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ABSTRACT   

The provision of differential global positioning system 
(DGPS) corrections, together with integrity information, 
using non-directional medium frequency (MF) marine 
radiobeacons is well established and has proved 
successful. However, the new signals to be available from 
GPS (L2C and L5) together with those transmitted from 
Galileo (E5a and E5b) will undoubtedly impact on the 
DGPS service, necessitating modification to enable 
augmentations to be provided for the new frequencies, as 
well as that provided for the L1 signal.  

In addition, there are a number of emerging systems, such 
as space-based augmentation systems (SBAS), terrestrial 
regional augmentation systems (RAS), on-board systems 
and proposed Galileo services that will be available in the 
near future. These new systems could either complement 
or compete with the maritime DGPS service and may well 
provide additional capability to enable new applications.  

Furthermore, maritime requirements have evolved 
considerably since the design of the DGPS service. These 
requirements not only cover general navigation by 



conventional craft but now also include high speed craft 
(HSC), fast manoeuvrable craft (FMC) and the plethora of 
other applications that need position, velocity and time 
inputs. The current snapshot of these requirements has 
been promulgated by the International Maritime 
Organization in Resolution A.915(22). However, these 
requirements will evolve as new applications develop and 
system capabilities are enhanced.  

In response to these changes, the General Lighthouse 
Authorities (GLAs) of the UK and Ireland have launched 
a major study to support the development of future 
radionavigation systems policy. The study has assessed 
future performance of the global components of GNSS 
(GPS, and Galileo) in the maritime context. The study is 
also assessing the contribution that can be made by the 
various augmentation systems (regional, local and 
autonomous) to meet unfulfilled requirements and, 
therefore, enable additional applications.   

The results generated to date suggest that, in order for the 
basic global requirement for general ocean, coastal and 
port approach navigation to be met, a combined GPS-
Galileo system will be required, operating on multiple 
frequencies. Current augmentations, notably the IALA 
DGPS system and the EGNOS service, will meet this 
requirement but do not give the global coverage that is 
needed. The more stringent requirements of port 
navigation and other operations, needing regional and 
local coverage, can only be met through local 
augmentation systems and may require the current IALA 
DGPS system to be upgraded to operate on multiple 
frequencies. The most stringent requirements for special 
operations would then require implementation of carrier 
phase systems which would have to be designed and 
located to support specific applications.  

The utility of integrated inertial sensors will be 
investigated as well as the capabilities of additional 
augmentation systems, such as Eurofix and the potential 
for using ranging signals from marine radiobeacons as 
well as LORAN-C stations. Future phases of the study 
will then assess the opportunity to integrate maritime and 
non-maritime systems to enable mutual benefits, as well 
as determining the value, pros and cons of potential future 
system mixes using cost-benefit and risk analysis in a 
scenario driven methodology.  

INTRODUCTION   

In 1996 GPS was offered by the United States to the 
International Maritime Organisation as a contribution to 
the World-Wide Radionavigation System (WWRNS). 
Subsequently, following recognition as such by IMO, 
GPS rapidly established itself as the principal radio-based 
mechanism for position-fixing and navigation in the 
maritime sector. GLONASS was also recognized as an 

element of the WWRNS but, due to problems with 
maintaining the constellation and the limited number of 
receivers available, GLONASS has not been as successful 
as GPS.   

Despite delivering levels of performance unknown 
beforehand, GPS has a number of well-established 
shortcomings including a lack of basic integrity and 
limited accuracy, especially in the presence of selective 
availability which was not terminated until May 2000. 
Marine aids to navigation (AtoN) providers therefore 
established a differential GPS service based on the 
broadcast of augmentation data using marine medium 
frequency (MF) radiobeacons. This standardised service 

 

termed the IALA DGPS service 

 

is now operational in 
many of the most significant coastal waters throughout the 
world and is available free-of-charge at the point of 
delivery.  

Concurrently, however, IMO has further developed 
navigation requirements specific to a (future) global 
navigation satellite system (GNSS) and promulgated these 
in an Assembly resolution [1]. In addition, carriage 
requirements have been established, not only for an 
electronic position-fixing system based on 
radionavigation (satellite or terrestrial), but also for 
automatic identification systems (AIS) and voyage data 
recorders (VDR) that rely on electronic position data as 
input. There are a number of consequences to these 
developments:   

(1)  the reliance on GPS has increased, exacerbating the 
consequences of a system failure based on its well-
documented vulnerabilities and institutional 
constraints, without there being a realistic backup or 
alternative system to support GPS-based applications   

(2)  GPS will not meet the operational requirements of 
many current or new maritime applications.  

This situation is not unique to the maritime sector and has 
resulted in technology development programmes, 
including:  

(1)  the development of space-based augmentation 
systems (SBAS) in Europe (the European 
Geostationary Navigation Overlay Service 
(EGNOS)), North America (the Wide Area 
Augmentation Service (WAAS)) and Japan (the 
multi-function transport satellite (MT-SAT)-based 
Augmentation System (MSAS)), driven by the 
aviation sector  

(2) the development of a European core standalone 
system, called Galileo, similar to GPS under civil 
control and designed to meet multi-modal transport 
and other requirements 



 
(3) integration of complementary systems, for example 

GPS and inertial navigation systems and GPS and 
LORAN-C, to increase the robustness and 
performance of the overall navigation solution.  

However, statutory obligations on marine aids to 
navigation providers, such as the General Lighthouse 
Authorities (GLAs), will remain to provide a safe and 
cost-effective navigation service. Many of the new 
systems and services will be provided from outside of the 
maritime sector and are, currently, unfamiliar to aids to 
navigation providers and users alike. These systems must 
be considered as likely components of the future systems 
mix and, in order to fulfill their statutory obligations, the 
aids to navigation providers must understand fully their 
technical and operational capabilities and limitations in 
the context of the appropriate maritime requirements.  

The work reported here forms part of a major study being 
undertaken by the GLAs in the GNSS area to address 
these issues. Work has been undertaken to define a 
snapshot of the maritime requirements to use as a baseline 
to assess the utility of a range of potential and future 
systems. This assessment has then been made by 
comparing the degree to which the systems, augmented or 
un-augmented, can meet the baseline requirements. 
System performance has been modeled using a bespoke 
simulation tool 

 

called NEMO 

 

developed by 
Nottingham Scientific Limited under contract to the 
GLAs.  

REQUIREMENTS   

The maritime requirements for future GNSS are 
encapsulated in IMO Resolution A.915(22) [1] and are 
specified in terms of the required navigation performance 
(RNP) parameters 

 

accuracy, availability, continuity and 
integrity  familiar in the aviation sector  as well as other 
descriptors such as coverage (classified as global, regional 
or local). These requirements were used as the benchmark 

by which to assess the performance of the potential core 
systems and their augmentations. It should be noted that 
these requirements are forward-looking and much more 
stringent than those currently in force. They should not, 
therefore, be used to criticize current system performance 
but can be used as an indicator for what will be expected 
of future systems. Furthermore, the requirements 
represent only a snapshot of the range of maritime 
applications and are likely to be extended and refined over 
the coming years.  

To facilitate the analysis, applications were grouped into 
sets defined through similar RNP parameters. This results 
in twelve groups of applications rather than approximately 
forty individual applications to be analyzed. Moreover, 
three of these groups are currently empty, reducing the 
number for analysis to nine. The application groups are 
illustrated in Tables 1 and 2. The differentiators between 
groups are:  

 

whether two-dimensional or three-dimensional 
position fixes are needed  

 

the accuracy needed and the associated alert limit  

 

the coverage, in terms of global, regional 
(continental) or local  

 

whether or not continuity is specified as a 
requirement.  

All groups of applications have common requirements for 
availability (99.8%), integrity risk (10-5 per hour), time-to-
alarm (10 seconds) and update rate (1 Hz). The following 
tables indicate the groups of applications used in the 
analysis       



             

There is a high degree of concern regarding the use of 
continuity as defined by the maritime sector. This 
parameter measures the probability that a service will be 
available without interruption through a specified time 
period assuming that it is available at the start of that time 
period. Usually the time period is relatively short, e.g. 150 
seconds for approach and landing in the aviation sector. 
However, the maritime sector specifies a much longer 

period 

 

3 hours. There is some doubt that the concept is 
valid over this extended period and it creates a very 
stringent requirement, difficult to meet from the system 
perspective. Therefore, the definition of continuity is 
under review in various fora, including the International 
Association of Marine Aids to Navigation and Lighthouse 
Authorities (IALA) and the European Maritime 
Radionavigation Forum (EMRF). However, the existing 



definition is used in this work prior to a revised definition 
being available.  

The requirements as currently defined refer only to the 
navigation or positioning element associated with the 
overall application. No reference is made to the 
requirements imposed on the other elements of the 
navigation system necessary to ensure success. One 
particular issue worth highlighting is that of the chart used 
to compute the absolute position. It is well-known that in 
certain regions charts with accuracy comparable to that 
available from GNSS are not currently available. In this 
case, even through the GNSS will meet its own system 
requirements, the overall solution will not meet navigation 
requirements because of the shortcomings in charts. This 
can lead to potentially hazardous situations. It is vital 
therefore that sufficient effort is put into developing the 
relevant charts and that, prior to these charts being 
available, the appropriate training and education is 
provided to mariners.  

THE NEMO MODELLING TOOL  

The NEMO software suite (Navigation system analysis 
for European Maritime Operations) has been developed 
by Nottingham Scientific Limited under contract to the 
General Lighthouse Authorities to provide a flexible and 
extendible tool to analyze the performance of different 
GNSS constellations and combinations of different GNSS 
augmentations. The tool has been designed with the 
specific objective to analyze performance using 
parameters, metrics and definitions applied in the 
maritime sector. These definitions may differ to those 
uses in the GNSS community or other transport modes, 
e.g. aviation. The objective of the tool is to determine the 
level of performance available from combinations of 
systems to inform decisions on the potential of future 
system mixes necessary to meet the evolving needs of the 
mariner. The tool would, however, be easily adaptable to 
other purposes.  

The functionality of the first implementation of NEMO 
(v1.0) supports the analysis of two core GNSS 
constellations, as illustrated in Figure 1. At one end of the 
spectrum the tool can be used to investigate one single 
frequency constellation (e.g. GPS L1) and at the other to 
model two dual frequency constellations (e.g. GPS L1/L5 
and Galileo L1/E5). The core constellations are 
characterized by their orbital parameters and an elevation 
dependent user equivalent range error (UERE).  

Subsequent developments of the tool will increase the 
number of alternate constellations that can be 
investigated, both complete constellations or partial/mixed 
constellations composed of different current and/or 
planned generations of satellite. 

 

In addition to core constellations, NEMO v1.0 has the 
capability to model the performance of a number of 
augmentation systems, either singly or in combination and 
to display the characteristics of the selected systems 
graphically, e.g. in terms of coverage volumes, as 
illustrated in Figure 2.  

  

Within the NEMO model, local area differential GNSS 
(DGNSS), representative of the International Association 
of Marine Aids to Navigation and Lighthouse Authorities 
(IALA) medium frequency (MF) DGPS system, is 
characterized by:  

 

location of transmitter sites [4] 

 

coverage areas based on nominal transmitter power 

 

UERE and UDRE values [5].  

NEMO can model a number of modes of operation for  
DGNSS currently based on single frequency (L1) GPS.  

 

single station corrections only 

 

a multiple reference station solution 

 

as a ranging source to provide additional ranges from 
the MF transmitters to improve availability of 
measurement signals 

 

carrier phase differential GNSS. 



LORAN-C is included in NEMO in three principal ways. 
First, the LORAN-C transmitters can be used as 
additional ranging sources to improve the availability of 
measurement signals. A simple model is used to 
characterize range-dependent LORAN-C pseudorange 
errors up to the stated coverage area, based on the work of 
the North-west European LORAN-C System (NELS) 
group [6]. The model allows the user to include/exclude 
all current LORAN-C and Chayka stations individually.  

Second and third, NEMO also includes the use of 
LORAN-C as a data broadcast system to transmit 
differential GNSS signals. The Eurofix concept is 
modeled in both local area system (LAS) and regional 
area system (RAS) modes. These modes are characterized 
by:  

 

location of the transmitter sites [6] 

 

approximate coverage areas [6] 

 

UERE and UDRE values and models [5,6].   

As NEMO is currently focused on the European 
environment, its treatment of space-based augmentation 
systems (SBAS) is restricted to the European 
Geostationary Navigation Overlay Service (EGNOS). 
This system is described through:  

 

the orbits of up to three geostationary satellites 

 

their coverage footprints and masking angles 

 

the geometry of the ground monitoring network 

 

UERE and UDRE values and models.  

The baseline information for EGNOS is the latest 
available in the public domain.   

At present NEMO is restricted to analysis of EGNOS 
using the L1 frequency alone, reflecting the current status 
of the system. Two modes of EGNOS operation are 
supported, individually or combined:  

 

ranging signals from the GEO satellites 

 

wide area differential corrections  

The emergence of low cost inertial sensors has raised the 
likelihood that integrated GNSS-INS will be utilized in 
the maritime sector. With this in mind, NEMO has the 
capability to model the performance of this type of 
system. In the model, the inertial sensors are characterized 
by their drifts and biases, with the facility to assess both 
loosely- and tightly-coupled integrated systems.   

NEMO has been designed specifically to assess 
navigation performance in the maritime context. The 
outputs have, therefore, been selected to quantify the 
performance of different system combinations or 
scenarios using the relevant parameters, viz: accuracy, 

integrity, availability and continuity using the maritime 
definitions [1].  

In addition to these parameters, series of additional 
metrics are also produced for detailed analysis. These 
metrics can be analyzed at different threshold 
probabilities (e.g. 50, 99, 99.5, 99.7, 99.9% etc.). Other 
metrics that can be generated include horizontal, vertical 
and position dilutions of precision (HDOP, VDOP and 
PDOP).  

Scenarios can be investigated over user selected 
geographical areas (global, regional, local area), over user 
defined time period, using variable grid and time steps.  

NEMO has two principal forms of presentation. The first 
type is a graphical (service volume) representation of the 
results of the analysis. The service volume is displayed in 
Mercator or a global projection to better understand the 
system performance data.  

The second type of presentation is for investigations of 
hot spots . This function allows the user to probe into the 

analysis results on a time series basis to identify the 
occurrence and possible cause of any outages that impact 
on the performance. For example, by examining time 
series data at a known hot spot it is possible to identify 
the time at which an outage occurred and then by 
correlating the data between service performance and 
satellite visibility it is possible to detect the reasons for the 
outage.  

At this stage in the analysis, fault-free constellations, 
augmentations and receivers are assumed. This means that 
one of the main drivers of performance is the availability 
of a receiver autonomous integrity monitoring (RAIM) 
solution at a given protection level. In NEMO this 
requires visibility of at least five satellites together with 
geometry adequate to ensure that the required protection 
level can be achieved. As there are no satellite failures in 
the fault-free constellation, RAIM fault detection (FD) 
and fault detection and isolation/exclusion (FDI/FDE) 
solutions are identical and are simply driven by the 
number of satellites visible and their geometry. As RAIM 
is an integral part of the integrity solution for both Galileo 
[2] and for EGNOS, the performance of these systems is 
also driven by the availability of RAIM. This assumption 
means that when interpreting the results generated by 
NEMO v1.0, it must be remembered that the picture 
presented is the best possible case and that actual 
performance, particularly in terms of availability and 
continuity are likely to be degraded.  

Future versions of NEMO will address the inclusion of 
the following functions:  



 
updated UERE and UDRE values to reflect the state-
of-the-art in both the GPS and Galileo constellations  

 
additional GNSS constellations  

 
failure modes and statistics to allow analysis of the 
performance of more realistic, non-fault free systems 
using Monte Carlo analyses  

 

added sophistication in integrity analysis including 
RAIM FDE and EGNOS and Galileo integrity 
services  

 

route analysis  

 

animations  

 

propagation characteristics of communication 
systems (as opposed to nominal coverage areas) and 
including daytime/night-time propagation and 
latitude dependent mask angles  

 

different reference station location to communication 
transmitter location.  

SCENARIOS CONSIDERED  

The number of different system configurations that could 
be considered for future use is very large, comprising all 
combinations of GPS, Galileo and augmentation systems 
using combinations of single and multiple frequencies. It 
is clearly not feasible to investigate all potential 
combinations exhaustively. The approach taken has been 
to select a representative selection of system combinations 
or scenarios to determine the level of augmentation 
needed (if any) to meet the requirements of the groups of 
maritime applications above.  

The scenarios reported here are and subset of those that 
will be investigated and are:  

 

GPS L1 alone (current situation) 

 

GPS and IALA radiobeacon DGPS on L1 

 

GPS and EGNOS on L1 

 

the future - GPS and Galileo (both dual frequency).  

In addition separate from NEMO, the performance of 
multiple frequency DGPS using IALA radio-beacons has 
been estimated for 1, 2 and 3 frequencies in both code and 
carrier-phase modes of operation. Several scenarios are 
illustrated here:  

 

the traditional DGPS methodology where corrections 
are estimated using single-frequency pseudorange 
data at the reference station. The navigation solution 
is computed using the corrected pseudoranges at the 

user receiver. This is the traditional DGPS 
methodology  

 
a dual-frequency technique where DGPS corrections 
on each frequency are estimated using dual-frequency 
pseudorange data at the reference station. The 
navigation solution is computed using all the 
corrected pseudoranges at the user receiver  

 

the three-frequency equivalent of the above  

 

relative positioning using single-frequency carrier-
phase data  

 

relative positioning using dual-frequency carrier-
phase data  

 

relative positioning using triple-frequency carrier-
phase data (TCAR).  

It is also possible to use dual-frequency techniques to 
remove the ionospheric effects independently at the 
reference station and the user receiver. This methodology 
is currently under investigation but is not reported here.  

RESULTS  

Results for the first scenario 

 

GPS L1 

 

are shown in 
Figure 3, where it can be seen that the accuracy achieved 
varies along a range of approximately 13m to 23m 
depending on location. Setting the accuracy threshold at 
10m (the minimum maritime requirement) indicates that 
GPS alone, as it currently stands will not meet any of the 
maritime requirements for a future GNSS anywhere in the 
world.   

 

Previous work has analyzed the performance of dual 
frequency GPS [3]. This work, undertaken using a 
precursor to the NEMO tool indicated that dual frequency 



GPS will also not meet requirements but in this latter case 
the driver is the availability of the RAIM solution needed 
to meet the integrity requirement.  

Focusing on Europe, Figure 4 shows the results generated 
for the accuracy performance of the second scenario, 
which is GPS augmented using IALA radiobeacons. The 
current European radiobeacon DGPS system is modeled 
and the nominal range of each of the stations is shown as 
a circle, centered on the location of the transmitter. The 
results show that in the coverage of the radiobeacons the 
10m-threshold is easily met giving good coastal coverage 
throughout most Europe. The horizontal accuracy 
achieved within the coverage of the beacons is within the 
approximate range 0.6m to 2.5m whereas the vertical 
accuracy achieved under the same coverage area is within 
the approximate range 0.8 to 2.5m.  

  

Figure 5 illustrates the availability of a service meeting 
the 10m accuracy and 25m horizontal protection limit 

thresholds that characterize the requirements of 
applications in Group 1 (see Table 1). As with accuracy, 
good availability is achieved throughout most of the 
coastline of Europe with some exceptions in the 
Mediterranean.  

Further analysis at the 1m accuracy and 2.5m horizontal 
protection limit indicated that although the accuracy 
requirement could be met, at least very near to the 
reference station, the integrity requirement could not be 
met with the current IALA DGPS system.  

However, despite the good performance of GPS 
augmented by the IALA DGPS system (see Table 3) 
relative to the requirements of Group 1 requirements, the 
coverage is limited effectively to coastal regions. Even 
though the implementation of the IALA DGPS system is 
extensive, globally, it does not provide a truly global 
service as it will not be available for ocean navigation and 
associated applications   

The overall results for the EGNOS scenario are shown in 
Table 3.   

Horizontal Vertical 
Accuracy/ 
alert limit  

Avail (%) Cont (%) Avail (%) Cont (%) 

10m/25m 100 100 100 100 
1.0m/2.5m 0 0 0 0 
0.1m/0.25m 0 0 0 0 

 

The third scenario concerns EGNOS where the wide area 
differential service (including use of the three EGNOS 
GEO satellites as sources of additional ranging data). 
Figure 6 illustrates the accuracy expected to be achieved 
by the EGNOS system. The figure indicates that, within 
the European Maritime Area, the level of horizontal 
accuracy expected is in the range 3.5m to 6.1m whereas 
the vertical accuracy achieved is in the range 3.8m to 
7.1m.  

Figure 7 shows the levels of availability and continuity 
expected from EGNOS at a service accuracy of 10m and a 
horizontal protection limit of 25m. The areas shown as 
having a availability and/or continuity below 100% at this 
service threshold (10m accuracy, 25m horizontal 
protection level) are caused by integrity outages.  



 

The overall results for the EGNOS scenario are shown in 
Table 4.   

Horizontal Vertical 
Accuracy/ 
alert limit  

Avail (%) Cont (%) Avail (%) Cont (%) 

10m/25m 98-100 71-100 76-100 12-100 
1.0m/2.5m 0 0 0 0 
0.1m/0.25m 0 0 0 0 

 

Figures 6 and 7, and Table 4 indicate that GPS augmented 
by the full EGNOS wide area differential service is likely 
to meet the requirements for the Group 1, 4 and 7 (see 
Tables 1 and 2) applications within the majority of the 
European Maritime Area. However, it is important to be 
aware that this analysis does not take into account local 
effects such as masking that may occur at high latitudes. 
Furthermore, some of these applications require a global 
service which cannot be provided by a regional service.  

The fourth scenario considered looks to the future when a 
dual GPS-Galileo service may be available, with both 
systems providing signals on at least two signals (L1 &L5 
and L1 & E5). The performance expected from 
integrating all of the signals in an integrated GPS-Galileo 
receiver is shown in Figure 8.  

 

The accuracy achieved in the horizontal plane by the 
combined system is in the range 1.4m to 2.1m. Vertical 
accuracy is predicted to be in the range 2.2m to 3.2m. The 
overall expected global performance of the combined 
system is indicated in Table 5.  

Availability

Continuity

Availability

Continuity



 
Horizontal Vertical 

Accuracy/ 
alert limit  

Avail (%) Cont (%) Avail (%) Cont (%) 

10m/25m 100 100 100 100 
1.0m/2.5m 0 0 0 0 
0.1m/0.25m 0 0 0 0 

 

The results of previous work [3] investigating different 
combinations of GPS and Galileo core constellations 
providing services using different numbers of frequencies 
indicate that:  

 

a dual frequency service from GPS alone (given the 
UERE assumptions) will not meet the Group 1 
application requirements (Table 1)  

 

combination of a single frequency GPS and a single 
frequency Galileo service could potentially meet the 
requirements of application Group 1 but results are 
highly sensitive to UERE assumptions  

 

combinations of multiple frequency GPS services 
with single frequency Galileo and vice versa will 
meet the requirements of application Group 1.  

The second part of the analysis has considered the effect 
in performance (accuracy) of utilizing multiple 
frequencies through extension of the IALA DGPS system. 
The results generated are shown in Figure 9.   

The figure shows that the inclusion of a second frequency 
improves accuracy by around 30% whereas use of 3 
frequencies results in a further 10% improvement. The 
accuracy of the single frequency system is around 1m, the 
accuracy of the dual frequency solution is around 0.8m 
and the accuracy of the triple frequency solution is around 

0.6m to a distance of around 25km form the reference 
station.   

 

Figure 9 shows that, as expected, the modeling predicts 
markedly improved accuracy performance for carrier 
phase solutions, to better than 10cm at 10km range from 
the reference station. However, the accuracy performance 
does not increase significantly with the number of 
frequencies used. This indicates that accuracy will not be 
the driver for multiple frequency carrier phase DGNSS in 
the maritime sector but there may still be benefits from 
the increased robustness of multiple frequency systems.  

CONSOLIDATED RESULTS  

It is possible summarize the results of the analysis as a 
matrix in which the capabilities of the various scenarios 
are cross-referenced against the requirements of the 
application groups. A preliminary version of this matrix is 
provided in Table 6.    

Degree to which scenario meets requirements 
Application 

Group 
GPS (present) GPS & IALA 

DGPS (present) 
GPS & EGNOS 

(near future) 
GPS & Galileo 

(future) 
GPS & multiple 

freq. DGPS 
GPS & carrier 
phase DGPS 

1 X In coastal areas 
within beacon 
coverage 

Within the 
European 
Maritime Area 

Globally In coastal areas 
within beacon 
coverage 

In coastal areas 
within beacon 
coverage 

2 X Within very 
restricted area 

X X In coastal areas 
within a range of 
100km from 
reference station 

In coastal areas 
within beacon 
coverage 

3  
(null group at 

present) 

X X X X X Within close 
proximity of 
reference station 
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