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1 INTRODUCTION

1.1 Purpose

This deliverable document is one of the main outputs of WP4 of the INSPIRe project, titled
D4.1: Technical Report on the Development and Testing of DFMC GNSS and Dead Reckoning
(DR) VAIM. The task within WP4 has explored, developed, and tested techniques and
algorithms for the integration of dual frequency, multiconstellation GNSS and dead reckoning
to create a vessel autonomous integrity monitoring (VAIM) solution, similar to the well-
established aircraft autonomous integrity monitoring (AAIM) concept used in aviation. This
should further enhance user-level integrity and provide additional resilience in the navigation
solution.

The purpose of this report is to document the activities that have been completed, including:

Generate a clear concept definition for VAIM.

Assess and trade-off different GNSS and dead reckoning loose coupling schemes to
Identify the best approach for the maritime environment and requirements, considering the
Likely future requirement to extend the solution to other inputs from the resilient PNT
system-of-systems.

Define VAIM algorithms based on the preferred loose coupling scheme.

Define an outline functional design for the VAIM solution comprising dual frequency,
multiconstellation GNSS and dead reckoning within a test environment.

Prototype the algorithms using a suitable software application (such as MATLAB).

Test and evaluate the prototype algorithms within a test environment using simulated
and/or real data, to verify the outline functional design.

Assess the feasibility of a maritime VAIM solution (considering not only technical issues
but also affordability).

1.2 Scope

Following the introduction to the document presented in Section 1, the layout of the remainder
of the document is as follows:

Section 2 contains a list of applicable and reference documents
Section 3 presents the concept definition of VAIM

Section 4 describes the high-level algorithm design

Section 5 presents the description of the algorithm testing
Section 6 provides the evaluation of the algorithm

Section 7 provides a feasibility assessment of the VAIM algorithm

1.3 Definitions and Acronyms

1.3.1 Definitions

Concepts and terms used in this document and need defining are included in the following
table:

Table 1-1 Definitions
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Concept/ Term

| Definition

M(G)RAIM Maritime General-RAIM: is a chi-squared fault-detection process with simple geometric
screening rules to ensure safety

MRAIM Maritime RAIM: is a maritime-specific implementation of the aviation ARAIM concept and
performs a multiple-hypothesis solution-separation process, then computes a protection
level and iteratively optimises this PL through re-allocation of integrity risk

VAIM Vessel Autonomous Integrity Monitoring: this is a maritime-specific implementation of the

M(G)RAIM concepts developed in this project to provide the requested integrity including
dead-reckoning techniques, similar to aircraft autonomous integrity monitoring (AAIM)
concept used in aviation, enhancing user-level integrity and providing additional resilience
in the navigation solution

1.3.2 Acronyms

Acronyms used in this document and need defining are included in the following table:

Table 1-2 Acronyms

Acronym Definition

AL Alert Limits

ARAIM Advanced Receiver Autonomous Integrity Monitoring

CDF Cumulative distribution function

DFEMC Dual Frequency Multiconstellation

DGNSS Differential GNSS

DGPS Differential GPS

DOP Dilution of Precision

DR Dead Reckoning

ECAC European Civil Aviation Conference

EGNOS European Geostationary Navigation Overlay Service

EKF Extended Kalman Filter

ESA European Space Agency

FD Fault Detection

FDE Fault Detection and Exclusion

GBAS Ground-Based Augmentation System

GEAS GNSS Evolutionary Architecture Study

GLONASS GLObal NAvigation Satellite System

GNSS Global Navigation Satellite System

GPS Global Positioning System

GRAD GLA Research and Development

GSA European GNSS Agency

HAL Horizontal alarm Limit

HDOP Horizontal Dilution of Precision

HMI Hazardous Misleading Information

HPE Horizontal Position Error

HPL Horizontal Protection Level

HUL Horizontal Uncertainty Level

IALA International Association of Marine Aids to Navigation and Lighthouse
Authorities

ICAO International Civil Aviation Organisation

IEC International Electrotechnical Commission

INSPIRe Integrated Navigation System-of-Systems PNT Integrity for Resilience

IMO International Maritime Organisation

IR Integrity Risk

ISM Integrity Support Message

LPV Localizer Performance with Vertical guidance

MHSS Multiple Hypothesis Solution Separation

MOPS Minimum Operational Performance Standards

MGRAIM Maritime General RAIM

MRAIM Maritime RAIM

MSC Maritime Safety Committee

MSI Maritime Safety Information

MSR Multi-system shipborne receiver

N/A Not Applicable

NLOS Non-Line of sight

NPA Non-Precision Approach

PFA Probability of False Alarm

PL Protection Level

PHMI Probability of Hazardously Misleading Information

PMD Probability of Miss detection
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PNT Positioning Navigation and Timing

PVT Position, Velocity and Time

RAIM Receiver Autonomous Integrity Monitoring
RTCA Radio Technical Commission for Aeronautics
RTK Real-time kinematic positioning

SARPS Standards and Recommended Practices
SBAS Satellite Based Augmentation System
SIS Signal in Space

SOLAS Safety at Life at Sea

TBC To Be Confirmed

TTA Time to Arrival

UL Uncertainty Level

VAL Vertical alarm Limit

VAIM Vessel Autonomous Integrity Monitoring
VHF Very High Frequency
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2 REFERENCES

2.1 Applicable Documents

The following documents, of the exact issue shown, form part of this document to the extent
specified herein. Applicable documents are those referenced in the Contract or approved by
the Approval Authority. They are referenced in this document in the form [AD.x]:

Table 2-1 Applicable Documents

Ref Title Code Version Date
[AD.1] INSPIRe Technical Proposal, Taylor T-062-001-02 Part - June 2022
Airey 1
[AD.2] INSPIRe Management Proposal, Taylor T-062-001-02 Part - June 2022
Airey 2
[AD.3] INSPIRe Proposal GMV GMV 10842/21 V2/21

2.2 Reference Documents

Although not part of this document, the following documents amplify or clarify its contents.
Reference documents are those not applicable and referenced within this document. They are
referenced in this document in the form [RD.x]:

Table 2-2 Reference Documents

[RD.1] | A.915(22) Revised Maritime Policy and IMO/A.915 (22) - 29/11/2001
Requirements for a Future Global Navigation
Satellite System (GNSS)

[RD.2] | A.1046(27) Service Requirements for Worldwide | IMO/A.1046(27) - 30/11/2011
Radio Navigation Systems

[RD.3] MSC.401(95) Performance Standards for Multi- IMO/MSC.401(95) - 8/06/2015
System Shipborne Radionavigation Receivers

[RD.4] MSC.1/Circular.1575 - Guidelines for Shipborne MSC.1/Circular.1575 | - 06/2017

Position, Navigation and Timing (PNT) Data
Processing — (16 June 2017)

[RD.5] Resolution MSC.112(73) - Adoption of the MSC.112(73) - 12/2000
Revised Performance Standards for Shipborne
Global Positioning System (GPS) Receiver
Equipment

[RD.6] | Resolution MSC.53(66) - Performance MSC.53(66) - 05/1996
Standards for Shipborne GLONASS Receiver
Equipment - (Adopted on 30 May 1996)
[RD.7] Resolution MSC.233(82) Adoption of The MSC.233(82) - 12/2006
Performance Standards for Shipborne Galileo
Receiver Equipment - (Adopted On 5 December
2006)

[RD.8] | RESOLUTION MSC.114(73)) Adoption of The MSC 73/21/Add.3 - 12/2000
Revised Performance Standards for Shipborne
DGPS And DGLONASS Maritime Radio Beacon
Receiver Equipment. (Adopted on 1 December
2000

[RD.9] | INSPIRe D2.1 - Technical Report of INSPIRe-GMV-D2.1 | V1.3 02/2023
Developments and Test of GPS
M(G)RAIM

[RD.10] | INSPIRe D3.1 — Technical Report of INSPIRe-GMV-D3.1- | V1.2 05/2023
Developments and Test of DFMC
M(G)RAIM

[RD.11] | S. F. Appleyard, “Marine Electronic Navigation”, - - 02/1998
Feb 1988, ISBN 0-7102-1271-2.
[RD.12] | Vectornav Inertial System webpage - - 05/2023
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Table 3-1 SOLAS V R19 Sensor Carriage Requirements

Regulation 19 of the SOLAS V Safety of Navigation Convention states integrated bridge
systems shall be so arranged that failure of one subsystem does not cause failure to any other
sub-system. In case of failure in one part of an integrated navigational system, it shall be
possible to operate each other individual item of equipment or part of the system separately.

This means that tight coupling schemes are risky since the failure of one sensor or subsystem
could lead to complete navigation failure. That is why VAIM only considers loose coupling
techniques. Taking all of this into consideration, the following potential sensor schemes will be
analysed for VAIM performance:

= GNSS + Gyro/magnetic compass + Speed sensor

= GNSS + IMU

3.2.1 Compasses

A magnetic compass is an instrument for determining direction on the surface of Earth by
means of a magnetic pointer that aligns itself with Earth's magnetic field.

A magnetic compass works because the Earth acts as a magnetic dipole, generating a huge
magnetic field. The Earth has two magnetic poles near the North and South poles. This
magnetic field of the Earth causes a magnetized needle of iron or steel to swing freely into a
north-south position.

However, compasses give the direction of magnetic north, which is not always the same as
true/geographic north, which is a fixed point on the globe. Magnetic north is aligned with the
Earth's magnetic field, and it shifts and changes over time in response to changes in the Earth's
magnetic core. The difference between magnetic and geographic north is called magnetic
declination and may be different for each Earth location.

Another type of compass is a gyrocompass, which is a non-magnetic compass based on a
fast-spinning disc and the rotation of the Earth to find geographic direction automatically. A
gyroscope is an essential component of a gyrocompass, but they are different devices. A
gyrocompass is built to use the effect of gyroscopic precession, which is a distinctive aspect
of the general gyroscopic effect.

Gyrocompasses are widely used for navigation on ships because they have two significant
advantages over magnetic compasses:

= they find true north as determined by the axis of the Earth's rotation, which is different from,
and navigationally more useful than, magnetic north, and

= they are unaffected by ferromagnetic materials, such as in a ship's steel hull, which distort
the magnetic field.

3.2.2 Speed Sensors

There are several kinds of speed sensors used for boats. First for all, A traditional boat
speedometer uses a pitot tube to measure the speed of the water passing by the boat. The
pitot tube is a long, thin tube that is open at one end and has a small hole in the other end. The
pitot tube is placed in the water so that the open end is facing the direction of the water flow.
As the water flows past the pitot tube, it creates a pressure difference between the inside and
outside of the tube. This pressure difference is proportional to the speed of the water relative
to the vessel. This is not a direct indication of the vessel speed relative to ground, since the
water is moved by current and waves.
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separated, an alarm is raised because one of them (likely the GNSS) is providing misleading
information.

The issue is then to evaluate what is considered as “too separated” and to define a threshold.
An appropriate characterisation of devices nature selected would allow the usage of statistical
tools such as hypothesis contrasts, which can be configured for different levels of confidence
and therefore an integrity risk can be derived.

The principle consists of calculating both the position solution and evaluating the difference
between them. If the bias between them is big enough this test will alarm to avoid using the
position solution. On the other case the probability that this error is not detected will be lower
than a value PMD (Probability of Miss Detection).

In order to make this example simpler, assumptions that 1D position is given and that the error
distribution of both systems is Gaussian are made. This analysis then could be made for the
horizontal segment that joins the GNSS and the dead reckoning location.

The figure below represents the probability distribution of the positioning difference for fault
free (blue) and a faulty (orange) case, where one of the systems (i.e., GNSS) would be moved
from the actual position, which means a significant bias with respect to the other. Then, a
threshold is set in each point that under nominal conditions the alarms are below a given rate
(area below blue curve is equal or less than PFA, Probability of False Alarms). As the system
under a failure condition is biased, the probability that a measurement is below the threshold
would be equal or less than the PMD. The distance between the mean of both solutions is
known as the MDE (Minimum Detectable Error).

0,14 Threshold
0,12
0j1
DR
P.,06
0,02
o

-20 -10 0] 10 20 30 40

Figure 4-2. Position Domain Consistency Check. The plot represents the difference in the positioning for fault-free
case distribution function (blue line) and faulty case distribution function (orange line).

Once the Threshold is calculated given the typical accuracy of the first positioning estimation
and the PFA, positioning will be measured to assess if the separation is over or below the
threshold and provide the necessary integrity alarms.

In addition to that, with the typical accuracy of the second sensor and the IR/PMD it will be
defined the necessary bias for a faulty case to fulfil that requirement. Therefore, it will be
provided a MDB (Minimum Detectable Bias) on real time about what is the smallest error could
be detected with that IR/PMD. This is the indeed a limitation in the bias detection capability,
errors smaller than MDB cannot be detected with the requested probability, and they may
cause integrity breaks.
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introduce the errors to the RINEX files in a coherent way for a DF combination. Multiple faults
for each of these scenarios are created by introducing ramps or biases or multipath on multiple
satellites at the same time.

Table 5-3 Fault Injection

Fault Baseline Function Notes

Satellite Clock failure The fault injection tool applies a ramp | Standard clock failure on a single satellite

(ramp) error on a specified satellite — determined to be a steady clock ramp
on one measurement.

Satellite Clock failure The fault injection tool applies a bias Clock failure on a single satellite leading

(bias) value to a single SV to a bias/offset.

Satellite Bad Ephemeris Modification of parameters in the Single satellite failure due to a bad

Upload navigation message ephemeris upload results in incorrect
information.

Satellite multipath The fault injection tool applies an Multipath induced error on a single

elevation-dependent error is added to | satellite e.g., the introduction of
each pseudo range observation, with oscillating bias error. Typical of a
a random noise component included maritime environmental hazard.

Additionally, the speed log and compass measurements used in this WP for the VAIM
analysis were simulated through the reference solution with addition Gaussian noise.

5.1.4 Data Processing

The collected data will be processed off-line and in non-real time using the algorithm and
several supporting tools. A set of algorithm performance test scenarios are defined in Section
5.2. The following high-level processing step shall be carried out:

= Run TPDF for each test scenario, configured according to test scenario definition.
- Inputs:
 RINEX observation file and navigation file
o If SBAS legacy mode:
- *.csv files output by EGNOS decoder for applicable calendar day.
e Speed log and compass
- Velocity in horizontal
- Heading
- Outputs:
e PVT results files (.csv)
« SBAS engine (Legacy)
« M(G)RAIM engine

- Residual data files (.csv)

5.2 Test Scenarios

A set of 24 test scenarios has been defined, as described in the table below.
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Test Scenario

TS.01

TS.02

TS.03

TS.04

TS.05

TS.06

TS.07

TS.08

TS.09

TS.10

TS.11

TS.12

TS.13

TS.14

TS.15

TS.16

TS.17

Table 5-4 Test Scenarios

Correction mode

MGRAIM GNSS DFMC

Fault injection

imoothing time constant

None 100s
MRAIM GNSS DFMC None 100s
MGRAIM GNSS Single Satellite Clock failure
DFMC(VAIM enabled) (ramp) - High Elevation sv | 1008
MRAIM GNSS Single Satellite Clock failure
DFMC(VAIM enabled) | (ramp) - High Elevation SV | 1008
MGRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (ramp) - High 100s
Elevation SV
MRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (ramp) - High 100s
Elevation SV
MGRAIM GNSS Single Satellite Clock failure
DFMC(VAIM enabled) | (bias) - High Elevation SV | 1008
MRAIM GNSS Single Satellite Clock failure 100s
DFMC(VAIM enabled) (bias) - High Elevation SV
MGRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (bias) - High 100s
Elevation SV
MRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (bias) - High 100s
Elevation SV
MGRAIM DFMC Single Satellite Bad
Ephemeris Upload - High 100s
Elevation SV
MRAIM DFMC Single Satellite Bad
Ephemeris Upload - High 100s
Elevation SV
MGRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (ephemeris) - High 100s
Elevation SV
MRAIM GNSS Multiple Satellite Clock
DFMC(VAIM enabled) failure (ephemeris) - High 100s
Elevation SV
MGRAIM DFMC Applying multipath error on
a single high-elevation SV 100s
MRAIM DFMC Applying multipath error on
a single high-elevation SV 100s
MGRAIM GNSS Applying multipath error on
DFMC(VAIM enabled) a Multiple GPS high- 100
. S
elevation SV
MRAIM GNSS Applying multipath error on
DFMC(VAIM enabled) a Multiple GPS high- 100s

elevation SV
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Figure 6-16 Number of SV used to generate the PVT solution and the DOP Values

INSPIRe - 4000138525/22/NL/RR - WP4 D4.1 -Technical report of developments and test of DFMC GNSS and DR VAIM -
January 2024 - v1.1

Page 42 of 72






70

T T T T T T T T

Test Statistics

Threshold

60 /r”“

50

40

o
2
S 80 | |
s
.g
o}
2
2 20
& L 4
10 | i
0 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time(s)
Figure 6-17 FD results from MGRAIM in Bias fault case
Interity Flag
T T T T T T T T
CREENTLAG: (&= B
AMBER FLAG N |
REDFLAG D (____J (6] ©) O .
Il Il Il Il Il Il Il Il
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)
Horizontal Error
7
T T T T T T T T
6
5
8
g e .
3
2 Il Il Il Il Il Il Il Il

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

Figure 6-18 The MGRAIM Integrifjfﬁéé (above), Horizontal Error (below)

INSPIRe - 4000138525/22/NL/RR - WP4 D4.1 -Technical report of developments and test of DFMC GNSS and DR VAIM -
January 2024 - v1.1

Page 44 of 72
























Number of satellites

AL |

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

25

HDOP

GDOP

VDOP

DOP

0.5 | | | | | 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (s)

Figure 6-26 Number of SV used to generate the PVT solution and the DOP Values
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