 𝐴 is the interfering signal amplitude; 𝜑[𝑛] represents the time varying
instantaneous phase of the jammer in cycles, which varies according to the instantaneous frequency: 𝜑′ [𝑛] =
𝑇𝑠 ⋅ 𝑓𝐽 [𝑛] expressed in cycles per sample.
The error 𝑒[𝑛] between the estimated 𝑓0 [𝑛] and the true jamming frequency 𝑓𝐽 [𝑛] is defined as
𝑒[𝑛] = 𝑓𝐽 [𝑛] − 𝑓0 [𝑛]

(9)

so that the performance metrics used to evaluate the response of the FLL adaptive block to the dynamic stress
are identified as:
1. steady-state error, 𝑒̅ , defined as the modulus of the error (9) at the end of the sweep period:
𝑇𝑐ℎ𝑖𝑟𝑝
⌋
𝑒̅ = |𝑒[𝐿𝑐 ]|,
𝐿𝑐 = ⌊
𝑇𝑠
2. settling time, 𝑡𝑠𝑒𝑡 , defined as the time needed by 𝑒[𝑛] to reach and stay within a 2% tolerance of 𝑒̅ ,
after a frequency discontinuity;
3. maximum overshoot, 𝑒𝑀 , defined as
𝑒𝑀 = |𝑒[𝐿𝑝 ] − 𝑒̅ |
where 𝐿𝑝 is the instant corresponding to the maximum peak of 𝑒[𝑛] in absolute value.

Figure 18: Time evolution of the instantaneous frequency of a wide sweep-slow rate jamming signal (top plot)
and frequency estimation error of a second-order standard FLL (bottom plot), in the absence of noise. 𝑩𝒏 =
𝟑 𝐌𝐇𝐳, 𝑻𝒔 = 𝟐𝟓 𝒏𝒔, 𝒌𝜶 = 𝟎. 𝟗𝟓.

As an example, Figure 18 shows the time evolution of the error 𝑒[𝑛] for a second-order standard FLL adaptive
block, in response to a linear slow chirp input: the variation of 𝑓𝐽 [𝑛] along one sweep period is reported in the
1
top plot, while the error (9) is shown in the bottom one. The employed sampling frequency was 𝑓𝑠 = =
𝑇𝑠

40 MHz.
It is well known that, given the scheme in Figure 16-(a) with the specified discriminator, such performance are
completely determined by the loop order and filter coefficients introduced in (7). Furthermore, such coefficients
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also determine the frequency-domain characteristics of the loop, described by the so-called loop bandwidth
𝐵𝑛 . Indeed, [67] provides the explicit relationship between values of the loop bandwidth and corresponding
sets of loop filter coefficients {𝜇𝑚 }, for a standard digital phase lock loop and various orders 𝐾. For this reason,
the analysis is conducted as a function of 𝐵𝑛 . Different loop orders and input signals are also evaluated.
4.4.2

Analysis of the noise jitter

In the presence of noise, (8) becomes:
𝑥[𝑛] = 𝐴𝑒 𝑗(2𝜋𝜑[𝑛]+𝜃0 ) + 𝑤[𝑛]

(10)

where 𝑤[𝑛] is a complex Additive White Gaussian Noise (AWGN) process with zero mean and total variance
𝜎𝑤2 , identically distributed between the real and imaginary parts. 𝑤[𝑛] is statistically independent from the
deterministic input component (8) and therefore is analyzed separately.
The frequency jitter is the component of the error 𝑒[𝑛] in (9), determined by the input component 𝑤[𝑛]. In lock
conditions, the loop can be approximately considered a linear system, then the noise inside the loop maintains
its zero mean and Gaussian properties: therefore, its impact can be completely quantified by means of its
variance metric: 𝜎𝑓2. Since the noise filtering properties of the loop are a function of the filter coefficients through
the loop bandwidth again, then the noise jitter analysis is conducted as a function of 𝐵𝑛 and filter order 𝐾 =
{1,2,3}, for several values of Interference-to-Noise Ratio (INR) conditions.

Based on the above described key metrics, the performance evaluation in terms of dynamic stress response
and noise jitter will be conducted and included in the next deliverable [RD.3].

5

Conclusions (ISMB-NavSAS)

This document presented the definition of a GNSS-centric architecture suitable for positioning in rail safety
applications, and the selection and design of possible algorithms to enhance the positioning availability and
the RFI resilience.
In particular, a multi-sensor Virtual Balise reader GNSS-based train positioning system to be integrated to the
current ERTMS/ETCS has been proposed and outlined.
Three main operational scenarios affected by reduced visibility issues have been identified: in station, in tunnel
and in proximity of railway exchanges. In order to improve positioning availability in such scenarios, three main
categories of GNSS complementary technologies have been considered: wireless, visual-based and deadreckoning methods. Thus, a discussion on possible integration approaches has been addressed and a feasible
loose-coupling architecture has been also proposed.
Finally, after a state-of-art scouting on RFI detection and mitigation techniques, the ANF has been selected as
a versatile and low-complexity solution, able to remove CW, NB and swept interferers. Among all the variations
available in literature, the FLL-equivalent ANF is particularly interesting, allowing the use of the FLL theory to
analyse its behaviour. Two models of FLL-equivalent ANF have been considered: the standard FLL and the
exponential filtering FLL. While the latter seems not being able to track very fast frequency changes, as shown
from preliminary results, the former exhibits much better performance, responding with negligible delay to the
frequency discontinuities, which typically characterize jamming signals. For this reason, the standard FLL ANF
has been investigated as a more suitable solution. The algorithm description and design of both models has
been provided and key performance indicators to be used for the performance evaluation have been also
derived.
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