TAYLOR | AIREY CGl
T TTTe—————

== GRAD
:_rgg(ejl;i)?: College
LE, *
Economics NLA INTERNATIONAL
INSPIRe
D3.1 — Technical Report of Developments and Test of DFMC
M(G)RAIM

Prepared for:

Eesa

Prepared by: GMV INSPIRe TEAM

Contributions GRAD INSPIRe TEAM
by:

Approved by: M Pattinson (GMV)

Authorized T Richardson (GMV)

by:

Code: INSPIRe-GMV-D3.1-v1.2
Version: 1.2

Date: January - 2024

In accordance with the provisions of the above Contract 4000138525/22/NL/RR, Taylor Airey Limited hereby certifies both on its
own behalf and on behalf of its consortium/Sub-Contractor(s), that no Intellectual Property Rights (as defined in Annex IV of the
General Clauses and Conditions for ESA Contracts, ref. ESA/REG/002, Rev. 2, the “GCC”) have been generated in the course
of or resulting from work undertaken for the purpose of this Contract.



Change Record

Issue / Rev Date ‘ Change Record ‘ Authors
v1.0 05/05/2023 The first version of the deliverable submitted ESA GMV INSPIRe Team
V1.1 20/10/2023 Updated the document to include results on the GMV INSPIRe Team

evaluation of the GNSS data with DFMC SBAS and
Monte- Carlos simulation executed (Section 5.2)

V1.2 18/01/2024 Updated the results presented in Section 5.2: | GMV INSPIRe Team

. Replaced GNSS-only Monte-Carlo
simulation results with new ones (for
MGRAIM and MRAIM) using same
noise/multipath assumptions as EGNOS
case

e Added some further comment to Monte-
Carlo simulation conclusions to explain
apparent inconsistency between
red/green flag % for GPS only and
EGNOS scenarios

e Added safety index cumulative
distribution to Monte Carlo analysis

e Added Monte Carlo results for modified
MRAIM algorithm with Rayleigh
distribution assumption for HPL

Other grammatical and formatting details

updated

INSPIRe - 4000138525/22/NL/RR - WP3 D3.1 -Technical report of developments and test of DFMC M(G)RAIM - January
2024 -v1.2

Page 1 of 174






© GMV 2024
The copyright in this document is vested in GMV.

This document may only be reproduced in whole or in part, or stored in a retrieval system,
or transmitted in any form, or by any means electronic, mechanical, photocopying or
otherwise, either with the prior permission of GMV or in accordance with the terms of
Contract No. 4000138525/22/NL/RR.

INSPIRe - 4000138525/22/NL/RR - WP3 D3.1 -Technical report of developments and test of DFMC M(G)RAIM -January
2024 -v1.2

Page 3 of 174






























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

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

DFMC Dual Frequency Multiconstellation

DGNSS Differential GNSS

DGPS Differential GPS

DOP Dilution of Precision

ECAC European Civil Aviation Conference

EGNOS European Geostationary Navigation Overlay Service

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

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

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
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SOLAS Safety at Life at Sea
TBC To Be Confirmed
TTA Time to Arrival

VAL Vertical alarm Limit
VHF Very High Frequency
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Availability Check Test: the function that checks if the current solution is suitable for
maritime in terms of expected accuracy.

Fault Detection, Chi-Squared test: function that detects if solution complies with the
nominal error models.

Geometry screening: function that identifies the potential failure and performs additional
tests to measurements subsets.

Red, amber and green light bubbles are integrity warning output information provided to
mariners;

Red light: provided to the mariner when at least one of the availability check or the fault
detection test do not pass.

Amber light: provided to the mariner when geometry screening raises an alarm for at
least one subset

Green light: provided to the mariner when all the tests are performed successfully, and
the solution is therefore suitable for navigation.

3.2 MRAIM General Description

The maritime integrity algorithm proposed, 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. Solution separation methods are characterised using the distance (separation) between
position estimates obtained with subsets of the available satellites.

ARAIM is an evolution of the RAIM techniques and has been developed considering DFMC
environment with the goal to protect multi-constellation users by means of a robust user
integrity algorithm. Being Civil Aviation applications the driver for the development of ARAIM
concept, ARAIM intends to provide a service for stringent aviation operations: LPV-200.

The algorithm is based on the following main principles.

Ground monitoring system: Different ARAIM concepts might have different levels of ground
monitoring and hence would imply different levels of fault detection by the ground segment.
This would have a significant impact on the user ARAIM architectures in terms of their
performance, and on the design of the algorithm itself.

Horizontal ARAIM (H-ARAIM) is a minor extension of today’s RAIM architecture adding
multi-constellation and dual-frequency capabilities. It is based on a static or quasi-static
ISD to support horizontal navigation. ISD content is based upon Constellation Service
Provider commitments to maintain certain level of performance and observational
history.

Offline ARAIM to support horizontal and vertical navigation based on a monthly ISD
from the ground to ensure that ISD parameters are consistent with up-to-date
monitoring results. ISD parameters receive greater scrutiny than in the horizontal
architecture due to the more stringent operation targets proposed for the offline
architecture.
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Figure 3-4. MRAIM online conceptual flowchart
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Where:

Grey bubbles are the required inputs

Particularly relevant are the ISD parameters required for the suitable tuning of the
MRAIM algorithm

Purple box is the PVT engine which computes the user estimated state vector.
Blue boxes are the functions involved in the integrity algorithm:

Weights computation: computes satellite error models considered as nominal for the
maritime environment.

Faults Mode calculation: the function that computes the required subsets to provide the
desired level of integrity. According to the fault analysis, this function classifies the error
that needs to be monitored to be included in the calculation.

Solution Separation Threshold test: the function that performs a threshold test for each
subset and analyses if their separation is compatible with a failure. In that case, the
faulty could be excluded to provide a safe positioning.

Attempt Exclusion: Fault exclusion could be performed if one of the Solution Separation
Threshold tests fails. This function computes the compatible potential subsets and
provides the compatible subset again to the Solution Separation Threshold test module
as the subset is the new “all in view”.

Protection/Uncertainty Level calculation: the function that computes the
Protection/Uncertainty Level according to the previously computed information.

Red, amber and green light bubbles are integrity warning output information provided to
mariners:

Red light: provided to the mariner when the HPL (no fault or fault excluded) or HUL
(fault detected and not excluded) is computed and it is above the HAL.

Amber light: provided to the mariner when there is not enough satellite available to
create subsets and provide a solution for every subset and the integrity requested.

Green light: provided to the mariner when the HPL (no fault or fault excluded) or HUL
(fault detected and not excluded) is computed and it is below the HAL and no faults are
detected.
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Test Scenario

TS.02

TS.01a

TS.02a

TS.03

TS.04

TS.03a

TS.04a

TS.05

TS.06

TS.05a

TS.06a

TS.07

TS.08

TS.07a

TS.08a

TS.09

TS.10

TS.09a

TS.10a

TS.11

TS.12

TS.11a

TS.12a

TS.013

TS.14

TS.013a

TS.14a

Correction mode

Fault injection

Smoothing time

constant

MRAIM None 100s

MGRAIM (SBAS Enabled) | None 100s

MRAIM (SBAS Enabled) None 100s
Single Satellite Clock failure

MGRAIM (ramp) - High Elevation SV 100s
Single Satellite Clock failure

MRAIM (ramp) - High Elevation SV 100s
Single Satellite Clock failure

MGRAIM (SBAS Enabled) (ramp) - High Elevation SV 100s
Single Satellite Clock failure

MRAIM (SBAS Enabled) (ramp) - High Elevation SV 100s
Single Satellite Clock failure

MGRAIM (ramp) - Low Elevation SV 100s
Single Satellite Clock failure

MRAIM (ramp) - Low Elevation SV 100s
Single Satellite Clock failure

MGRAIM (SBAS Enabled) (ramp) - Low Elevation SV 100s
Single Satellite Clock failure

MRAIM (SBAS Enabled) (ramp) - Low Elevation SV 100s
Multiple Satellite Clock

MGRAIM failure (ramp) - High 100s
Elevation SV
Multiple Satellite Clock

MRAIM failure (ramp) - High 100s
Elevation SV
Multiple Satellite Clock

MGRAIM (SBAS Enabled) | failure (ramp) - High 100s
Elevation SV
Multiple Satellite Clock

MRAIM (SBAS Enabled) failure (ramp) - High 100s
Elevation SV
Single Satellite Clock failure

MGRAIM (bias) - High Elevation SV 100s
Single Satellite Clock failure

MRAIM (bias) - High Elevation SV 100s
Single Satellite Clock failure

MGRAIM (SBAS Enabled) (bias) - High Elevation SV 100s
Single Satellite Clock failure

MRAIM (SBAS Enabled) (bias) - High Elevation SV 100s
Single Satellite Clock failure

MGRAIM (bias) -Low Elevation SV 100s
Single Satellite Clock failure

MRAIM (bias) -Low Elevation SV 100s
Single Satellite Clock failure

MGRAIM (SBAS Enabled) (bias) -Low Elevation SV 100s
Single Satellite Clock failure

MRAIM (SBAS Enabled) (bias) -Low Elevation SV 100s
Multiple Satellite Clock

MGRAIM failure (bias) - High 100s
Elevation SV
Multiple Satellite Clock

MRAIM failure (bias) - High 100s
Elevation SV
Multiple Satellite Clock

MGRAIM (SBAS Enabled) | failure (bias) - High 100s
Elevation SV
Multiple Satellite Clock

MRAIM (SBAS Enabled) failure (bias) - High 100s

Elevation SV
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Test Scenario

TS.15

TS.16

TS.15a

TS.16a

Correction mode

MGRAIM

Fault injection

Single Satellite Bad
Ephemeris Upload - High
Elevation SV

Smoothing time
constant

100s

MRAIM

Single Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MGRAIM (SBAS Enabled)

Single Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MRAIM (SBAS Enabled)

Single Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MGRAIM

Multiple Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MRAIM

Multiple Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MGRAIM (SBAS Enabled)

Multiple Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MRAIM (SBAS Enabled)

Multiple Satellite Bad
Ephemeris Upload - High
Elevation SV

100s

MGRAIM

Single Satellite Multipath
error - High Elevation SV

100s

MRAIM

Single Satellite Multipath
error Upload - Low
Elevation SV

100s

MGRAIM (SBAS Enabled)

Single Satellite Multipath
error - High Elevation SV

100s

MRAIM (SBAS Enabled)

Single Satellite Multipath
error Upload - Low
Elevation SV

100s

MGRAIM

Multiple Satellite Multipath
error - High Elevation SV

100s

MRAIM

Multiple Satellite Multipath
error Upload - Low
Elevation SV

100s

MGRAIM (SBAS Enabled)

Multiple Satellite Multipath
error - High Elevation SV

100s

MRAIM (SBAS Enabled)

Multiple Satellite Multipath
error Upload - Low
Elevation SV

100s

MGRAIM

Single Satellite Ionospheric
error - High Elevation SV

100s

MRAIM

Single Satellite Ionospheric
error - Low Elevation SV

100s

MGRAIM (SBAS Enabled)

Single Satellite Ionospheric
error - High Elevation SV

100s

MRAIM (SBAS Enabled)

Single Satellite Ionospheric
error - Low Elevation SV

100s

INSPIRe - 4000138525/22/NL/RR - WP3 D3.1 -Technical report of developments and test of DFMC M(G)RAIM -January

2024 - v1.2
Page 26 of 174




















































@
2
= 9
5 - -
©
0 8 | n
5
] 7
g - -
5 6
2 - -
1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Time(s)
2
T T T T T T T T
HDOP
VDOP
15 GDoP

DOP
|

0.5 | | | | | 1 1 1
0 100 200 300 400 500 600 700 800 900

Time(s)

Figure 5-19 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-33 FD results from MGRAIM in ramp fault case

The results indicate that the algorithm has detected the injected fault, as the RED flag is raised,
this occurred when the test-statistic exceeds the detection threshold (t2 > T?2). The red flag
was raised at time 211s where t? = 6.834 T2 = 6.814 and ended at time 410s where t? =
63.69 T2 = 6.814 . The horizontal error values at these times were 3.427m and 56.440m
respectively. The red flag was raised again at time 998s where t? = 6.617 T? = 6.488 and
ended at time 1208s where t? =48.759 T? = 6.488 . The horizontal error values at these
times were 5.239m and 52.187m respectively.
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Figure 5-37 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-50 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-67 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-77 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-78 FD results from MGRAIM in Ephemeris fault case
The results indicate that the algorithm has detected the injected fault, as the RED flag is raised,
this occurred when the test-statistic exceeds the detection threshold (t? > T?2). The red flag

was raised for the entire duration of the dataset as the test statistics exceed the threshold value
of 5.39.

Interity Flag
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Figure 5-79 The MGRAIM Integrity Flag (above) and Horizontal Error (below).
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Figure 5-87 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-97 Number of SV used to generate the PVT solution and the DOP Values
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Figure 5-98 FD results from MGRAIM in Multipath fault case

The results indicate that the algorithm has detected the injected fault, as the RED flag is raised,
this occurred when the test-statistic exceeds the detection threshold (t? > T2). The red flag
was raised at time 111s where t? = 53.122 T? = 6.814 and ended at time 410s where t? =
53.457 T? = 6.814 . The horizontal error values at these times were 45.191m and 47.801m
respectively. The red flag was raised again at time 909s where t2 = 41.072 T? = 6.488 and
ended at time 1208s where t? = 40.841 T2 = 6.488 The horizontal error values at these times
were 5.638m and 1.281 respectively.
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