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Introduction

This document is the Summary Report (SR) of the ‘Maritime Resilience and Integrity of
Navigation’ (MarRINav) Phase 1 project. GNSS have become the principal (sometimes the
only) source of position, navigation and timing (PNT) for ships. On most modern vessels, GNSS
are deeply integrated within multiple digital systems on the bridge. For example, in portraying
the vessel’s position on the ship’s Electronic Chart Display and Information System (ECDIS).
Maritime is not only one of the most GNSS-dependent sectors, but also one with the greatest
awareness of GNSS vulnerabilities and their consequences. The two most important PNT
performance parameters for critical maritime applications are Resilience and Integrity (at
both system and user level). These form the foundations of the availability and quality of PNT
information, including during periods of GNSS degradation or outage. They support a wide
variety of applications and operations for shipping and ports, along the entire shipping
logistics chain from ocean to port hinterland, including future e-Navigation services and the
emergence of marine autonomous surface ships (MASS).
The MarRINav Phase 1 project, conducted in the UK national interest, has explored in depth
maritime requirements and potential future solutions for Resilience and Integrity (R&I) of
maritime PNT, offering capability to protect and augment maritime UK Critical National
Infrastructure (CNI). Whilst the primary focus has been shipping, including port operations,
potential cross-sector benefits for national precise Timing and land mobility applications have
also been recognised. Specific port requirements, especially for land-side operations (e.g.
crane movements), vary across UK locations but the project’s analysis has focused on specific
Use Cases within a principal scenario of a container vessel approaching port, docking,
offloading cargo and its transit through the port. Additionally, MarRINav has considered the
international context for shipping, the global regulatory environment and the need for
solutions to be scalable and expandable to other application sectors, countries and regions.
MarRINav has identified feasible and cost-effective technology options within a system-ofsystems outline solution architecture to deliver R&I for PNT data. Preliminary functional and
geographic architectures are described, supporting the hybridisation and fusion of GNSS with
both terrestrial and space-based radio navigation systems. These include GPS & Galileo and
SBAS, in particular the EGNOS v2 ‘A.1046 service’ for system-level integrity and EGNOS v3
with Maritime Receiver Autonomous Integrity Monitoring (M-RAIM) for user-level integrity.
MarRINav has considered the following candidate Resilient PNT technologies: eLoran, VDES
R-Mode, Radar Absolute Positioning, Satelles (STL), LOCATA and ePelorus. These may be
integrated with onboard Dead Reckoning (DR) systems (both speed log/gyrocompass and
inertial DR) as a hybrid system-of-systems, implemented within a Multi-Constellation MultiSystem Receiver (MSR) in compliance with the IMO Performance Standard MSC.401(95).
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Context for maritime resilient high-integrity PNT

The integrity and resilience of PNT data are fundamental to the safe and efficient operations
in the end-to-end sea & land logistics chain, underpinning situational awareness and
coordinated decision support. Unfortunately, all GNSS are vulnerable to unintentional RF
interference, solar weather events, intentional jamming and spoofing because of their low
received signal strength and their need to share the same radio frequency bands.

Figure 1: Example traffic density in the region of the southern North Sea & Dover Strait

Figure 1 shows the traffic traversing the Dover Straits in the summer of 2018, a complex
pattern, with many crossing and convergence points. Vessels follow the most economically
advantageous route, taking distance, weather and other factors into account. This means that
the majority of vessels are concentrated on the same track with little lateral divergence.
Currently 95% of goods are transported by sea, and trends in the maritime sector are driving
change in navigation requirements. Ship size is increasing; on average, the size of container
vessels has increased by 32% since 2011. Over the same period, the average increase in size
of tankers and bulk carriers has been 30% and 11% respectively. Offshore wind generation
capacity has increased by a factor of eight around the UK over the past 10 years. The location
of some actual and planned wind farms are in areas of high traffic density, further increasing
traffic complexity and affecting navigation requirements.

2.1

Integrity

The IMO defines integrity as: The ability to provide users with warnings within a specified time
when the system should not be used for navigation. Integrity may be described by three
parameters: (1) The threshold value (or alert limit) – the maximum allowable error in the
measured position - during integrity monitoring – before an alarm is triggered. (2) The time
to alarm – the time elapsed between the occurrence of a failure in the system and its
presentation on the user (the mariner on the bridge). (3) The integrity risk - the probability
that a user will experience a position error larger than the threshold value without an alarm
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being raised within the specified time to alarm at any instant of time at any location in the
coverage area of the service.

2.2

Continuity

Continuity is the probability that a user will be able to determine a navigation solution with
specified accuracy and is able to monitor the integrity of the determined solution over the
(short) time interval applicable for a particular operation, within a limited part of the coverage
area given that the solution is available at the start of the period. An integrity alarm, whether
true or false, is a continuity failure. Continuity and integrity are inextricably entwined, their
performance cannot be considered in isolation one from the other.

2.3

Resilience

Resilience is defined as: The ability to anticipate, mitigate and recover from disruption.
From a maritime perspective the activities of resilience includes the provision of: (1) a userlevel integrity guarantee and (2) sufficient hold-over capability from systems alternative to
GNSS such that the continuity guarantee is not undermined by loss of GNSS, for example due
to an integrity-alert, jamming or interference.

2.4

IMO and IALA requirements

The A.1046 requirements for PNT system-level performance are shown in
Table 1 and the A.915 requirements for PNT user-level performance are shown in
Table 2.

Voyage Phase

Accuracy

Continuity

Integrity
(TTA)

Availability

Update
Interval

Ocean Water

100m (95%)

N/A

As soon as
possible

99.8% (signal)

2s

Harbour
Entrances,
Approaches
and Coastal
Waters

10m (95%)

10s

99.8% (signal)

2s

≥99.97%
(15 mins)

Table 1: IMO Resolution A.1046 RNP requirements
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Table 2: IMO Resolution A.1046 RNP requirements

2.5

Geographic coverage and scenario

MarRINav has investigated a proposed architecture for the provision of resilience and
integrity in and around UK and Irish coastal waters. Coverage performance of various resilient
PNT systems is important in relation to the geographical region of operation and locations
where risk of collision or grounding of a vessel is particularly high. Figure 2 indicates the limits
of the Exclusive Economic Zones (EEZ), and territorial waters of the UK and Ireland.

Figure 2: Extent of the UK and Irish Exclusive Economic Zones.

A specific scenario linking a sequence of Use Cases was selected for analysis. The scenario
follows the progression of a container ship and its cargo from oceanic voyage phase, through
docking, to cargo being unloaded, stacked and transported to the port gate. The scenario is
depicted in
Figure 3.
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EGNOS v2 maritime PNT system-level integrity

An analysis of EGNOS V2 capability for maritime performance was conducted, primarily with
the aim of investigating the accuracy, availability and continuity of SBAS augmented GNSS
solutions within the western extremities of the UK and Irish EEZs. These sea areas are in the
outermost expected coverage of the EGNOS v2 service area, but are generally not heavily
trafficked. This is not to put into question the undoubted benefits of a future maritime EGNOS
‘A.1046 service’ for integrity at system-level, which will provide extensive coverage of the
EEZs, but to investigate the western limits of possible service coverage. A number of
simulations, using the Iguassu SBAS Simulator Version 2 (SSv2) have been performed. To
ensure that the results from SSv2 are realistic, an extensive test and calibration exercise was
carried out prior to this work. Performance simulations have been performed to assess
whether EGNOS meets the maritime requirement for availability of 10m (95%) at western EEZ
locations. Assessment of continuity has not been performed due to the limitations of a
deterministic simulation and a 24-hour constellation repeat period.

3.2

Availability event analysis by simulation

An event of particular interest was found at Stornoway (STOR) on day 075 of 2018, depicted
in Figure 4. The event was observed to repeat each day, reflecting the fact that the GPS
constellation advances by 4 minutes per day. The analysis has found that the identified
availability events are not caused by either the geometrical weakness of the GPS constellation
(represented through DOP) nor the exclusion of satellites from the EGNOS positioning
solution due to weaker RIMS tracking towards edge of coverage. The most likely cause of the
availability events appears to be the exclusion of satellite measurements from the positioning
solution due to a lack of ionospheric corrections from the EGNOS ionospheric grid.

Figure 4: 95% accuracy plot for STOR on 16/03/19.
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it is possible that users’ measurements in the western area of the EEZs will pass through
inadequately monitored parts of the Ionospheric Grid Point (IGP) network and will
consequently have to be excluded from the positioning solution. Analysis has shown that the
spike (but below the 10m accuracy requirement) in performance is also present unexpectedly
in the DGPS positioning results. Analysis of the inclusion of additional RIMS locations has
proven to be particularly effective at improving the monitoring of the EGNOS ionospheric grid,
to the point that a few, e.g. three, additional RIMS in the UK would fill those holes in the
ionospheric grid that were observed in these analyses.

3.2

Actual performance availability event analysis

Testing also revealed a case where a spike above 10m in the actual performance was not
predicted by the 95% performance prediction. Whilst this single event was within the 5% of
the statistically expected cases, a brief investigation revealed that this seems to have been
caused by a combination of a reduced number of available satellites (above a 15˚ elevation
mask) and the probable down-weighting of one or more satellites due to EGNOS model
weighting.
In a further example we consider the impact on a user at the approximate western limit of
the Irish EEZ, at 55˚N, 15˚W, for which there is mixed ionosphere visibility of monitored and
unmonitored IGPs. A significant proportion of the ionospheric grid, where pierce points from
this user could pass, is not monitored. If satellites in that part of the grid are excluded, it is
likely that the geometry of the remaining satellites will be significantly poorer. With a user
elevation mask of 15˚, there are numerous periods when the predicted 95% accuracy is worse
than 10m. Performance is improved for lower elevation masks values.

3.3

Further analysis and conclusion

The spike in the simulated EGNOS positioning performance discussed above was analysed
further and showed that the spike is not present in the SPP solution, which indicates that
some feature of the EGNOS solution is responsible. Analysis with an elevation mask of 10°
shows the spike is considerably diminished in the EGNOS solutions. The differences between
the SPP and EGNOS solutions suggest that the satellite geometry may be different between
these two solutions, possibly due to the exclusion of one or more satellites by the EGNOS
corrections. The expectation therefore was that the EGNOS processing has excluded one or
more satellites from the solution. We have concluded that the EMS messages have downweighted one or more of the 5 satellites visible above the 15˚ elevation mask, resulting in
poorer geometry, responsible for the spike in performance. With the lower elevation mask
angles, the minimum number of satellites visible increases to 7 or 8, so the impact of the
down-weighted measurement(s) among the subset of 5 is diminished.
These availability events can be mitigated by densifying the RIMS network in the area where
the user receivers are affected by poorly monitored ionospheric grid points. The addition of
just 3 extra RIMS at suitable north western locations could improve the monitoring of the
ionospheric grid in the area where it affects users in the UK and Irish waters of their EEZs.
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The trade-off between improved satellite geometry and increased measurement errors,
arising from variations in the user receiver elevation mask, should be investigated, to
determine whether the exclusion of satellites due to ionospheric monitoring can be
mitigated by the inclusion of measurements with slightly higher measurement errors.
This should help to inform the choice of a standardised user receiver elevation mask.
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Maritime EGNOS v3 and M-RAIM

4.1

Complementary use of EGNOS v3 and M-RAIM
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The study has provided a detailed explanation of issues and potential solutions concerning
the use of Satellite Based Augmentation Systems (SBAS) and Receiver Autonomous Integrity
Monitoring (RAIM) in the provision of user-level integrity and continuity for GNSS-based
positioning in the future maritime environment. The proposed solutions draw upon
mathematical analyses of two autonomous integrity approaches: Isotropy Based Protection
Level (IBPL) and Maritime RAIM (M-RAIM). M-RAIM is considered herein to be the principal
effective approach to user-level integrity of maritime navigation and it is included in full detail
in the MarRINav D3b report.
Delivering “integrity at system level”, through EGNOS V2 (or the marine beacon DGPS
system), does not take into account position errors caused by disturbances to the navigation
satellite signals local to the vessel. This raises the fundamental question of whether current
aviation designs are suitable for maritime service. Indeed, observations show that maritime
receivers experience more satellite signal blocking and reflections, and more radio
interference than do those on aircraft. So, while the use of SBAS assures the reliability of the
navigation signals transmitted from space, its ability to guarantee the quality of signals
received on a ship is limited. Recent studies, such as the SEASOLAS project, have established
operational requirements for a maritime SBAS service. They have identified technical
approaches to the maritime use of the next version of EGNOS, V3. As yet, however, no
method has been shown to meet both the integrity and continuity standards required.
The EGNOS V3 designed for aviation is not optimised to provide the information needed to
satisfy user level requirements. EGNOS error overbounds are assessed very conservatively
for aviation and applications, whereas maritime integrity may be better accomplished using
best-estimate “fault free” error models (and associated fault probabilities) rather than the
inflated aviation overbounds. It is necessary to determine a nominal vessel multi-path model,
and the associated probability that instantaneous measurements exceed this model (fault
probability). This issue could be addressed by changing the system requirements for data
parameters provided by EGNOS (and other SBAS around the world), or even by considering a
new and separate maritime specific SBAS message. This may involve the integrity bound being
broadcast as pairs of mean and standard deviation parameters for each satellite.
M-RAIM is an adaptation for maritime conditions of the principal RAIM algorithm now under
development for deployment in airborne receivers: Advanced RAIM (ARAIM). M-RAIM was
developed by the GLA as an adaptation of ARAIM for maritime. The technical analysis of MRAIM, based on the detailed mathematics presented in this study, considered the capability
of M-RAIM to satisfy both maritime integrity and continuity performance requirements. In
particular, the capability of M-RAIM to handle multiple simultaneous GNSS signal faults has
been investigated. M-RAIM could work as complementary and in conjunction with SBAS or be
used standalone (especially in locations outside SBAS service coverage).
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Principal Conclusions and Recommendations
1. SBAS (EGNOS V3) alone will be insufficient to address user-level integrity for general
maritime navigation.
Recommendation: Receiver algorithms for receiver autonomous integrity monitoring
(RAIM) should be designed, and an appropriate IEC test specification produced.
2. Maritime RAIM (M-RAIM) is a method that shows considerable promise as a candidate
form of RAIM for inclusion in the maritime user-level integrity solution.
Recommendation: M-RAIM should be researched further and evaluated for
implementation in future maritime receivers when used either in combination with
SBAS (e.g. EGNOS V3) or standalone (for locations outside SBAS coverage).
3. Existing SBAS (EGNOS V3) information planned to be provided for aviation is not ideal
for determining maritime user-level integrity and hence provision of the underlying
SBAS error statistics would assist solutions for user-level integrity.
Recommendation: Changes to EGNOS parameters or transmission of an additional
maritime message should be investigated to evaluate whether the provision of
maritime specific information would be cost-effective.
4. Use of dual frequency combinations in maritime may lead to inflation of error bounds.
However, single frequency L5/E5a is potentially a poor choice ( ionospheric delay is
1.8 times larger than L1/E1 and so is the uncertainty multiplier on GIVE and UIRE.
Recommendation: The advantages of dual-frequency use against the use of singlefrequency should be investigated further by trade-off analysis.
5. For M-RAIM, it is necessary to determine a nominal vessel multi-path model, and the
associated probability with which instantaneous measurements exceed this model.
Recommendation: More information should be gathered from real-world
measurements in the maritime environment (to establish a multipath model).
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The overall way forward is depicted in
Figure 5.

Figure 5: Way Forward as a Coordinated Development.
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Resilient PNT Technology Options

A range of options for R&I (Resilience and Integrity) PNT has been analysed including widearea, regional area and local-area systems. The technology candidates include ship-based
systems such as dead reckoning. The primary PNT system is assumed to be multiconstellation, multi-frequency GNSS, implemented in the IMO’s Multi-Constellation Multisystem Receiver (MSR). The approach has investigated the development of a hybrid systemof-systems, recommended to include: eLoran, VDES R-Mode, Radar Absolute Positioning,
Satelles (STL), LOCATA and traditional and/or inertial Dead Reckoning.

5.1

eLoran

Enhanced Loran (eLoran) is a low-frequency, LOng RAnge Navigation Terrestrial
Radionavigation System, capable of providing a PNT service for use by many modes of
transport, including maritime. eLoran transmits pulsed groundwave signals with a central
frequency of 100kHz from widely spaced transmitters. The receiver’s position is determined
by the measurement of the times of arrival (TOA) (or pseudorange) of these pulses.
Pseudoranges from at least three transmitters determine a horizontal position solution by
trilateration. A maritime eLoran system includes the elements as illustrated in Figure 6:
•
•
•
•
•
•
•

Several eLoran transmitters broadcasting a UTC synchronised eLoran signal.
The signal incorporates the Loran Data Channel, which may take several forms.
Additional Secondary Factor (ASF) data within a service coverage area.
For Port Approach Voyage Phase, differential-Loran (DLoran) Reference Stations.
Infrastructure based integrity monitoring and a Control & Monitoring Centre.
An Operational Data Network for systems to communicate with Control Centres.
An eLoran receiver aboard ship, with RAIM, integrated within the MSR.

Figure 6: The service architecture for eLoran and the components required.
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VDES R-Mode

Ranging mode (R-Mode) refers to the addition of a ranging capability to existing or new
marine data transmissions. Ranging systems work by measuring the time of flight, or time of
arrival, of radio signals to estimate the distance between the user and multiple known base
stations. If sufficient stations are available, the user’s position can be calculated by
multilateration. VHF R-Mode transmissions use base station networks of the Automatic
Identification System (AIS) and its planned successor, the VHF Data Exchange System (VDES).
For pseudorange-based positioning, the shipborne receiver will need to observe signals from
at least four R-Mode-enabled stations, sufficiently distributed in azimuth around the location
of the ship. The required number of stations can be reduced by one if the geometric ambiguity
is resolved using prior information.
For the purpose of the MarRINav project it is assumed that first generation VDES R-Mode
systems will operate by measuring the time of arrival of VDES (noting that VDES includes AIS)
transmissions accurately synchronized to a common time base and use standard VDES
waveforms and channel bandwidths. It is also assumed that VDES R-Mode will use either
ordinary (random) data transmissions or dedicated R-Mode data sequences optimized for
ranging precision and will not require real-time propagation corrections.

5.3

Radar Absolute Positioning

The GLA have investigated a number of techniques for developing a radar absolute
positioning solution, which include:
•
•
•

Terrain Reference Radar Positioning - Compare the received images to the predicted
return derived from a terrain-database, such as DTED.
Radar Dead Reckoning (RaDR) - Perform dead-reckoning (DR)-type positioning by
solving for changes in vessel position, comparing successive radar images.
SLAM – Simultaneous Location and Mapping with RaDR.

Additional Dead-Reckoning sensors, such as speed-log and gyro, can be integrated into the
radar SLAM solution. The aim of integration of traditional DR with radar SLAM is to constrain
the error growth of a DR only solution.

5.4

Satelles: Satellite Time and Location (STL)

STL uses a series of short data messages transmitted at 1620 MHz from a payload on the
Iridium constellation of Low Earth Orbit (LEO) satellites. This data is received by the user’s
receiver and used to determine a position solution computed using information about the
Doppler shift of the signals.
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LOCATA

Locata™ is a terrestrial positioning technology that utilises a network of small, ground-based
transmitters (LocataNet) providing a robust radio-based positioning signal within a specific
local area. To provide nano-second level synchronisation Locata uses a patented
synchronisation method called TimeLoc™ that avoids the need for precise oscillators. This
enables the Locata network to provide accurate position solutions utilising one-way ranging
signals. Locata transmitters (LocataLites) transmit multiple GPS-like code and phase signals,
in the 2.4 GHz licence-free ISM (industrial, Scientific and Medical) band. The system provides
single-point positioning to within a decimetre to centimetre-level of positional fix.

5.6

System-of-Systems Integration with Dead Reckoning (DR)

The principle of DR integration in the system-of-systems is illustrated in Figure 7.

Figure 7: Principle of integration with Dead Reckoning

Table 3 sets out a summary of accuracy performance of the candidate technologies against

principal requirements. DR technologies may include combinations of the following: Doppler
velocity log (DVL) and/or a 2D correlation velocity log (CVL), tactical grade Inertial
measurement unit (IMU), mechanical gyrocompass & magnetic compass and radar DR.
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Requirement set (arbitrary numbers)
Accuracy (95%)
Integrity Limit with 10−4 risk
Distance from coast
GNSS
Differential eLoran
Differential eLoran with VDES R
eLoran
eLoran with VDES R-mode
MF, VDES or MF/VDES R-mode
Coherent radar ranging with DR
Dead Reckoning (DR) for 15 min
Dead Reckoning (DR) for 3 hours
DR + Star Tracker
•
•
•

1
1000 m
2500 m
Any
Yes
No
No
No
No
No
No
Yes
Yes
Yes
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2
100 m
250 m
<100 km
Yes
Yes
Yes
Yes
Yes
Note 1
No
Yes
No
No

3
4
5
100 m
10 m
10 m
250 m
25 m
25 m
Any
<10 km <100 km
Yes
Yes
Yes
Note 1
Yes
Note 3
Note 1
Yes
Note 3
Note 1
No
No
Note 1
No
No
No
No
No
No
Note 2
No
Yes
No
No
No
No
No
No
No
No

Note 1: Theoretically possible, but impractical to achieve this level of coverage.
Note 2: Subject to maturity of the technology
Note 3: Requirements are met within 30 km of the coast, but not in the 30-100 km range

Table 3: Comparison of selected PNT technologies with various user requirements.

6
10 m
25 m
Any
Yes
No
No
No
No
No
No
No
No
No
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System-of- systems capability for resilient PNT

The conceptual solution considers principally UK sovereign solutions that complement GNSS
(specifically GPS, Galileo and EGNOS). Terrestrial components of the architecture are
geographically limited to being sited within the UK, insofar as a UK-only solution is feasible,
whilst conforming to international standards and fully supporting international shipping
operations within the EEZ. The architecture extends to operations in ports, with the aim of
ensuring the resilience and integrity of PNT across the land/sea interface in the logistics chain.
The solution is described as a conceptual geographic (physical) architecture of a system-ofsystems (Figure 8) and as a conceptual operational architecture, with a common basis for
terrestrial systems (Figure 9). It considers a combination of terrestrial radio navigation
systems that are independent of GNSS, dissimilar and complementary. The hybrid system-ofsystems PNT solution follows the principle of primarily using the wide area eLoran system for
maximum overall geographic coverage, then supplementing with regional VDES R-Mode
and/or radar absolute positioning to fill capability gaps in the wide area coverage. Where
more than one separate PNT solution is available, they can then be combined in the ship’s
Multi System Receiver (MSR) as a loosely-coupled (or tightly-coupled for wider coverage)
integrated navigation solution.

Figure 8: Conceptual architecture for resilient maritime PNT and associated systems.
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Figure 9: Common conceptual architecture for terrestrial systems.

6.1

eLoran performance and coverage

The positional accuracy performance of a UK only eLoran system, using the existing Anthorn
transmitter and 5 additional new transmitters at TV mast sites, is shown in Figure 10. The UK
eLoran coverage is better than 10m (95%) at 9 out of the 10 most major UK ports and many
coastal areas achieve better than 20m (95%). However, the port and straits of Dover,
together with the north-eastern approaches to the Channel, are less adequately covered.
Coverage can be extended if eLoran transmissions were to be resumed from the Sylt station
in Germany. The effect of the addition of Sylt transmissions is shown in Figure 11.

Figure 10: MarRINav GIS plot showing accuracy coverage contours of UK based eLoran. Blue = 10
m (95%), Green = 20 m (95%) and Red = 30 m (95%).
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Figure 11: eLoran accuracy coverage contours UK plus Sylt (Germany)

Figure 12: eLoran precise Timing coverage across the UK and Ireland

Figure 12 shows the predicted extensive UK timing precision coverage available from eLoran
transmissions from Anthorn. In the plots, the dark blue contour represents the boundary of
the regions covered by better than 100 ns timing precision capability. The other contours
shown are 200 ns (light blue), 500 ns (green) and 1000 ns (dark red). The left hand plot
assumes an internally mounted antenna, no differential-Loran, but a one off ASF calibration
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at any location. The right hand plot assumes an externally mounted antenna with differentialLoran, but a one-off ASF calibration at any location.

6.2

VDES R-Mode performance and coverage

Figure 13 shows the VDES R-Mode positional performance coverage based on the locations
of existing UK and Irish AIS stations upgraded to VDES with R-Mode (the R-Mode Baltic Sea
method with 3 stations required at each location at sea around the coastline). Three coloured
contours are shown that represent 10 m (blue), 20 m (green) and 100 m (dark red) 95%’ile
accuracy. It can be concluded that the simple conversion of existing UK AIS stations to VDES
and adding R-Mode capability to mariners’ receivers is not sufficient to provide adequate,
uninterrupted coverage around the UK coastline.
In Figure 14, for this plot we have included converted AIS stations Dungeness in the UK and
Calais, Dunkirk and Gris-Nez in France and added prospective VDES stations at Sheerness and
the conveniently located Royal Air Force base at Bradwell, both in the River Thames Estuary.
We can see that in both respective regions the 10 m contour (and therefore the 20 m contour)
are pulled out further into the stations’ respective areas of coverage.
RAF Bradwell and Sheerness have created a 10 m region of coverage in the Thames Estuary,
while Dunkirk has pulled coverage north from the Dover Strait, and Gris-Nez, in combination
with the station at Dungeness, has pulled 10 m coverage south along the Channel.

Figure 13: UK-only VDES R-mode coverage

6.3

Figure 14: VDES R-mode with additional stations

Integrated VDES R-Mode and eLoran

Figure 15 illustrates the results of a tightly coupled integration for a position solution based
on the use of all measured pseudoranges, whether from eLoran (transmitters in UK only) or
from VDES R-Mode, in a single position solution computation. This integration of VDES R-
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Mode with UK eLoran results in a greater region of coverage at the 10 m (95%) level, and even
more so up to 20 m (95%). The extended coverage is a result of employing the more distant
eLoran transmitters, and their contribution to the transmitter geometry with the VDES RMode stations. This coupling method provides a degree of redundancy of RPNT in this critical
maritime region and confers significant advantages. A vessel can travel to and from the Port
of London, and through the Dover Strait, with performance at the 10 m (95%) level. Passenger
ferries and Roll-On Roll-Off (RORO) cargo vessels can traverse the Calais to Dover route with
better than 10 m (95%) accuracy. Traffic from the Traffic Separation Scheme (TSS) region to
the north-east can converge and diverge safely supported by resilient PNT in the region.
It should be noted that this configuration of UK VDES R-Mode and 3 VDES R-Mode stations in
France coupled with UK eLoran delivers capability across the whole width of the Channel / La
Manche. It confers substantial mutual benefit for the UK and France, co-operatively serving
shipping throughout the national waters of both maritime administrations.

Figure 15: Coverage of Tightly Coupled VDES R-Mode and UK-only eLoran.

6.4

Conclusion for UK Resilient PNT coverage

Six eLoran transmitters are proposed to comprise a UK-only baseline eLoran system. Only one
of these needs to be high power and that can be achieved by fully re-establishing the eLoran
facility at Anthorn. The remaining 5 transmitters are proposed to be much lower power and
distributed widely towards the extremities of the UK land mass. These transmitter sites are
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the locations of existing TV masts capable of hosting additional LF transmissions using an
innovative method of using the mast’s supporting infrastructure. There is one lower-power
eLoran transmitter site identified in each of Shetland, Northern Ireland and Scotland, with a
further two located at the east and west extremities of southern England.
The resulting UK baseline eLoran provides extensive coverage of maritime positioning
capability for the UK at either the 10 metres or 20 metres (95%) accuracy level. The 10 m
accuracy performance covers most of the UK coastline and 9 out of 10 UK major ports. Dover
is an exception and needs further intervention. Coverage at 20 metres (95%) position
accuracy covers a substantial part of the UK EEZ. This baseline covers many of the areas of
highest navigational risks of collision or grounding.
With international cooperation, the UK baseline eLoran system may be extended significantly
with the use of a single additional transmitter in mainland Europe. In particular, analysis has
shown that re-establishing the Loran transmissions from Sylt in Germany (and upgrading that
location to eLoran) would greatly extend the coverage to the east across the UK EEZ, notably
including the Port of Dover and its environs. The Loran infrastructure at Sylt, although
mothballed and not currently transmitting, remains in place and renewed eLoran
transmissions would be feasible alongside others planned for that site. Extension of eLoran
coverage to a wider area of the Irish EEZ would be possible by the addition of a single further
low-power transmitter in the south west of Ireland, nominally at Mizen Head. This would
provide an Irish resilient PNT capability, covering the Shannon ports and the Port of Cork.
The UK-only baseline eLoran system leaves some gaps in capability at just one major UK port,
the Port of Dover, and at three key areas of higher navigational risk: the Dover Straits, the TSS
to the north-east of Dover and in the vicinity of the Pentland Firth and Orkney Islands. This is
clearly unacceptable for such important maritime areas and hence regional systems (VDES RMode and radar absolute positioning) must be considered within the hybrid PNT solution for
these areas, to maximise the coverage a UK sovereign solution (entirely under UK control).
Analysis of the potential deployment of UK-only VDES R-Mode stations alone is found
insufficient for positioning capability at the Port of Dover and its environs. It would be feasible
and of mutual benefit in this high risk area for the UK to cooperate and synchronise with VDES
R-Mode transmissions from France, deploying VDES R-Mode on both sides of the Channel.
The strategic, policy and economic implications of such cooperation with France have not
been considered in this stage of the project, although it is noted that R-Mode currently
appears as a prime candidate for maritime PNT backup technology within the EC’s draft
Implementation Plan to progress the resilient PNT solutions of the European Radio Navigation
Plan (ERNP). The inclusion of just three VDES R-Mode stations in France, along with the UK
VDES R-Mode baseline, has been predicted to provide satisfactory positioning coverage at the
10 metres (95%) level for the whole of the Dover Straits and the Port of Dover. The capability
gap can be almost completely closed to the 20 metres (95%) level by the hybrid solution of
closely coupled UK eLoran with VDES R-Mode (including three French VDES R Mode stations).
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A hybrid PNT solution coupling VDES R-Mode (including just 3 stations in France) with UK
eLoran provides performance at the 10 m (95%) level for the Port of Dover, the Dover
Straits and much of the TSS region to the north-east, with a large area of the Channel
covered at the 20 m (95%) level.
UK VDES R-Mode and 3 VDES R-Mode stations in France, coupled with UK eLoran, confers
substantial benefit for the UK and France across national waters of both maritime
administrations.
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Cost Benefit Analysis

7.1

Benefits

30

The CBA considers the central economic case of maritime transportation and assumes that
one 5-day wide area outage of GNSS (Global Navigation Satellite System) will take place within
the next 10 years, with certainty. The analysis focusses on a scenario with container ships
only. The economic assumption is drawn upon a selection of 10 major ports, which handle
90.5% of the economic value attributable to maritime transport of containers. The benefits
are the loss avoided due to a GNSS outage, whilst the costs are those of implementing and
maintaining such SoS. As 69% of the economic value transits through containers in the UK,
the overall value attributable to containers amounts to £601m. We define ‘value loss’ as the
economic value at stake due to a GNSS outage. We compute it by superimposing an efficiency
loss to the economic value attributable to containers. Maritime transportation would be hit
by the maximum loss of efficiency. If the port cranes stop working, unloading does not occur
and therefore the cascading effect will induce delays and even freeze operations in major
ports.
Applying the same methodology, we can estimate the value loss with MarRINav technologies
available to provide resilient PNT during the GNSS outage, achieving the improved
efficiencies. The benefits from MarRINav are the consequence of the development of a SoS
capable of maintaining maritime operations. Without this RPNT SoS, the total economic loss
is £601m whereas, with the MarRINav SoS, the total loss is reduced to £180m. Under our
assumptions, the total economic value saved is £421m.

7.2

Costs

The global number of vessels at the end of 2018 was approaching 60,000. The number of
container vessels represents slightly less than 9% of the total number of ships, i.e.
approximately 5,200. We split the costs into two categories namely ashore infrastructure
costs and shipowner costs.
Table 4 details the infrastructure required on land. The present value of costs for onshore
technologies is £80m over 10 years.
Table 5 gives a summary of onboard technologies alongside the capital and operational
expenditures. Overall, the investment cost per ship is equal to £23,000. The marginal
operational expenditures are negligible. Therefore, the costs to shipowners is only an upfront
investment. In total, the cost to shipowners is close to £120m, in one year. It brings the total
cost for MarRINav to £200m over 10 years.

7.3

CBA results

Given the information above, and as shown in
Table 6, the net present value of the MarRINav system-of-systems is positive and equal to
£221m. This is equivalent to a benefit-cost-ratio of 2.2. Under our assumptions and for 5,200
container ships and 10 major ports, these results indicate that the investment in a resilient
solution is highly beneficial to the wider society.

MarRINav – 4000126063/18/NL/MP – 2020-03-25
Summary Report v1.0

System
eLoran
eLoran Transmitters
eLoran control centres
Differential loran reference stations
Integrity monitor stations
ASF surveys
Radar absolute positioning
eRacon
VDES-R module
Conversion AIS station to VDES
LOCATA
LocataLite
Rover
Control centre
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CAPEX (£’000)

OPEX (£’000/y)

Units

4,000
1,000
60
3
31

250
100
3
3
Negligible

6
2
10
1
10

30

Negligible

12

50

Negligible

10

30
10
Update existing

Negligible
Negligible
Negligible

1,050
700
10

Table 4: Costs of ashore infrastructures per unit.

System
eLoran
Marine eLoran receiver
Radar absolute positioning
IMU
GNSS-compass (included in IMU)
VDES-R module
VDES receiver
ePelorus
ePelorus

CAPEX (£’000)

OPEX (£’000/y)

Units

1

Negligible

5,200

18
Negligible

Negligible
Negligible

5,200
5,200

1

Negligible

5,200

3

Negligible

5,200

Table 5: Costs of on-board equipment per ship

Benefits and costs
Benefits (avoided loss)
Loss without MarRINav
Loss with MarRINav
Costs
Costs of ashore infrastructures
Costs to shipowners
Net Present Value
Benefit-cost ratio

Value (£m)

Table 6: Summary of benefits and costs

421
601
180
200
80
120
+221
2.2
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Outline Development Plan and Conclusion

An Outline Development Plan aims to implement a test-bed demonstrator to prove the
concept of the hybrid system-of-systems solution at a local scale for a variety of users (not
confined to maritime). Outputs from the test-bed demonstrator will support design and
implementation of a resilient PNT architecture for CNI at UK national scale. The Outline
Development Plan identifies proof-of-concept activities over at least two years, based on the
implementation of a physical system-of-systems test-bed demonstrator. This will be
supported by a modelling & simulation test-bed to provide insights for its physical realisation.
The philosophy of the test-bed development process is to build incremental development
of each system’s technological maturity (i.e. increasing their TRLs) before integration as a
system-of-systems. This development concept is illustrated in
Figure 16.
TRL 1
Technologies feed into
expanding test-bed as
they mature

Technology maturation
to appropriate TRL for inclusion
in the test-bed
TRL 5

GPS, EGNOS, MSR,
MRAIM

GPS, EGNOS, MSR,
MRAIM, eLoran,
VDES R-mode, SLAM

GPS, EGNOS

Initial test-bed

Intermediate test-bed

Final test-bed

Interference monitoring
Interference monitoring
Interference monitoring
reference stations,
integrity monitoring,
shore-based radar aids,
transmitters, control centre

Infrastructure development
and implementation

Supporting infrastructure
is added as it is developed

Figure 16: Test-bed demonstrator growth concept.

With 95% of all UK imports arriving by sea, it is hard to overstate the importance of maritime
shipping’s societal impact. Movement of goods in an efficient manner is vital to the economic
and social welfare of those living in the UK. The roadmap supports 3 key recommendations:
1. Create a wide-reaching consensus for the future development of a resilient and highintegrity PNT system-of-systems, meeting the needs of the future UK CNI.
2. Identify an appropriate source of funding to enable the MarRINav project be
progressed to Phase 2, to build on the conceptual solution, adding design detail, and
undertake field-scale proof-of-concept demonstration.
3. Engage further with legislators, regulators, standards agencies, industry bodies and
manufacturers.
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